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ABSTRACT: Combination therapies involving small-interfering RNA
(siRNA)-mediated gene silencing and small-molecule drugs are of high
interest for cancer treatment. Among the current gene delivery carriers,
cell-derived extracellular vesicles (EVs) are particularly promising
candidates due to their high biocompatibility, low immunogenicity, in
vivo stability, and inherent targeting ability. Here, we developed a
multifunctional EV platform capable of selective codelivery of siRNA
and doxorubicin (DOX) to cancer cells. siRNA was first loaded into
engineered lipid-hybridized EVs (eEVs) to serve as a core.
Subsequently, DOX was incorporated into a polyelectrolyte shell
surrounding eEVs, which was deposited by layer-by-layer (LbL) assembly. This approach resulted in the production of a stable EV-
polymer complex (LbL-eEV) with a diameter of 140.2 ± 9.0 nm and zeta potential of +22.1 ± 0.5 mV. Experiments were performed
to assess cellular uptake, cytotoxicity, and gene silencing efficacy in lung adenocarcinoma cells (A549), with noncancerous fibroblast
cells (CCL-210) used as a control. The results demonstrated that the LbL-eEV complex can traffic through cells and release siRNA
in the cytoplasm, while delivered DOX enters nuclei to induce programmed cell death. Moreover, the inherent selectivity of the
particles for cancer cells resulted in effective gene silencing and cancer killing efficiency with reduced cytotoxicity to normal cells.
Synchronous delivery of siRNA and DOX was also verified by flow cytometry analysis of single cells. In summary, these data provide
a proof of concept for engineering EVs to deliver multiple therapeutics and suggest that LbL-eEVs are a promising drug delivery
platform for targeting cancer.
KEYWORDS: extracellular vesicles, exosomes, layer-by-layer assembly, combinational therapy, codelivery, anticancer

1. INTRODUCTION

Combining chemotherapy with RNA interference (RNAi)-
based therapy has attracted interest for overcoming multidrug
resistance (MDR) in cancer.1 The concept of utilizing small-
interfering RNA (siRNA) provides a strategy for selectively
downregulating the abnormal genes that confer resistance, such
as antiapoptotic genes (i.e., Bcl-2 and Survivin) and drug-efflux
pumps (i.e., P-glycoprotein).2 Because the use of RNAi
technology can be highly selective to tumor-specific genes, it
is considered to be one of the most promising strategies for
cancer therapy. In the recent past, the U.S. FDA has joined
other regulatory bodies (i.e., EMA and Chinese FDA) for
approving such RNAi-based therapy including but not limited
to cancer applications (e.g., Alnylam’s patisiran), demonstrat-
ing the clinical feasibility. Several studies have demonstrated
that an increased cell sensitivity to chemotherapeutic agents
and higher tumor killing efficiency can be achieved by
combinatorial treatment of doxorubicin (DOX) and siRNA
(e.g., Bcl-2,3 P-gp,4 PLK15), confirming that a combinatorial
drug-siRNA therapy can improve efficacy. Moreover, research
has found that synchronous delivery of siRNA and chemo-
therapeutics from a single nanocarrier is more effective at

treating cancer than delivery via two separate nanocarriers.6

This finding suggests that the codelivery of drugs to the same
cell plays a critical role in the therapeutic efficacy.7,8

Nevertheless, it is difficult to encapsulate siRNA and
chemotherapeutics in a single nanocarrier due to their different
physicochemical properties. While siRNA exhibits high
molecular weight (∼13−14 kDa) and highly negatively
charged phosphate backbone, chemotherapeutic agents, such
as DOX and paclitaxel, are relatively hydrophobic small
molecules. Due to the anionic nature of siRNA, the most
common strategy of the carrier design is complexation of
siRNA with positively charged macromolecules, such as lipids,
degradable (i.e., poly(β-amino ester)s (PBAE), poly(amido
amine) dendrimers) and nondegradable polymers (i.e.,
polyethyleneimine (PEI)), and inorganic nanoparticles (i.e.,
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mesoporous silica nanoparticles).9 To date, a number of
modifications to these particles have been proposed to improve
the delivery efficiency, including conjugation of cell targeting
ligands,10−12 combination of different hydrophilic/hydro-
phobic segments,13 incorporation of pH-responsive moi-
eties,14−16 and bioreducible linkages.17 For most of these
materials, the hydrophilic or hydrophobic chemotherapeutic
agent is conjugated or loaded in the core via self-assembly,
while the anionic siRNA is complexed with cationic macro-
molecules via electrostatic condensation, which leads to a
core−shell structure delivery system. While significant
improvements in therapeutic efficacy have been shown in
some of these studies, there is still a need to develop
combinatorial delivery systems with targeting capabilities.
Nanosized extracellular vesicles (EVs) (i.e., exosomes),

which are shed or secreted by most cell types, are an emerging
class of nanomaterials for drug delivery.18−20 Due to their
natural role in facilitating intercellular communication, EVs
possess a high payload capability to deliver signaling molecules,
such as protein, mRNAs, and microRNAs. They also exhibit
many biological advantages over other nanomaterials, such as
low immunogenicity, high stability in circulation, excellent
biological barrier permeability, and intrinsic capabilities for
selective tissue-homing and endosomal escape or fusion.21

While most of the synthetic nanocarriers must be modified
with specific ligands to enhance tumor targeting, EVs derived
from different host cells have an extraordinary ability to
selectively target cancer cells, which circumvents the need for
surface modification for active targeting. For example, Alhasan
et al. reported that exosomes isolated from PC-3 prostate
cancers cells showed 4-fold preferential delivery into PC-3 cells
compared to C166-GFP endothelial cells.22 Kim et al.
demonstrated that Raw264.7-derived exosomes were taken to
be approximately 30-fold higher than polystyrene nanoparticles
and liposomes (95 M% of phosphatidyl choline and 5% of
dioleoyl-N-(monomethoxypolyethylene glycol succinyl)-
phosphatidylethanolamine) by 3LL-M27 lung carcinoma
cells.23 Our recent study has also demonstrated that lung
adenocarcinoma cell (A549)-derived EVs have a 15-fold higher
uptake efficiency by their parental tumor cells than normal
lung fibroblasts (CCL-210).24 Although the exact mechanism
that regulates the EVs’ selective trafficking remains to be
elucidated, by investigating the biodistribution and proteome
of cancer-derived EVs, Qiao et al. have recently proven that
cancer-derived EVs have the ability to selectively colonize the
tumor site and can be used for targeted cancer therapies.25 On
the basis of these findings, in the current study, we attempted
to engineer cell-derived EVs as a tumor cell-selective codelivery
platform to address the aforementioned codelivery challenges.
The objective of this work was to develop an EV-based

platform that can selectively deliver both small-molecule
anticancer drugs (DOX) and siRNA to cancer cells.
Specifically, in contrast to prior codelivery systems, instead
of relying on electrostatic condensation on the surface of
nanomaterials, we aimed to encapsulate siRNA in the core of
engineered EVs (eEVs) to decrease the siRNA exposure to
nucleases. We then used layer-by-layer (LbL) assembly to form
a polyelectrolyte multilayer on the eEV surface, which was
leveraged for polymer-drug encapsulation.26 We specifically
used the polycation poly(L-lysine) (PLL) as the first layer to
coat the weakly anionic extracellular vesicle surface. Next, the
polyanion poly(acrylic acid) (PAA) was added to enable DOX
loading. Finally, a cationic poly(β-amino ester) (PBAE) was

added to facilitate siRNA delivery. After optimizing the
fabrication parameters to produce a stable LbL-coated eEV
delivery platform (LbL-eEVs), we examined the capability of
LbL-eEVs to preferentially deliver DOX and siRNA to cancer
cells using cytotoxicity studies, gene silencing assays, flow
cytometry, and confocal microscopy. Finally, the synchronous
delivery of siRNA and DOX to A549 cancers was evaluated.

2. EXPERIMENTAL SECTION
2.1. Materials. The following were the materials used: 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (NOF
America Corporation Ltd.); 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol, sodium salt (POPG-Na) (NOF America Corporation
Ltd.); 0.4 cm electroporation cuvette (Bio-Rad); CellTiter 96
aqueous cell proliferation assay (Promega); chloroform (Thermo
Fisher Scientific); Cy3 Label IT siRNA Tracker Intracellular
Localization Kits, anhydrous D-trehalose (ACROS); bovine serum
albumin (Thermo Fisher Scientific); CellMask Deep Red plasma
membrane stain (Invitrogen); Dulbecco’s modified Eagle’s high-
glucose media (DMEM-HG, Corning); dynamic light scattering
cuvette (Zetasizer); ethidium homodimer (Invitrogen); fetal bovine
serum (FBS) (Gibco); GlutaMax (Thermo Fisher Scientific);
Hoechst 33258 (Invitrogen); Lipofectamine RNAiMax (Invitrogen);
micro bicinchoninic acid (Micro BCA) protein assay kit (Thermo
Fisher Scientific); modified Eagle’s media (EMEM, Lonza);
nonessential amino acids (MEM-NEAA, Gibco); Opti-MEM I
Reduced Serum Media (Thermo Fisher Scientific); poly(acrylic
acid) (Mw: 1800 g/mol, Sigma); poly(L-lysine) (Mw: 30,000−70,000
g/mol, MP Biomedical); paraformaldehyde (Thermo Fisher Scien-
tific); penicillin−streptomycin (Invitrogen); phosphate-buffered
saline (PBS) (Gibco); potassium chloride (Thermo Fisher Scientific);
potassium phosphate dibasic (Thermo Fisher Scientific); Quant-iT
RiboGreen RNA assay kit (Thermo Fisher Scientific); Triton X-100
(Invitrogen); TRIzol reagent (Invitrogen).

2.2. Cell Culture. Green fluorescence protein (GFP)-expressing
A549 lung adenocarcinoma cells were purchased from Cell Biolab,
Inc. (#AKR-209) and further sorted by flow cytometry to obtain a
higher percentage of GFP-expressing A549 cell population as reported
in our previous study.24 A549 lung cancer cells (P5-P15) were
cultured in DMEM high-glucose (4.5 g/mL glucose) media
supplemented with 10% v/v fetal bovine serum (FBS), 1% v/v 0.1
mM nonessential amino acids (MEM-NEAA), and 1% v/v 100 μg/
mL penicillin−streptomycin. CCL-210 cells were cultured in modified
Eagle’s media (EMEM, Lonza) supplemented with 10% v/v FBS, 1%
v/v GlutaMax, and 1% v/v 100 μg/mL penicillin−streptomycin. Both
cell types were grown in an incubator using cell culture conditions of
37 °C and 5% CO2.

2.3. Engineered Extracellular Vesicle (eEV) Preparation. The
eEVs were generated according to our previous study.24 Briefly, EVs
were first isolated from A549 conditioned media by serial
centrifugation. The particle numbers and affiliated protein amounts
of EVs were quantified for the use of further experiments. Next, eEVs
were fabricated by lipid fusion using sonication and serial extrusion
techniques using the method reported in our prior publication
without modification.24 Two types of lipids were used initially for
membrane fusion in this study: zwitterionic POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) and anionic POPG (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol). The lipid/EV solutions were
mixed at a 1:1 volumetric ratio (5 mM lipid solution with 1.5 × 1010

particles/ml EVs, equal to 50 μg/mL protein affiliated with the EV
membrane).

2.4. Layer-by-Layer Polyelectrolyte-eEV Complex (LbL-
eEVs) Preparation. The LbL-eEVs were designed to have three
polyelectrolyte layers, which were poly(L-lysine) (PLL, Mw: 30,000−
70,000 g/mol), poly(acrylic acid) (PAA, Mw: 1800 g/mol), and
poly(β-amino ester)s (PBAE, Mw: 4001 g/mol). Exogenous siRNA
was loaded into the eEVs via electroporation prior to the LbL
deposition procedure. The LbL architecture was achieved by
sequential deposition of oppositely charged polyelectrolytes. PLL
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was chosen because it is a widely used biocompatible and
biodegradable cationic polypeptide.27 PAA is a highly anionic
polyelectrolyte that has also been widely used for LbL assembly in
the past.28 Additionally, small-molecule drug doxorubicin (DOX) has
been shown to complex with PAA via electrostatic interactions.29,30

Cationic PBAE was chosen as a final layer because of its high gene
transfection efficiency and because it has been reported to improve
intracellular delivery in previous research.31,32 The specific PBAE used
for LbL coating was BR647, which is a bioreducible and hydrophobic
PBAE with a disulfide bond along the polymer backbone and was
synthesized according to a previous protocol.33 The hydrolysis of the
ester group on the BR647 polymer and the degradation of the
disulfide bonds can be triggered by the reducing environment of the
cytoplasm, promoting cargo release. Overall, the LbL process is shown
in Scheme 1. Briefly, ∼5 × 1011 particles/mL of eEVs were mixed with
a final concentration of 200 μg/mL PLL in 150 mM sodium acetate
(NaAc, pH = 5) and incubated in 37 °C for 1 h. The mixture was then
ultracentrifuged at 125,000g for 30 min to pellet polyelectrolyte-
coated eEVs. The supernatant was replaced with 150 mM NaAc for
washing, and the ultracentrifugation/wash procedure was repeated
twice to remove excess polyelectrolytes. Subsequent layers were
deposited by the same procedure with 30 min of incubation followed
by the same washing procedure. The second layer (PAA (0.5 mg/mL
in 150 mM NaAc), drug loading: DOX (0.3 or 0.6 mg/mL in 150
mM NaAc)) and third layer (PBAE-BR647 (2.5 mg/mL in 25 mM
NaAc)) were added sequentially for LbL deposition. To reduce
acidity, 25 mM NaAc was used instead of 150 mM NaAc for the final
PBAE coating. The final layer of PBAE-BR647 was not washed
according to the protocol of Bishop et al.34

2.5. Physicochemical Quantification of the Layer-by-Layer
Assembled eEV Complex. 2.5.1. Nanoparticle Tracking Analysis.
The sizes and concentrations of samples were characterized by
nanoparticle tracking analysis (NTA) (NanoSight LM10, Amesbury,
United Kingdom).24 To determine the original concentration of EVs,
the samples were prepared with a dilution factor of 107−9 particles/
mL. Three individual measurements of each condition were
performed immediately after injecting the sample. Measurements
were taken for 60 s at room temperature, and data were analyzed
using NanoSight NTA 3.2 software. The error bars shown indicate
standard deviations from three measurements.
2.5.2. Zeta Potential Measurement. The zeta potential of vesicles

(109−1010 particles/mL) was measured in water using a Zetasizer

NanoZS. A detection angle of 173° and laser wavelength of 633 nm
(cuvette: ZEN0040) were used for the measurements (>10 kcps).

2.6. siRNA Loading in eEVs, siRNA Retention, and DOX
Quantification in LbL eEVs. 2.6.1. siRNA Loading Method.
Herein, anti-GFP siRNA was loaded within zwitterionic POPC-
doped eEVs via electroporation (Bio-Rad Gene Pulser II system)
using a protocol previously reported. Briefly, an electroporation
mixture was prepared in a concentration of ∼7.5 × 1011 particles/mL
of eEVs containing 1 ng/μL siRNA. Opti-MEM, 50 mM trehalose, or
a hypotonic electroporation buffer (1.15 mM K2HPO4; pH 7.2; 25
mM KCl, 21% OptiPrep)35,36 was used as the sample buffer. siRNA/
vesicle mixtures (100 μL) were electroporated using two exponential
pulses at 400 V and 125 μF capacitance. The samples were kept on ice
for 1 h to allow for membrane recovery, and they were washed and
centrifuged to remove free siRNA. Polymer layer-by-layer deposition
processes were then conducted after the centrifuge-wash procedure.

2.6.2. Loaded siRNA Content Quantification. To quantify the
amount of siRNA within the LbL-eEV post-assembly, the actual
siRNA amount retained in the vesicles was isolated using a modified
TRIzol RNA isolation protocol that was previously published.37

Purified siRNA was subsequently quantified by a Quant-iT Ribo-
Green RNA assay kit following the manufacturer’s instruction.

2.6.3. Loaded DOX Content Quantification. Small-molecule DOX
was loaded to LbL-eEV after PAA complexation during LbL assembly.
DOX-loaded LbL-eEVs were pelleted down by centrifugation and
resuspended in DMSO/PBS (3:7 volume ratio) solution. The amount
of incorporated DOX in the LbL-eEVs was determined by measuring
the fluorescence absorbance (excitation: 485 nm/emission: 590 nm)
of DOX using a Cytation 5 spectrophotometer. A linear calibration
curve with DOX concentrations in the range of 0−12.5 μg/mL was
used to obtain the unknown DOX loading amount.

2.7. Cellular Uptake Studies by Confocal Microscopy and
Flow Cytometry. The same procedures for cell seeding, sample
staining, and imaging were used as in our prior work.24 The CellMask
DeepRed plasma membrane stain was used to label the membrane of
LbL-eEVs following a protocol modified from the previous
literature.38 Confocal microscopy imaging (Olympus FV1000) was
performed to visualize uptake, and cells were costained with Hoechst
33258 for nuclei visualization. To further quantify the uptake
efficiency of vesicles in the cells, the Deep Red fluorescence was
detected by flow cytometry (BD AccuriTM C6 Cytometer; 14 μL/min
of flow rate; 10,000 events). Uptake efficiency was calculated using

Scheme 1. Diagram Illustrating the Preparation of Layer-by-Layer Coated Engineered Extracellular Vesicles (LbL-eEVs)
Containing Drug/siRNA Complexesa

aThe lipid-hybridized engineered extracellular vesicle (eEV) developed from our previous work24 serves as the core for siRNA loading. Trilayered
shell assembly of polyelectrolytes formed by LbL deposition serves as the carrier for DOX loading. 1st layer: cationic poly(L-lysine) (PLL); 2nd
layer: anionic poly(acrylic acids) (PAA); 3rd layer: poly(β-amino ester)s (PBAE). PBAE was used in the final layer of polymer deposition to
facilitate endosomal release.
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the geometric mean of the FL4-A channel, and the following equation
was used for calculation

=
−

uptake efficiency

GM
GM

GM
GM

LbL eEV in A549 or CCL210

untreated cells (A549 or CCL210)

eEV in A549

untreated A549 (1)

Cells were also treated with LbL-eEVs loaded with DOX/Cy3-
siRNA following the procedure described above to visualize to
quantify the uptake efficiency following intracellular delivery. The
FL2-A channel was used for the detection of DOX and siRNA. Cy3-
labeled siRNA was prepared by a Label IT siRNA Tracker
Intracellular Localization kit (Mirus) according to the manufacturer’s
instruction. Cy3-labeled siRNA was diluted to a concentration of 100
nucleotides/dye. The cells were incubated with 3 × 1012 particles/mL
of LbL-eEVs. The Lipofectamine reagent mixed with 500 ng/mL (50
ng in 100 μL) Cy3-siRNA was used as a positive control group. On
the other hand, cells were treated with free unencapsulated DOX at a
concentration of 0.488 μg/mL, which was equivalent to the amount of
DOX within the eEV/LbL-eEVs, as a positive control group for DOX
delivery. The metabolic activity of the cells was not affected at this
DOX concentration within 2 h of incubation. DOX-loaded poly(lactic
acid-co-glycolic acid) nanoparticles (PLGA NPs) were prepared as a
comparison group using oil-in-water nanoprecipitation followed by
solvent evaporation according to the protocol from Betancourt et al.39

PLGA (50/50, 50 kDa) with ester end groups was used for this
nanoparticle synthesis. The PLGA NPs had a Z-average diameter of
127.4 ± 2.9 nm and a DOX loading efficiency of 6.3%.
2.8. In vitro Evaluation: Anticancer Efficacy. 2.8.1. siRNA

Knockdown Efficiency. To evaluate the knockdown efficiency of LbL-
EV-mediated siRNA delivery within GFP-expressing A549 cells, GFP
fluorescence was measured and quantified daily for 12 days using a
plate reader (Cytation 5), as previously described.24,34 The knock-
down efficiency of siRNA-GFP was calculated by normalizing each
sample type/condition to each individual negative control treated
with scrambled siRNA. The knockdown efficiency was calculated
using the equation below

= × −
−

×
−

F F

F
F

F F
knockdown% 100 1

( )

( )
si bg

osi

osc

sc bg

i

k
jjjjjj

y

{
zzzzzz (2)

where Fsi is the fluorescence following treatment with GFP-siRNA, Fsc
is the fluorescence following treatment with the corresponding
scrambled siRNA, Fbg is the background fluorescence of the media,
Fosi is the initial fluorescence just prior to treatment with the GFP-
siRNA formulations, and Fosc is the initial fluorescence prior to
treatment with the corresponding scrambled siRNA control group.
Commercial Lipofectamine RNAiMax was used as a positive control
to compare the knockdown efficiency between samples. For all
treatments, siRNA was delivered to the cells for 2 h, after which the
sample solutions were replaced by the culture media for the duration
of the experiment. The area under the curve (knockdown efficiency
versus time) was calculated using GraphPad Prism 7 software to
determine the overall knockdown efficiency of each condition. In this
study, we delivered a single dose of 1010−1011 LbL-eEVs with 100−
400 ng of siRNA per 104 cells in 100 μL.
2.8.2. DOX Cancer Killing Efficiency. The effects of DOX-loaded

vesicles on A549 and CCL210 cells were evaluated using the CellTiter
96 Aqueous Cell Proliferation assay (Promega) (MTS assay) to assess
the relative metabolic activity of the cells. Prior to MTS treatment,
DOX-loaded vesicles were incubated with cultured A549/CCL210
cells at 60−70% confluency for 3 days at varying doses. The MTS
assays were conducted after incubation for 3 days following the
manufacturer’s instructions. Untreated A549 or CCL210 cells were
used as positive control groups (assuming 100% metabolic activity)
for normalization. Free DOX (unencapsulated) and DOX-loaded
PLGA NPs were prepared as comparison groups. To obtain dose−
response curves, metabolic activity was plotted versus the amount of
DOX administered, which was determined based on spectrophoto-
metric analysis of eEV/LbL-eEV/PLGA NPs. The sigmoidal dose−

response curves were fitted with Hill’s equation using GraphPad
software

= + −

+ ( )
Y Min

(Max Min)

1
X

IC50 Hill slopei
k
jjj

y
{
zzz (3)

where Max is the Y value at the top plateau and Min is the Y value at
the bottom plateau. IC50 (inhibitory concentration, 50%) is the X
value when the response is halfway between Min and Max.

2.9. Codelivery of siRNA and DOX. This experiment followed
the same procedure as was used for siRNA and DOX delivery. Briefly,
2.5 × 104 GFP-expressing A549 cells were seeded onto 24-well plates
for flow cytometry analysis 24 h before the experiment followed by
incubation with various formulations for 2 h at 37 °C. After 2 h, the
samples were replaced by fresh media for continual measurements.
After 3 days of incubation, the cells were trypsinized and collected for
analysis. Of note, a concentration of 1.5 × 1012 particles/mL was
chosen for these codelivery experiments based on the knockdown
results. At this concentration, with only 2 h of DOX delivery followed
by 3 days of incubation, the cells were expected to maintain 60−80%
of their metabolic activity at the time of flow cytometry analysis. The
cells were stained with ethidium homodimer (EthD-1) prior to flow
cytometry for dead cell quantification, and detection was performed
on the FL3-A channel. While there is some potential for overlap from
DOX, this channel is not optimal for DOX detection. Control groups
of Triton-treated A549 and untreated A549 were used to set the
quadratic gates.

2.10. Statistics. Data are presented as mean ± standard deviation
(SD). All experiments were conducted in triplicate. Statistical analysis
was performed using GraphPad Prism 7 software. The statistical
significance of differences between groups was determined using one-
way ANOVA with Tukey post-hoc tests. The α value was set at 0.05,
and *, **, ***, and **** indicate p-values <0.05, <0.01, <0.001, and
< 0.0001, respectively.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Optimization of Multilayered

Engineered Extracellular Vesicles (LbL-eEVs). Our multi-
layered engineered extracellular vesicle (LbL-eEV) platform
consists of two main components: (1) engineered lipid-
hybridized extracellular vesicles (eEVs) as the carrier of siRNA
and (2) trilayered shell assembly of polyelectrolytes as the
carrier of chemotherapeutics (DOX). EVs were collected from
A549 cells and hybridized with either zwitterionic or anionic
phospholipids to create eEVs. The lipid-hybridized eEVs were
generated via sonication and extrusion according to the
protocol in our prior work.24 Multilayered polyelectrolyte
shells were then assembled on the surface of the eEVs to
produce LbL-eEVs. An overview of the multilayer fabrication
process is illustrated in Scheme 1. We selected PLL, PAA, and
PBAE as cationic and anionic counterparts to form a trilayered
shell sequentially surrounding the core eEVs. The polycation
PLL was applied as the first layer because the extracellular
vesicle surface was weakly anionic. PAA was applied next and
enabled incorporation of the small-molecule drug DOX, which
contains an amino group with a pKa of 8.6 and, thus, will bind
strongly to the carboxylate groups on PAA. PBAE, which is a
superior biocompatible and bioreducible polymer to non-
degradable polymer PEI,33 was chosen to facilitate cytoplasmic
targeting of siRNA release.
To produce stable LbL-eEVs, we first studied the LbL

deposition procedures on native and lipid-hybridized eEVs,
specifically zwitterionic POPC-doped eEVs and anionic
POPG-doped eEVs. Figure S1 shows the change in zeta
potential and particle concentration of the eEV mixtures
following PLL deposition. A successful reversal of charge was
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only observed with the zwitterionic POPC-doped eEVs. The
increase in zeta potential leveled off at 5 and 50 μg/mL PLL
concentrations for native EVs and anionic POPG-doped eEVs,
respectively, and charge reversal was not achieved (Figure
S1A). In addition, the particle concentration after PLL coating
(Figure S1B) was found to decrease 22-fold and 172-fold for
native EVs and anionic POPG-doped eEVs, respectively,
whereas zwitterionic POPC-doped eEVs did not exhibit such
drastic decreases in the particle number following cationic PLL
deposition. Therefore, we proceeded with zwitterionic POPC-
doped eEVs for subsequent experiments.
Next, to optimize the polyelectrolyte assembly on core eEV

materials, solutions for polyelectrolyte deposition and the
effects of polyelectrolyte concentration were investigated. The
zeta potential, particle concentration, and diameter were
investigated after each coating step, as shown in Figure 1.
First, we compared the influence of phosphate-buffered saline
(PBS, pH 7.4) and 150 mM sodium acetate (NaAc, pH 5) on
polyelectrolyte deposition. By simply decreasing the pH during
polyelectrolyte incubation, a lower threshold for inversion of
surface charge was obtained (Figure 1A). Therefore, 150 mM
NaAc was selected for the first and second layers of
polyelectrolyte coating. It is worth noting that 25 mM NaAc
was used instead of 150 mM NaAc in the final layer (PBAE) to
reduce acidity for later use in cellular studies, according to the
prior studies.34 Second, we examined the influence of
polyelectrolyte concentration on polymer-EV complexes. In

all cases, the zeta potentials (Figure 1A,D,G) of coated eEV
substances changed in an exponential growth/decay kinetics,
followed by a plateau, indicating a saturation of the charge
density. Notably, while a layer of polyelectrolyte is built up on
the surface, the particle concentration (Figure 1B,E,H) of
polymer-EV complexes decreased as a result of charge
overcompensation. However, we did not observe a statistically
significant effect on particle diameter (Figure 1C,F,I) at
varying polyelectrolyte concentrations. Our results demon-
strated that a balance between charge reversal and particle
colloidal stability in terms of the optimal concentration of the
polyelectrolyte is crucial for the success of LbL deposition.
These results are consistent with previous studies from Sui et
al.40 and Seyrek et al.41 Based on the point of charge inversion
and particle concentration, we selected concentrations of 0.2,
0.5, and 2.5 mg/mL for PLL, PAA, and PBAE, respectively, for
subsequent experiments. The structures of LbL-eEVs are
shown in the transmission electron microscopy (TEM) images
(Figure S2). The exposure of tetraspanin surface proteins after
application of the LbL coating to the eEVs was confirmed by
performing anti-CD63 labeling and on-bead flow cytometry
(Figure S3).

3.2. siRNA Loading in the eEV Core and Small-
Molecule Drug Loading in Polyelectrolyte Shells.
Benchtop electroporation systems have been widely used to
encapsulate small nucleic acids such as siRNAs into EVs.42 In
order to develop a codelivery platform for siRNA and small-

Figure 1. Characterization of zeta potential, particle concentration, and diameter for each sequential layer of LbL-eEVs. Data after addition of the
first layer PLL (A−C), second layer PAA (D−F), and final layer PBAE (G−I) at varying polyelectrolyte concentrations are shown.
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molecule drugs in this study, siRNA was loaded into eEVs via
electroporation prior to polyelectrolyte shell assembly. The
characterization results from stepwise coating of eEVs with and
without siRNA are summarized in Figure 2. Figure 2A shows
the change in surface charge as each polyelectrolyte layer is
deposited. While siRNA-loaded eEVs exhibited a greater
negative charge of −27.3 ± 0.8 mV than eEVs without
siRNA (−15.7 ± 22.1 mV), strong electrostatic interactions
between charged PLL and siRNA-loaded eEVs still led to
successful PLL deposition and reversed the surface charge to a
zeta potential of 33.3 ± 1.6 mV. Figure 2B shows that the
hydrodynamic particle diameter slightly increased with each
addition of charged polymer during the assembly process.
Interestingly, the particle size of siRNA-encapsulated LbL-
eEVs did not always increase with sequential deposition of
polyelectrolytes. After the first layer PLL deposition, the
addition of PAA decreased the overall size of vesicles. This may
be due to strong ionic interactions between PAA and the PLL-
siRNA-eEV complex, resulting in the formation of a dense
polyelectrolyte coating. Another explanation for the varied size
of PAA-eEV-siRNA is the alteration of the composition within
the polymer-eEV complex following PAA assembly as a result
of the decreased diameter.43

To characterize the cargo loading capacity and the influence
of LbL assembly on cargo retention, siRNA loading within the
eEVs was quantified after each step of the LbL process. Three
commonly used electroporation buffers were also tested for
siRNA loading, including Opti-MEM, 50 mM trehalose, and
hypotonic electroporation buffer. Figure 2C shows the percent
of loaded siRNA remaining following each coating step. In our
previous studies, we demonstrated siRNA encapsulation into

lipid-hybridized eEVs with a loading efficiency of 0.6 nmol
siRNA within 1013 particles of zwitterionic POPC-doped eEVs.
The quantity of siRNA loaded in the present work is
comparable to our prior work. Interestingly, while loading
with hypotonic buffer improved siRNA retention during the
earlier steps of LbL coating, only ∼30% of the loaded siRNA
could be retained by the final step regardless of the buffer used.
The decrease in the amount of loaded siRNA after LbL coating
can potentially be attributed to the disassociation of affiliated
siRNA surrounding the eEVs since a challenge of bulk
electroporation systems is that a portion of siRNAs may not
be entirely encapsulated into the vesicles post-electroporation
and may not be fully removed after the wash-purification
procedure.44 The effects of siRNA loading in various buffers on
gene silencing efficacy are in Section 3.4.1.
On the other hand, the small-molecule drug DOX was in the

polyelectrolyte multilayer shell during the PAA coating step by
forming PAA-DOX complexes via electrostatic interactions.29

To understand the effects of concentration on DOX loading
into the polyelectrolyte shells, a concentration range of 0−
1000 μg/mL was investigated. Figure 2D shows that DOX
loading increased in an exponential growth manner and
reached saturation at 400 μg/mL. The maximum loading
achieved after complexing the final layer of PBAE was 155 ± 5
ng DOX per 1011 vesicles. Based on these results,
concentrations of 0.3 and 0.6 mg/mL DOX (the saturated
plateau) were selected as low- and high-dose groups,
respectively, for the comparison of dose effects in subsequent
studies.

3.3. Tumor Cell Selectivity of the LbL-eEVs. Intra-
cellular delivery is essential for achieving the desired

Figure 2. Physicochemical characterization of the optimized LbL-eEVs after addition of each polyelectrolyte layer on the eEV core. (A,B) Changes
in zeta potential (A) and diameter (B) of LbL-eEVs. First layer: 200 μg/mL cationic poly(L-lysine) (PLL) in 150 mM NaAc. Second layer: 0.5 mg/
mL anionic poly(acrylic acids) (PAA) in 150 mM NaAc. Final layer: 2.5 mg/mL cationic bioreducible poly(β-amino ester)s (PBAE) (BR647) in
25 mM NaAc. ***p < 0.001; (C,D) Amount of drug loaded after LbL assembly. (C) Exogenous loading of siRNA into eEVs in various
electroporation media. *p < 0.05, **p < 0.01, ***p < 0.001. (D) The amount of DOX loaded within trilayered polyelectrolyte shells of LbL-PBAE-
eEVs using different drug concentrations. A logistic nonlinear regression model was used for curve fitting. The loading amount of DOX per 1011

vesicles was quantified by the spectrophotometric method. A linear function of DOX standard concentrations versus fluorescence (excitation: 485
nm/emission: 590 nm) was used as the calibration curve.
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therapeutic effects, but selectivity of the delivery system for
tumor cells is also critical to reduce cytotoxicity to normal cells.
Therefore, we investigated the uptake efficiency of LbL-eEVs
labeled with the Deep Red dye in lung adenocarcinoma cells
(A549) and noncancerous lung fibroblasts (CCL-210) by
confocal microscopy and flow cytometry quantification.
However, prior to studying LbL-eEV uptake, we used a set
of control liposomes to evaluate differences in uptake activity
between the A549 and CCL-210 cells (Figure S4). Specifically,
cationic DOTAP liposomes, zwitterionic POPC liposomes,
and anionic POPG liposomes were stained with the Deep Red
dye delivered to the cells. Interestingly, while the A549 cells

exhibited approximately ∼2-fold higher uptake efficiency of
zwitterionic liposomes, uptake of the DOTAP and POPG
liposomes was greater in the CCL-210 cells. Thus, while the
uptake mechanisms may differ, neither cell line exhibited
consistently higher uptake activity.
The confocal images in Figure 3A demonstrate extensive

uptake of the LbL-eEVs by the A549 cells. In contrast, minimal
uptake was observed in the CCL-210 cells. The corresponding
merged bright-field images showed that the LbL-eEVs were
mainly located in the cytoplasm. Figure 3B shows the flow
cytometry histogram of FL4-H (Deep Red dye). A binary
gating analysis was set to define LbL-eEV positive and negative

Figure 3. Visualization and quantification of LbL-eEV uptake in normal lung fibroblast (CCL-210) and lung adenocarcinoma cells (A549). (A)
Confocal images of LbL-eEV stained with the Deep Red dye in the cells. Scale bar: 30 μm. (B) Flow cytometry histograms (FL4-H) of LbL-eEV
uptake by A549 and CCL-210 cells. LbL-eEV in A549: red, solid line; LbL-EV in CCL-210: black, dotted line; vesicles without the dye in A549:
blue, dashed line; vesicles without the dye in CCL-210: gray, long-dashed line. (C) Normalized geometric mean fluorescence intensities (GMFIs)
indicating cellular uptake efficiency of LbL-eEVs in A549 and CCL-210 cells. ***p < 0.001, ****p < 0.0001.

Figure 4. siRNA delivery and RNA interference knockdown with LbL-eEVs in CCL-210 and A549 cells. (A) Flow cytometry histograms (FL2-H)
of Cy3-labeled siRNA uptake by A549 and CCL-210 cells. (B) Normalized geometric mean fluorescence intensities (GMFIs) of LbL-eEV-
mediated siRNA uptake efficiency in A549 and CCL-210 cells. Lipofectamine RNAiMAX with 50 ng of siRNA was prepared as a positive control
group. GMFI was obtained by normalizing to the untreated cells. ****p < 0.0001. (C) siRNA-mediated GFP knockdown of LbL-eEVs (PBAE-
layered) quantified over time in A549 cells by fluorescence measurements on a Cytation 5 plate reader. Opti-MEM + EDTA, 50 mM trehalose, and
hypotonic electroporation buffer were used during electroporation for siRNA loading into the LbL-eEVs. (D) Overall knockdown efficiencies (the
area under the curves over time) of LbL-eEVs after different polyelectrolyte layers were added in A549 cells. Opti-MEM + EDTA was used as the
electroporation buffer. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Overall knockdown efficiencies in A549 cells at varying LbL-eEV doses (1.875−60
× 1011 vesicles/mL).
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cells, and it was found that LbL-eEVs were internalized by
78.1% of A549 cells compared to only 47.7% of CCL-210 cells.
However, this gating analysis is inherently binary. To provide
greater insight on LbL-eEV uptake, Figure 3C shows the
quantitative flow cytometry results of the normalized geo-
metric mean fluorescence intensity (nGMFI) for LbL-eEVs
with different polymer coatings (i.e., only PLL, PLL/PAA, and
PLL/PAA/PBAE). While our prior work on native EVs
demonstrated 15.8 times greater uptake of EVs in A549 cells
than in CCL-210 cells, the data obtained here show that the
internalization of eEVs in A549 cells remains 14.2-fold greater
than that in CCL-210 cells. Thus, the eEVs exhibited inherent
selectivity for the cancer cells. Surprisingly, uptake of the LbL-
PBAE-eEVs in the A549 cells was not reduced when compared
to eEVs. Moreover, an LbL-eEV uptake was 5.2-fold higher in
A549 cells than in CCL-210 cells, indicating that the selectivity
of the eEVs was not compromised by the LbL coating. This
result can likely be attributed to the exposure of tetraspanin
proteins or exosomal integrins, which have been reported to
direct the selective internalization of EVs in different cells.25

3.4. Potential Antitumor Efficacy of LbL-eEVs.
3.4.1. siRNA Delivery and Gene Silencing. Efficient cellular
uptake and endosomal escape are crucial to translocate siRNA
to the cytoplasmic region for RNAi-triggered gene silencing.
To demonstrate that the cargo siRNA within LbL-eEVs can be

delivered intracellularly, Cy3-labeled siRNA was loaded in
LbL-eEVs to evaluate the internalization of siRNA in both
A549 and CCL-210 cells. Commercial RNAi silencing reagent
Lipofectamine RNAiMAX was used as a positive control, and
the uptake efficiency of siRNA was subsequently quantified by
flow cytometry and comparisons of nGMFI (Figure 4). The
confocal microscopy images of Cy3-siRNA internalization are
shown in Figure S5. The histogram of FL2-H (Cy3-siRNA)
(Figure 4A) confirms significantly enhanced uptake of LbL-
PBAE-eEVs in A549 cells. Notably, the nGMFI in Figure 4B
shows that LbL-PBAE-eEVs more efficiently delivered siRNA
intracellularly than other polyelectrolyte layered-eEVs. More-
over, the uptake amount of Cy3-siRNA delivered by LbL-
PBAE-eEVs in A549 was 2.27-fold higher than that in CCL-
210 cells, whereas no significant difference between the uptake
efficiency in A549 and CCL-210 cells was observed for the
commercial Lipofectamine RNAiMAX transfection reagents.
These findings further confirm the potential of LbL-PBAE-
eEVs for preferential delivery to tumor cells.
To validate that delivered siRNA can effectively suppress

gene expression, siRNA against green fluorescence protein
(siRNA-GFP) was delivered to GFP-expressing A549 cells.
This model gene approach allowed for ease of monitoring as
well as quantitative analysis of efficacy based on the GFP
fluorescence intensity. Figure 4C shows the knockdown

Figure 5. DOX delivery and cancer killing effects in A549 and CCL-210 cells. (A) Confocal images of free DOX and LbL-eEV-mediated DOX
delivery in A549 and CCL-210 cells, scale bar: 30 μm. (Note: The imaging parameters were adjusted between samples. Thus, the fluorescence
intensity in the images does not necessarily correlate to uptake, and the images should not be used to compare the amount of internalization for the
different treatment groups.) (B) Normalized geometric mean fluorescence intensities (GMFIs) for DOX uptake in A549 and CCL-210 cells. DOX-
loaded PLGA nanoparticles (PLGA NP) were prepared for comparison and tested at an equivalent DOX dose of 0.488 μg/mL. Equivalent amounts
of DOX in LbL-PAA were also prepared to compare with LbL-PBAE. (C,D) Dose effects of free DOX, PLGA NP-delivered DOX, and LbL-eEV-
delivered DOX on (C) A549 and (D) CCL-210 cells after 3 days of incubation. DOX concentration was calculated by particle concentration
(measured by NTA) × DOX loading/LbL-eEV particles.
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efficiency in GFP expression over time in the cells treated with
LbL-eEVs loaded using three different electroporation buffers.
LbL-eEVs in Opti-MEM resulted in the most effective
silencing, and the 67.5 ± 5.5% knockdown efficiency on day
2 after delivery was 3.5-fold higher than those of the other
formulations. On day 4, the knockdown efficiency of the LbL-
eEV loaded using Opti-MEM was 40.9 ± 24.8%, which was
comparable to the knockdown efficiency of commercial
Lipofectamine RNAiMax with 50 ng siRNA delivery (34.0 ±
16.2%).
To investigate the influence of different layered LbL-eEVs

on knockdown efficiency, the same electroporation procedure
was repeated in Opti-MEM media. The decrease of GFP
expression in the cells was quantified by integrating the area
under the curve (knockdown efficiency over time), as shown in
Figure 4D. The overall knockdown efficiency results show that
the gene silencing capability of eEVs without polyelectrolyte
shells was significantly higher than that of LbL-eEVs. However,
the PBAE-layered eEVs were still able to effectively silence
gene expression to the same degree compared with Lipofect-
amine treatment (50 ng siRNA/100 μL). Importantly, only
about 0.6 nmol of siRNA (∼10 ng) was encapsulated in 1013

eEVs. Thus, matching the efficacy of Lipofectamine indicates
that our LbL-eEVs are still a highly effective gene delivery
platform.
We further evaluated the knockdown efficiency of LbL-eEVs

at varying doses, as shown in Figure 4E. The results
demonstrate that gene silencing increased with increasing
vesicle/siRNA concentration and reached a maximum knock-
down efficiency at a concentration of 1.5 × 1012 vesicles/mL.
We found that the knockdown efficiency decreased drastically
at a higher siRNA dose. This is likely due to the off-target
effects of siRNA at a higher dose, which leads to the reduction
of GFP expression in the control group treated with scramble
siRNA and, therefore, limits the dose of siRNA that can be
applied. Consequently, a concentration of 1.5 × 1012 vesicles/
mL of LbL-eEV/siRNA complexes, exhibiting the maximum
efficacy, was further used in the following codelivery
experiments.
3.4.2. DOX Delivery and Cancer Killing Efficiency. The

primary mechanism of antitumor activity from DOX is the
intercalation of the DOX molecule into DNA, leading to
inhibition of DNA synthesis. Therefore, it is necessary for
DOX molecules to enter cell nuclei for therapeutic efficacy.
Cellular internalization of DOX was evaluated by the same
procedure as in the prior sections. Figure 5A demonstrates that
free DOX enters cell nuclei as a DNA intercalation agent for
the induction of programmed cell death. Notably, the delivery
of DOX by LbL-eEVs to CCL-210 showed decreased nuclear
localization compared to that in A549 cells. To further
quantitatively assess the preferential uptake and DOX delivery
with LbL-eEVs, DOX-loaded poly(lactic-co-glycolic acid)
nanoparticles (PLGA NPs), one of the most well-studied
drug delivery systems, were tested using the same procedure
for comparison. Consistent with the prior siRNA uptake
results, DOX delivery by LbL-PBAE-eEVs resulted in
significantly higher internalization in A549 cells (1.79-fold)
than in CCL-210 cells, as shown in Figure 5B. In contrast,
synthetic PLGA nanoparticles showed no significant difference
in DOX delivery to A549 and CCL-210 cells, confirming the
potential for preferential delivery to tumor cells with the LbL-
eEV system. It is necessary to point out that the uptake
efficiency (DOX) was significantly improved by LbL-PBAE,

which was 2.15-fold higher than that by LbL-PAA, suggesting
the necessity of the final cationic layer to facilitate cellular
internalization. These results were also consistent with the
siRNA internalization results in the previous section.
We next used a cell proliferation assay (MTS assay) to

evaluate the efficacy of DOX delivery with different
formulations in cells. Prior to the experiment, the dose-
dependent cytotoxicity of blank LbL-eEVs was examined in
both A549 and CCL-210 cells. No toxicity was observed in the
concentration range of 0−22 × 1012 particles/mL after 3 days
of incubation (Figure S6), confirming cytocompatibility of the
vesicles. Subsequently, the same experiment was repeated for
DOX-loaded LbL-eEVs. Figure 5C,D shows the dose−
response curves of free DOX, DOX-loaded PLGA NPs, and
DOX-loaded LbL-eEVs in A549 and CCL-210 cells,
respectively. The LbL-eEVs were loaded using a low or high
concentration of DOX (0.3 and 0.6 mg/mL, respectively),
based on the loading results (Figure 2D). For all treatment
groups, the DOX amount in LbL-eEVs administered to the
cells was quantified spectrophotometrically. The quantified
inhibitory concentration (IC) values of DOX delivered by the
various carriers are presented in Table 1. Both PLGA NPs and

LbL-eEVs with DOX showed a higher antitumor efficacy at
lower IC than free DOX, which can be attributed to the
enhanced cellular internalization of drugs. Among all the
therapeutic groups, LbL-eEVs prepared with the 0.6 mg/mL
loading concentration of DOX were most effective, indicating
that the cancer killing efficiency depends on the amount of
DOX complexed in the polyelectrolyte layers. In contrast to
the conventional PLGA system, the IC50 of LbL-eEV (+0.6
mg/mL DOX) was 3.2-fold decreased in A549 cells, indicating
that the LbL-eEV delivery system requires a substantially lower
dose of DOX to achieve the same cancer cell killing efficiency.
While the IC values in CCL-210 were also reduced, the IC
values for LbL-eEV-mediated DOX delivery were at least 1.8-
fold lower in A549 cells than in CCL-210 cells.

Table 1. IC10, IC50, and IC90 Values Calculated from the
Inhibitor Curves of Free DOX, PLGA Nanoparticles (PLGA
NP), and LbL-eEVs Loaded Using Low (0.3 mg/mL) and
High (0.6 mg/mL) Concentrations of DOX in A549 and
CCL-210 Cellsa

inhibitory concentration (μg/mL)

cell line treatment IC10 IC50 IC90

A549 free DOX 0.510 0.598 ± 0.008 0.690
PLGA NP 0.152 0.259 ± 0.007 0.40
Lbl-eEV + 0.3 mg/mL
initial DOX

0.230 ∼0.232 0.233

Lbl-eEV + 0.6 mg/mL
initial DOX

0.050 0.081 ± 0.002 0.140

CCL210 free DOX 0.200 0.400 ± 0.024 0.780
PLGA NP 0.005 0.109 ± 0.021 2.210
Lbl-eEV + 0.3 mg/mL
initial DOX

0.162 0.213 ± 0.008 0.279

Lbl-eEV + 0.6 mg/mL
initial DOX

0.115 0.189 ± 0.006 0.310

aAll the sigmoidal concentration−response curves were fitted with
Hill’s equation using GraphPad software. Due to the high steep curve
(large absolute value of Hill’s slope), an ambiguous estimate (wide
confidence interval) of the IC50 value (∼0.232) was obtained in the
fitting results of LbL-eEV + 0.6 mg/mL initial DOX treated in A549
cells.
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3.5. Codelivery of siRNA and DOX. The experimental
results above demonstrated that LbL-eEVs are effective for
preferential delivery of siRNA and DOX to A549 cancer cells
separately. To confirm the utility of LbL-eEVs as a codelivery
system, GFP-expressing A549 cells were treated with LbL-
eEVs and then quantitatively analyzed by flow cytometry. The
cells were also stained with ethidium homodimer-1 (EthD-1)
to assess the effects of DOX delivery: LbL-eEVs containing
siRNA alone, DOX alone, and both siRNA and DOX. LbL-
eEVs prepared with two different DOX loading concentrations
were also tested (note: the overall DOX dose was held
constant). Treatments with siRNA-GFP and control scramble
siRNA were prepared in pairs for each individual condition.
Figure 6A shows the qualitative results of A549 cells with LbL-
eEV-mediated codelivery of siRNA/DOX. Morphological

changes were not observed in the cells with the delivery of
either siRNA-GFP or control scramble siRNA, but consid-
erable cell enlargement was observed in the DOX-delivery
groups. On the other hand, remarkably reduced green
fluorescence was observed in the groups treated with siRNA-
GFP (i.e., Lipofectamine + siRNA-GFP, LbL-eEV + siRNA-
GFP), indicating downregulation of GFP expression. The cell
images in codelivered formulations demonstrate both
morphological changes and reduced green fluorescence in
the cells, which verifies the codelivery of siRNA and DOX.
Figure 6B shows quadratic graphs from the flow cytometry
analysis. The upper-right quadrant (Q1) represents GFP-
positive and EthD-1/DOX-positive cells. The upper left
quadrant (Q2) corresponds to cells that are positive only for
EthD-1/DOX. The bottom-left quadrant (Q3) represents

Figure 6. Codelivery of DOX and siRNA-GFP/siRNA-scramble in A549 cells with different formulations. (A) Fluorescence microscope images of
cells treated for 3 days with different formulations. Scale bar: 50 μm. (B−D) Fluorescence signals from green fluorescence protein expression
(GFP/FL1-H) and a dead cell stain (EthD-1/FL3-H) in A549 cells were measured by flow cytometry and presented as (B) four-quadrant
diagrams, (C) normalized geometric fluorescence mean (nGMFI) of FL3-H (**p < 0.01), and (D) knockdown efficiency (FL1-H). No statistical
difference of knockdown efficiency (FL1-A) was observed between all groups.
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double-negative cells. The bottom-right quadrant (Q4)
represents cells that are positive only for GFP. The results
show that siRNA-GFP/DOX codelivery by LbL-eEVs
markedly increased the percentages of cells located in Q1
and Q2 compared to untreated cells. The percentages of cells
in Q2 were 23.5 and 31.1% in the siRNA-GFP/0.3 mg/mL
DOX and siRNA-GFP/0.6 mg/mL DOX groups, respectively.
In contrast, only 14.7 and 20.6% of the cells were in Q2 for the
siRNA-scramble/0.3 mg/mL DOX and siRNA-scramble/0.6
mg/mL DOX groups, respectively. While these results provide
evidence that the LbL-eEV particles achieved synchronous
delivery of siRNA and DOX, further analysis was performed
based on normalized GMFI measurements. Analysis of the FL3
channel indicated that DOX delivery was not hampered by the
codelivery of siRNA (Figure 6C). Moreover, the knockdown
efficiency of single cells treated with siRNA/DOX coloaded
formulations was found to be comparable to that of the siRNA
alone group (Figure 6D). Collectively, the results of these
experiments confirm that coloading siRNA and DOX does not
compromise the efficacy of the LbL-eEV delivery system and
that effective target gene silencing and DOX delivery are
achieved simultaneously.

4. CONCLUSIONS
In summary, we developed a biocompatible and cancer-cell-
selective EV-based codelivery system for combinatorial
therapies, which we believe can potentially overcome
challenges with drug resistance in cancer. To our knowledge,
this study is the first to demonstrate LbL-eEVs, and our results
provide valuable insight on their production as well as their
efficacy for siRNA and DOX delivery. Moreover, our results
show that the native selectivity of EVs for specific cells is
preserved with LbL-eEVs, which is an important advantage
over other deliver systems because it circumvents the need for
surface modification with targeting ligands. However, further
investigation of EVs’ inherent selectivity is needed, including
the preferential uptake of different EVs in different cells and
their in vivo targeting efficacy. The long-term stability of
engineered EV platforms and the synergistic effects of
codelivered therapeutic gene/drugs will also be the focus of
our future studies. Nevertheless, we believe that our studies
provide a promising foundation for utilizing EVs as a
multitherapeutics carrier and for developing efficacious
combinatorial therapies.
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