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A B S T R A C T   

The worldwide spread of COVID-19 highlights the urgent need for an efficient approach to rapidly develop 
therapeutics and prophylactics against SARS-CoV-2. Extracellular vesicle(EVs) are recognized and endocytosed 
by tissue cells via specific interactions between surface membrane proteins, where after they deliver their mo-
lecular cargo. This provides the potential to modify membrane proteins at EV surfaces as a promising means for 
specific tissue targeting and drug delivery. In this study, we describe a VSVG viral pseudotyping-based approach 
to load EV membranes with the receptor-binding domain (RBD) of the viral spike protein, the key domain in 
SARS-CoV-2 attachment, fusion and cellular entry. The RBD-tagged EVs can specifically recognize ACE2 receptor 
on the surface of target cells, which is required for the RBD-tagged EVs cellular uptake and targeting. Further, 
using the hACE2 transgenic mouse model, we show the RBD-tagged EVs accumulate specifically in the target 
tissues that highly express ACE2. Finally, we demonstrate that the RBD-tagged EVs that encapsulate siRNAs 
against SARS-CoV-2 pseudovirus can specifically target lung tissues and suppress the pseudovirus infection in 
vivo. Together, our work presents a safe and effective engineered EV system for in vivo targeted delivery of 
potential antiviral agents into specific tissues which as a therapeutic potential against SARS-CoV-2 infection.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 
causative agent of coronavirus disease 2019 (COVID-19), becomes a 
major health concern all over the world as the rate of mortality has been 
rising each day [1,2]. It was observed that there was an urgent need for 
developing effective therapies or prophylactics to prevent SARS-CoV-2 
infection. SARS-CoV-2 virus targets lungs via its binding to the 
angiotensin-converting enzyme 2 (ACE2) receptors, which are highly 
expressed at the surface of type 2 alveolar epithelial cells in the lungs 
[3]. In addition, ACE2 is also expressed on other tissues, including the 
heart, kidney and small intestine [3–5]. Virus entry into cells depends on 
the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein (S) 
that specifically recognizes ACE2 [6,7]. SARS-CoV-2 S protein has been 
experimentally shown to bind ACE2 on host cells with significantly 
higher affinity than SARS-CoV [8,9]. It is known that the blockage of the 
RBD and the ACE2 association site, is a major potential strategy for 
developing vaccines, neutralizing antibodies and small molecule drugs 
to against COVID-19 [6,7]. 

Extracellular vesicle (EVs) are natural transport nano-vesicles 

secreted by numerous cell types [10]. It is clear that EVs have the ca-
pacity to deliver specific cargo of functional biomolecules, such as 
nucleic acids (including plasmid DNA and siRNA), proteins and 
chemotherapeutic drugs, to the recipient cells, release cargo, and 
mediate many physiological or pathological processes [10–12]. It is 
widely recognized that EVs are promising nanocarriers for clinical 
application based on their nanoscale for penetration into deep tissues, 
long-term circulation, and their naturally biocompatible characteristics 
[13,14]. However, it has been shown that the majority of intravenous 
injected EVs are absorbed within the liver [15,16]. Therefore, if EVs are 
candidates for the systemic delivery of therapeutic compounds and 
exploited as the targeted therapeutic particles, it will be necessary to 
deliver exogenous cargoes to specific tissues or cell types in vivo. Tar-
geted EVs can be obtained by displaying targeting molecules, such as 
tissue-specific peptides or antibody fragments recognizing target anti-
gens, on the outer surface of EVs [17,18]. 

The vesicular stomatitis virus(VSV)-G protein is frequently used for 
viral pseudotyping, owing to its broad tropism and high efficacy in 
transduction. Prior research has shown that by fusing a variety of re-
porter proteins with VSVG, including green fluorescent protein(GFP), 
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red fluorecent protein(RFP), and luciferase, could be successfully 
incorporated into EVs membranes as a means of tracking and detection 
[19,20]. In this study, we exploited a pseudotyping-based approach to 
load EV membranes with SARS-CoV-2 spike protein RBD through en-
gineering the VSVG. We showed that the RBD-tagged EVs required the 
ACE2 receptor for cellular uptake and were able to specifically trend to 
target cells or tissues that highly express ACE2. Further, we showed that 
siRNAs encapsulated in the RBD-tagged EVs can effectively delivered 
into lung tissues and inhibit SARS-CoV-2 infection, suggesting this RBD- 
tagged EV-mediated delivery of antiviral agents into target tissues may 
serve as a promising therapeutic platform for treatment of SARS-CoV-2 
infection. 

2. Materials and methods 

2.1. RBD-VSVG fusion vector construction 

To display SARS-CoV-2 RBD domain on the outer membrane of EVs, 
the ectodomain sequence of VSVG was replaced by codon-optimized 
RBD sequence. Fusion sequence was configured from 5′ to 3′ as 
following: the signal peptide, the RBD domain, stem sequence, trans-
membrane domain and cytoplasmic domain. The fusion sequence was 
synthesized from the GENEWIZ company and then cloned downstream 
of the CMV promoter with EcoRI and XbaI restriction sites into 
pcDNA3.1 vector. We have submitted all relevant data of our experi-
ments to the EV-TRACK knowledgebase (EV-TRACK ID: EV210161) 
[21]. 

2.2. Transmission and scanning electron microscope 

Purified EVs resuspended in Phosphate Buffered Saline(PBS) were 
dropped onto a sheet of Parafilm and a 200-mesh formvar coated copper 
grids were floated at room temperature allowed to adsorb for 10 min, 
followed by wash with PBS twice and fixed with 2% paraformaldehyde. 
After rinsing with PBS twice, the grids were negatively stained with 2% 
Uranyl acetate for 2 min and observed using a transmission electron 
microscope(Hitachi HT7700 TEM, Tokyo, Japan) or scanning electron 
microscope(Hitachi Regulus SU8230, Tokyo, Japan). 

2.3. Nanoparticle-tracking analysis 

Control or modified EVs were carried out using an NS300 machine 
(Malvern Instruments, Malvern, UK). In a typical analysis, 1 mL of the 
1:1000 diluted EVs was used for EV visualization by laser-light scat-
tering, using a conventional optical microscope aligned normally to the 
beam axis which collects light scattered from every particle in the field 
of view. and three videos of 30 s each were recorded. Data analysis was 
performed by NTA software, and the results are presented graphically to 
show particle size and distribution. 

2.4. EVs purification 

HEK-293T cells were transfected with S-FLAG verctor, RBD-VSVG 
vector, CD9-GFP vector or empty vector using Lipofectamine 3000 
when reached 70%–80% confluence. At 6 h after transfection, cells were 
switched to DMEM supplemented with 10% EV-depleted FBS(System 
Biosciences lnc) for the production of EVs. After 48 h, the cell super-
natants was collected and centrifuged at 10,000g for 30 min, then sub-
jected to filter twice through 0.22 μm membranes(Millpore). The EV 
pellets were prepared from filtered supernatants by ultracentrifugation 
at 100,000 g for 70 min at 4 ◦C (Beckman Ti70 rotor). Resuspend the 
pellets in phosphate buffered saline (PBS) and repeat centrifuged 70 min 
at 100,000g at 4 ◦C to remove soluble serum and secreted proteins. The 
purified EV pellets were resuspended in fresh PBS(0.22 μm filtration). 

2.5. Western blot 

Cells, purified EVs or tissues were lysed with RIPA buffer (Santa 
Cruz,USA) and cleared lysate was collected by centrifugation for protein 
separation on SDS-polyacrylamide gel(10%), followed by transfer onto 
PVDF membranes(Millipore), blocked with 5% nonfat dry milk in TBST 
and reacted with primary antibodies recognizing FLAG M2 tag 
(Sigma,1:2000), SARS-CoV-2 RBD(Sinobiological,1:500), CD9 
(Abcam,1:2000), Alix(Cell Signaling Technology,1:1000), GM130 
(Abcam,1:1000), Calnexin(Abcam,1:1000), hACE2(Abcam,# 
ab108209,only react with human species,1:2000) and GAPDH(Santa 
Cruz,1:2000). Blots were incubated with HRP-conjugated goat anti- 
mouse or rabbit IgG (Southern Biotech,1:5000) for 1 h at room tem-
perature before imaging. 

2.6. Immunoprecipitation of EVs 

Purified RBD-tagged or control EVs resuspended in PBS(60 μg of total 
EV protein each sample, in a 200 μl volume) were incubated with 5 μg 
rabbit-anti-RBD antibody(Sinobiological) at 4 ◦C overnight. Magnetic 
protein A/G beads(Millipore) were washed three times in PBS and 
blocked for 1 h in 1.5%BSA diluted in PBS. Beads were washed twice in 
PBS then immune-captured purified EVs were added to the beads and 
incubated for 2 h at 4 ◦C. After three washes in PBS, beads were incu-
bated with 1× loading sample buffer at 95 ◦C for 5 min and then used for 
western blot analysis. 

2.7. Cell cultures 

HEK-293T, Caco-2, A549, U251, A498, HT-29 and HepG2 cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum (FBS). The THP-1 cell line was cultured in RPMI- 
1640 containing 5 mM L-glutamine and 10% FBS. All cell lines were 
obtained from American Type Culture Collection (ATCC, USA). Human 
pluripotent stem cells (hPSCs) were purchased from CellAPY Company 
(CA4002106, Beijing, China) and maintained in serum-free mTeSR1 
medium (STEMCELL Technologies, Canada). All cells were incubated in 
a 37 ◦C humidified atmosphere of 5% CO2. 

2.8. Human intestinal organoids 

Human intestinal organoids are derived from induced pluripotent 
stem cells (iPSC) through a three-stage differentiation process(definitive 
endoderm, mid− /hindgut, and small intestine) using stage-specific, 
specialized media as previously described [22]. Human-iPSC-derived 
cardiomyocytes(iPSC-CMs) using a previously published protocol [23] 
and cultured on Cardiomyocyte Maintenance Medium(STEMCELL 
Technologies, Canada). 

2.9. EV protein and RNA concentration measurement 

Purified RBD-tagged or control EVs resuspended in PBS. 1 × 108 of 
each EV sample was extracted in 100 μl RIPA buffer(Santa Cruz, USA) 
with freshly added protease inhibitor(Roche, USA), and then cleared by 
centrifugation at 15,000 g, for 10 min at 4 ◦C. Total protein concentra-
tion of each EV lysate was determined using the Bicinchoninic Acid 
(BCA) Protein Assay Kit (Thermo Fisher Scientific) according to the 
manufacturer’s instructions with BSA as the standard. For total RNA 
concentration, 1 × 108 of each EV sample dissolved in TRIzol reagent 
(Life Technologies) and performed according to manufacturer’s 
specifications. 

2.10. Cytokine assay 

Mouse serum concentrations of IL-6, TNF-α and IFN-β were obtained 
from eBioscience Elisa Kit (Thermo Scientific, USA) according to 
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manufacturer’s suggested instructions. 

2.11. ACE2 binding assay based on ELISA 

96-well ELISA plates(Thermo Fisher Scientific) were coated with 
100 μl/well of 500 ng/ml reconstitute human ACE2 protein(Sinobio-
logical, #10108-H08H-B) at 4 ◦C overnight. Plates were then washed 3 
times with PBST and blocked by 1% BSA for 30 min at room tempera-
ture. 100ul/well(1 μg/mL or 10 μg/mL diluted EVs that determined by 
BCA protein assay) was added to the wells and incubated for 2 h at 37 ◦C. 
After incubation, the wells are washed six times with PBST to remove 
unbound material and 100 μl/well of diluted detection CD9 antibody 
solution (1:10000, Sigma, #SAB4503606) was added to the wells and 
incubated for 60 min at room temperature. Plates were then washed, 
100 μl/well of diluted HRP anti-rabbit(Southern Biotech) solution was 
added to the wells and incubated for 30 min at room temperature. TMB 
solution(Abcam) is added and then stopped by addition of Stop Solution 
(Abcam) completing any colour change from blue to yellow. Signal was 
measured at 450 nm on Thermo Scientific Varioskan™ LUX. 

2.12. Production and titration of SARS-CoV-2 pseudovirions 

SARS-CoV-2 pseudovirions were produced by co-transfection 293T 
cells with psPAX2, pLenti-GFP, and plasmids encoding codon-optimized 
SARS-CoV-2 S vector(Sinobiological) by using Lipofectamine 3000(Life 
Technologies, USA) according to the manufacturer’s instructions. The 
supernatants were harvested at 48, 72 h post transfection, centrifuged at 
2000 ×g for 10 min to remove cell debris and passed through 0.45 μm 
filter(Millipore). For viral titers, we used flow cytometry to determine 
the number of viral particles per ml as previously described [24]. 

2.13. Animals 

Transgenic mice that express human ACE2(hACE2 mouse) were 
obtained from Nanjing Biomedical Research Institute of Nanjing Uni-
versity (NBRI). Transgenic mice were generated by microinjection of the 
mouse ACE2 promoter driving the human ACE2 coding sequence into 
the pronuclei of fertilized ova from C57BL/6JGpt. The human ACE2 
integrated was identified by PCR using the primer: hACE2-F: 5’- 
AAGTGGCTCCTCTCTTACACTCTGG-3’;hACE2-R:5’-CAGAC-
CATTTGTCCCCAGCAT-3′, The expected size of amplicons was 1508 bp. 
All animal experimental protocols were approved by the Soochow 
University Animal Care Committee and research protocols were con-
ducted in accordance with the animal behavioral guidelines, using 
approved protocols from the institutional animal care committee 
(#202006A600). 

2.14. Intravital imaging of EVs 

EVs at a total protein concentration were determined using the BCA 
protein assay kit (Pierce, USA). Purified EVs suspended in PBS were 
added with 1,1-Dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine 
(DiD, purchased from MCE) to 1 μM and incubated for 15 min, fol-
lowed by an additional wash to remove the free dye. DiD-labeled EVs 
were resuspended in PBS and injected intravenously into 6-week-old 
female hACE2 mice(C57BL/6) with 150 μg EV per mice. The red fluo-
rescence of the whole body was acquired by IVIS spectrum (Caliper Life 
Sciences). The hACE2 mice were sacrificed at 24 h, 48 h,72 h and 96 h 
post injection, organs harvested and the red fluorescence images was 
quantified in various organs. Radiant efficiency was measured using 
Living Image 3.1 software (Caliper Life Sciences). 

2.15. EV siRNA loading and suppression of SARS-CoV-2 pseudovirions 

For siRNA encapsulated in EVs, mix 150 μg of synthetic GFP siRNA 
(stock in RNase-free water, Seq: 5′-AAGCTGACCCTGAAGTTCAT-3′) 

with 150 μg of either RBD-tagged or control EVs(stock in PBS) in the 
microcentrifuge tube. Make up the volume to at 200 μL with citric acid 
buffer(18.6 mM citric acid, 29.4 mM disodium phosphate, pH = 4.4) and 
transfer the mixture to 0.4 cm electroporation cuvette. Electroporations 
were performed by Bio-Rad Gene Pulser electroporator with capacitance 
extender set at 400 V and 125 μF. Then purified EVs by ultracentrifu-
gation and removed unencapsulated siRNA at 100,000 g for 70 min at 
4 ◦C. Encapsulated siRNA of EVs were resuspended in phosphate buff-
ered saline (PBS) and injected into the tail veins of 6-week-old female 
hACE2 mice(150 μg EV per mice) after infecting with SARS-CoV-2 
pseudovirions though intranasal route(MOI = 50). The mice were 
sacrificed 48 h later and lung tissues were excised and fixed with 4% 
neutral buffered formaline, dehydrated and embedded in paraffin. 
Paraffin-embedded tissues were sectioned at a thickness of 4 μm for 
immunofluorescence according to standard procedures. Nuclear was 
visualized by staining with DAPI (Sigma) and examined under fluores-
cence microscopy and images were analyzed using an Nikon A1 confocal 
microscope(Tokyo, Japan). The GFP fluorescence was quantified with 
ImageJ (National Institutes of Health, USA), and analyzed for statistical 
significance using Graphpad Prism 8. 

2.16. RNA extraction, reverse transcription and real-time PCR analysis 

Encapsulation of siRNA in EVs was analyzed by real-time quantita-
tive reverse transcription PCR. After electroporation and purified by 
ultracentrifugation, RNA of EV samples or naked siRNA were isolated 
using TRIzol reagent(TaKaRa) according to manufacturer’s instructions. 
A total of 250 fmol of synthetic Caenorhabditis elegans miRNA cel-miR-39 
(RiBoBio, Guangzhou, China) was added to each sample as an internal 
control. Reverse transcription of samples using PrimeScript RT Master 
Mix for RT-PCR (TaKaRa) by specific reverse stemloop primers (RiBo-
Bio, Guangzhou, China). Real-time PCR performed using ABI SYBR 
Green Master Mix (Life Technologies) on ABI QuantStudio 6 Detection 
System. All reactions were carried out using 2-ΔΔCt method. 

2.17. Statistical analysis 

All numerical data are presented as mean ± SEM using Graphpad 
Prism 8.0 software (GraphPad Software Inc., San Diego CA). Comparison 
of two groups were analyzed by two-tailed Student’s t-test. P value of 
0.05 and below was considered significant: *p < 0.05, **p < 0.01, 
***p < 0.001. 

3. Results 

3.1. Design and construction of SARS-CoV-2 S protein RBD-tagged EVs 

First, to analyze whether the spike (S) glycoprotein of the SARS-CoV- 
2 could be incorporated into EVs, cell lysates of 293T cells transiently 
transfected with different amounts of FLAG-tagged SARS-CoV-2 S gene 
expression plasmids were analyzed by Western blot using anti-FLAG 
antibody. As shown in Fig. 1A, the S proteins were readily detected in 
the whole cell lysates of transfected cells with a molecular weight of 
approximately 180 kDa, but was not detected in the purified EV frac-
tions from the transfected 293T cells. Purified EVs were further char-
acterized for the presence of conventional markers for exsosomes, 
namely, CD9 and Alix, and non-EV markers GM130 (Golgi matrix 
marker) calnexin (endoplasmic reticulum marker) and calnexin (endo-
plasmic reticulum marker) followed the ‘Minimal information for 
studies of extracellular vesicles 2018’ (MISEV2018) guidelines [25] 
(Fig. 1A). To confer EVs targeting capabilities, we incorporated the RBD 
of S protein into the membrane of EVs. While the ectodomain of VSVG 
coding region was replaced by the RBD of S protein, the signal peptide 
(SP), transmembrane helix and cytoplasmic domain of VSVG were left 
intact in this fusion protein to ensure the fusion proteins were properly 
anchored with the correct topography on EV membranes (Fig. 1B). By 
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domain swapping, the expression of RBD was robustly detected in 
transfected 293T cells-derived EVs (EV-RBD) as indicated by the West-
ern blot analysis with RBD antibody, compared to that in EVs from 
VSVG-transfected(exo-VSVG) or non-transfected cells(EV-NC) (Fig. 1C). 
CD9 and Alix, served as the protein markers for the presence of EVs. To 
explore the fusion protein was properly anchored with the correct 
topography on EV membrane, we used immunological pull-down assay 
from suspensions with anti-RBD antibody followed by magnetic beads 
(Fig. 1D). As shown in Fig. 1E, the RBD protein was only detected in EV- 
RBD fraction, confirming the RBD epitope is localized at the external EV 
surface. The presence of CD9 and Alix in EVs from pull-down assay 
confirmed they were EVs. Together, our results demonstrated that the 
modified EVs with RBD tag was successfully localized to the external EV 
membrane. 

3.2. Characterization of physical properties of SARS-CoV-2 S protein 
RBD-tagged EVs 

Next, we took the ratio of particles per μg of protein as a measure of 
purity of EVs from supernatant under our culture conditions refer to the 
MISEV2018 as well as previous study [26]. Culture supernatant from 
RBD-transfected or non-transfected 239T cells gave the ratio of 
approximately 4.96 × 109 or 4.27 × 109 particles per μg protein (P/μg), 

respectively. As a background, the detection for cell free supernatant 
within 10% EV-deleted FBS represented a ratio of 4.69 × 105 P/μg 
(Fig. 2A). To investigate if the incorporation of S protein RBD into the 
membrane of EV could affect the EV overall physical properties, the size 
distribution of the RBD-tagged EVs was examined by Nanoparticle 
Tracking Analysis (NTA). As shown in Fig. 2B, the average diameters of 
modified EVs (EV-RBD) integrated with RBD were similar to that of non- 
modified EVs (EV-NC), with peaks of 121.6 nm for EV-NC and 128.1 nm 
for EV-RBD. Further, similar results were also obtained with the analysis 
by electron microscopy, showing that the EV-RBD and EV-NC displayed 
expected morphology of small, round vesicles with a clearly discernible 
lipid bilayer (Fig. 2C). Finally, the concentrations of total proteins and 
RNA were measured from an equal amount of EVs(~1 × 108 for each 
sample), showing there were no significant differences in the EV con-
tents of proteins and RNA between EV-RBD and EV-NC EVs (Fig. 2D and 
E). Together, these results demonstrated that incorporation of EVs with 
SARS-CoV-2 S protein RBD did not cause alterations of the physical 
properties and the cargo amounts of the EVs. 

3.3. ACE2-dependent cellular uptake and targeting of SARS-CoV-2 S 
protein RBD-tagged EVs 

The binding of the RBD of S protein to ACE2 receptor at the surface of 

Fig. 1. Construction of SARS-CoV-2 S protein RBD-tagged EVs. (A) Detection of SARS-CoV-2 Spike protein in cell lysates or EV pellets by western blot. 293T cells 
were transfected with plasmid expressing the FLAG-tagged Spike protein. EVs pelleted from the media were analyzed by western blot for the presence of the Spike 
protein using the FLAG M2 antibody. Purified EVs were characterized for EV markers CD9 and Alix, and non-EV markers calnexin (endoplasmic reticulum marker) 
and GM130 (Golgi matrix marker). (B) Schematic illustration of RBD-VSVG fusion-loaded EVs. The VSVG ectodomain was replaced by the RBD domain of SARS-CoV- 
2 (right, red), followed by a transmembrane helix and a cytoplasmic tail of VSVG (right, green). (C) Western blot analysis of EVs purified from 293T cells transfected 
with or without RBD-VSVG-vector for 48 h. CD9 or Alix proteins served as markers for the presence of EVs.(D, E) Schematic presentation of affinity pull-down of EVs 
by anti-RBD coupled magnetic beads. (D)EVs isolated from supernatants of transfected or non-transfected 293T cells were subjected to anti-RBD pull-down assay, 
then total protein of EVs was analyzed by western blot (E). (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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target cells is required for the viral cellular entry during SARS-CoV-2 
infection [27]. We thus assessed whether RBD-tagged EVs are able to 
specifically target those cells or tissues that highly express ACE2 re-
ceptors. First, the expression level of ACE2 was examined in a number of 
different human tissue-derived cell lines including A549 (lung tissue), 
Caco-2(colon tissue), U251(neuroglia), THP-1(monocyte), A498(kidney 
tissue), HepG2 (liver tissue) and HT-29(colon tissue) cells. Whole cell 
lysates from these cell lines were extracted and subject to Western blot 
analysis with antibody against ACE2. As shown in Fig. 3A, there was no 
obvious ACE2 detected, whereas as a positive control, ACE2 was highly 
expressed in Caco-2 cells, human iPS cells-derived cardiomyocytes (iPS- 
CM) and intestinal organoids. 

In order to track the RBD-tagged EVs, we co-transfected 293T cells 
with the CD9-GFP fusion vector (CD9-GFP vector), RBD-VSVG fusion 
vector (RBD-VSVG vector) or empty vector(NC vector) as schematically 
illustrated in Fig. 3B. 48 h post transfection, the purified EV fraction that 
labeled with GFP was collected (EV-RBD-GFP+/EV-NC-GFP+) and was 
then incubated with different human tissue-derived cell lines or orga-
noids for 24 h. Flow cytometric analysis showed that there was no sig-
nificant difference of GFP ratio between cells inoculated with EV-RBD- 
GFP+ and cells inoculated with EV-NC-GFP+ (Fig. 3C). Of note, inter-
estingly, the intensity of GFP was significantly higher with cells incu-
bated with EV-RBD-GFP+ compared to that with cells inoculated with 
EV-NC-GFP+ incubation in Caco-2 cells(Fig. 3D), iPS-CM(Fig. 3E) and 
intestinal organoids(Fig. 3F), suggesting RBD-tagged EVs specifically 

target cells with high ACE2 expression. Furthermore, We also test the 
binding affinity for RBD-tagged EVs with ACE2 protein by enzyme- 
linked immunosorbent assay (ELISA). As shown in Fig. 3G, EV-RBD 
have remarkable higher binding affinity with ACE2 protein compared 
to EV-NC or PBS, and this affinity could dependent on the dose of EVs. 

To further access whether the RBD-tagged EVs require the ACE2 
receptor for cellular uptake and targeting, we constructed stable ACE2- 
expressing A549 cells using lentiviral system (ACE2-A549 cells) and was 
then incubated with an equal amount(~1 × 109) of EV-RBD-GFP+ or EV- 
NC-GFP+. Fluorescence microscopy images showed a greater number of 
punctated GFP were attached onto plasma membranes of ACE2-A549 
cells when incubated with EV-RBD-GFP+ compared to that with EV- 
NC-GFP+(Fig. 3H). To further confirm this specific binding, ACE2 
specific-antibody(ACE2 Ab) was pre-treated ACE2-A549 cells for 2 h and 
then incubated with EV-RBD-GFP+ or EV-NC-GFP+. We observed that 
ACE2 Ab inhibited RBD-mediated binding with high efficiency in ACE2- 
A549 cells(Fig. 3H). Moreover, with the increasing time of incubation 
after 6 h, the number of GFP puncta accumulated at intracellular regions 
of ACE2-A549 cells were becoming much stronger in the presence of EV- 
RBD-GFP+ compared to EV-NC-GFP+ (Fig. 3I), supporting the evidence 
that EVs uptake through endocytic pathways rather than plasma mem-
brane fusion. Block membrane of ACE2 by specific antibody showed an 
inhibitory enter of EV-RBD-GFP+ while no inhibitory effect for EV-NC- 
GFP+(Fig. 3I). Taken together, our results demonstrated that the RBD- 
tagged EVs could recognize specific ACE2 protein on the surface of 

Fig. 2. Characterization of physical properties of SARS-CoV-2 S protein RBD-tagged EVs. (A) The ratio of particles to protein for each sample is shown. (B)Histogram 
showing the size distribution of the purified EVs as analyzed by NTA. (C) TEM or SEM images of RBD-tagged or control EVs purified from 293T cells. (D and E) EV 
protein and RNA concentration measurement. EV protein or RNA was extracted from 1 × 108 EVs and protein concentration was measured by BCA protein 
quantification (D) and RNA concentration was determined by NanoDrop (E). Data are shown as mean ± SEM of four independent experiments, each experiment 
performs triplicate. 
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Fig. 3. ACE2 is required for the cellular uptake and targeting of SARS-CoV-2 S protein RBD-tagged EVs. (A)Western blot analysis of human ACE2 was performed with 
cell lysates from various cell lines or organoid as where indicated using antibody against ACE2. (B) Schematic illustration of RBD-GFP-loaded EVs. Cultured cells were 
transfected with RBD-VSVG vector or empty vector (NC-vector) in combination with CD9-GFP vector. 48 h post transfection, the EV fraction that was labeled with 
GFP was collected(EV-RBD-GFP+/EV-NC-GFP+). (C) Flow cytometric analysis of GFP ratio in different cell lines after incubating with 1 × 109 of EV-RBD-GFP+ or EV- 
NC-GFP+ for 6 h. Different symbols correspond to independent experiments. Data are shown as mean ± SEM of three independent experiments, each individual 
experiment performs triplicate. (D, E and F) Representative images of Caco-2 cells (D), iPS cells-derived cardiomyocytes (E) and intestinal organoids (F) after 
application of 1 × 109 EV-RBD-GFP+ or EV-NC-GFP+ for 6 h. The GFP ratio was determined by flow cytometric analysis. (G) The binding affinity for RBD-tagged EVs 
with ACE2 protein was quantified by ELISA. Different concentration of EVs were incubated and followed by the anti-CD9 as the detector antibody. Each concen-
tration was repeated with six wells. Data are shown as mean ± SEM of three independent experiments. (H and I) Representative images of ACE2-A549 cells showed 
an earlier plasma membrane distribution of EV-RBD-GFP+ or EV-NC-GFP+ incubation for 1 h (H) and 6 h (I) with or without pre-treated with ACE2 antibody. 
Fluorescence intensity of GFP was analyzed by ImageJ software were averaged from six different fields for each. Data are shown as mean ± SEM of three independent 
experiments. **p < 0.01 ***p < 0.001.ns: no significant. 
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recipient cells and facilitate attachment and internalization. 

3.4. SARS-CoV-2 S protein RBD-tagged EVs specifically target tissues in 
vivo 

Next, we investigated the potential for RBD-tagged EVs mediated 
systemic targets in vivo. To better characterize the tissue distribution, we 
used the transgenic human ACE2 mice (hACE2 mice) for evaluating. 
Western blot analysis demonstrated that human ACE2 protein was high 
expression in heart, lung, liver, kidney and small intestine with specific 
anti-human ACE2 antibody (Fig. 4A). Mice received an equal number of 
DiD labeled EV-RBD or EV-NC by intravenous injection, followed by 
fluorescence imaging in a 24-h interval. In vivo fluorescence imaging 
showed there were different signal distribution between EV-RBD and 
EV-NC (red fluorescence) from 24 h to 96 h post injection(hpi) (Fig. 4B). 
Ex vivo whole-organ fluorescence imaging demonstrated that DiD 
labeled EV-RBD were accumulated primarily in heart, lung and kidney 
at 24 h post injection, while no signal was detected in those tissues when 
injected with labeled EV-NC. Of note, the accumulated fluorescence 
signals of the labeled EV-RBD were decayed in heart and kidney at 72 h 
and 96 hpi, respectively (Fig. 4C vii and viii, Fig. 4D), but retained in 
lung tissues over 96 hpi (Fig. 4C viii, Fig. 4D). In contrast, upon injection 
of DiD labeled EV-NC, it only yielded fluorescence signals in the liver 
and intestine in the period of 24–96 hpi (Fig. 4C i-iv, Fig. 4D). To further 
determine if RBD-tagged EVs can induce immune responses in vivo, we 
assessed the serum concentration of IL-6, TNF-α and IFN-β in mice 
injected with EV-RBD or EV-NC as a mock control by ELISA. As shown in 
Fig. 4E-G, there were no significant changes in all cytokines assessed 
between EV-RBD and mock injection groups, indicating the immuno-
logically inert profile of the EVs. Together, these observations suggested 
that RBD-tagged EVs were able to specifically target tissues of heart, 
lung and kidney, the main target organs of SARS-CoV-2 viruses. 

3.5. Delivery of siRNAs as a model system to identify inhibition of SARS- 
CoV-2 pseudovirus infection in vivo 

To confirm the therapeutic potential of RBD-tagged EVs, we next 
investigated delivery of antiviral agents against SARS-CoV-2 genome. 
Given the SARS-CoV-2 is a highly infective and pathogenic native virus, 
we used an HIV-based lentiviral system to produce viral particles 
pseudotyped with SARS-CoV-2 Spike, which can infect permissive cells 
or tissues that express the SARS-CoV-2 receptor ACE2. As the SARS-CoV- 
2 pseudovirus contained the lentiviral backbone that can encode the 
reporter protein GFP, it was named as SARS-CoV-2-GFP. We investi-
gated the possibility of loading RBD-tagged EVs with specific siRNA of 
GFP using electroporation methods adapted for nanoscale applications 
in vitro. To detect the electroporated efficiency of siRNA loading, EVs 
were purified after electroporation and the amount of siRNA in the EVs 
was assayed by real-time PCR. It was quantified that approximately 40% 
of the siRNA was loaded into the EV-NC or EV-RBD after electroporation 
(Fig. 5A). Moreover, we also found that EV-containing siRNA-GFP could 
resist benzonase degradation while naked siRNA was digested, sug-
gesting electroporated siRNA was indeed encapsulated inside the EVs 
(Fig. 5A). The ACE2-A549 cell line was infected with SARS-CoV-2-GFP 
for 24 h(MOI = 2), and then incubated for 24 h with GFP siRNA alone 
(Naked si-GFP), unmodified or modified EVs electroporated with the 
siRNA(EV-NC-si-GFP and EV-RBD-si-GFP, respectively)(Fig. 5B). High 
delivery efficiency was confirmed by fluorescence microscopy, showing 
GFP protein knockdown was achieved with EV-RBD compared to EV- 
NC, suggesting that the modified constructs successfully endowed EVs 
with cell targeting capabilities(Fig. 5C). 

To investigated the therapeutic potential of RBD-tagged EVs in vivo, 
hACE2 mice were inoculated intranasally with SARS-CoV-2-GFP at a 
multiplicity of infection (MOI) of 50 per mouse. At 24 h post-infection, 
the RBD-tagged EVs encapsulated GFP-siRNA (EV-RBD-si-GFP) or con-
trol EVs(EV-NC-si-GFP) were injected into tail veins. At 48 h post 

injection, immunostaining of mouse lung section was examined 
(Fig. 5D). As shown in Fig. 5E, the virus load as indicated by the GFP 
signals of SARS-CoV-2 were significantly lower(decreased by ~65%) in 
the lung from mice with injection of EV-RBD-si-GFP than that from mice 
with injection of EV-NC-si-GFP or naked si-GFP, suggesting RBD-tagged 
EVs encapsulated siRNAs as a potential means of tissue targeting for 
inhibiting SARS-CoV-2 infection. Furthermore, hACE2 mice were pre- 
injected with EV-RBD-si-GFP, EV-NC-si-GFP or naked si-GFP, followed 
by infection with SARS-CoV-2-GFP pseudovirus at 24 hpi. All mice were 
sacrificed after 48 h of infection, and lung tissues were collected 
(Fig. 5F). As showed in Fig. 5G, injection of EV-RBD-si-GFP resulted in a 
significant decrease (fell by~50%)in GFP signals detected in lung re-
gions compared to the that with injection of EV-NC-si-GFP or naked si- 
GFP, indicating RBD-tagged EVs with specific siRNA against SARS- 
CoV-2 pseudovirus infection may have alternative approaches. 
Together, our experiments implied that RBD-tagged EVs-mediated de-
livery of antiviral agents into target tissues may as a promising vehicle 
for treatment of SARS-CoV-2 infection. 

4. Discussion 

Since December 2019, a novel coronavirus SARS-CoV-2 has emerged 
and rapidly spread throughout the world, resulting in a global public 
health emergency [1,2] . As EVs progress toward the clinic for treatment 
of a vast array of diseases, it is important to develop efficient, tissue- 
specific and non-immunogenic delivery technologies to exploit as the 
targeted therapeutic particles [28]. In general, EVs are recognized and 
endocytosed by tissue cells via specific interactions between surface 
membrane proteins, where after they deliver their molecular cargo 
[10,17,29]. This property provides the potential to modify the mem-
brane proteins in EV surface as a promising means of tissue targeting. 

In this study, we described a VSVG pseudotyping approach to load 
EV membranes with SARS-CoV-2 RBD proteins, the key domain in viral 
attachment, fusion and entry. VSVG was incorporated into the viral 
envelope during the budding of microdomains at the plasma membrane, 
the same domains involved in the formation of endosomes and EVs 
[19,30]. Previous study revealed that the VSVG without the ectodomain 
could integrate into the EV membrane [19]. This led us to propose the 
possibility of engineering of EVs with specific membrane-bound proteins 
by expressing gene-encoding VSVG fusion proteins in cells. Thus, we 
incorporated the RBD of S protein on the surface of EVs replaced ecto-
domain of VSVG coding region and fusion protein was confirmed 
anchored with the correct topography on EV membrane (RBD-tagged 
EVs) without affecting the physical properties of the modified EVs. As 
expected, the RBD-tagged EVs required the ACE2 receptor for cellular 
uptake and would be able to specifically trend to target cells or tissues 
that highly express ACE2 receptors. Several research groups have 
exploited the methods to display target peptides on the external EVs/ 
exosomes surface by fusing Lamp2b, an EV membrane protein [17,31]. 
We also have tried to incorporate the RBD protein on the surface of EVs 
by fusing Lamp2b at the extra-EV N terminus, but we found that the RBD 
protein was unable to express effectively on the EV membrane(data not 
shown). One possibility may be RBD fused with Lamp2b could affect the 
protein refolding of Lamp2b resulted in failing membrane localization. 
In addition, previous study confirmed that viral glycoproteins could 
directly express on the surface membrane of cells lead to incorporation 
into EVs released from transfected cells, such as VSVG and HIV-1 gp120 
(env) protein [30,32]. However, we did not detect that the spike 
glycoprotein(S) of the SARS-CoV-2 could incorporated into EVs from S 
expression vector-transfected 293T cells. Similar results were also ob-
tained from S proteins of SARS-CoV [33], another highly fatal corona-
virus, suggesting the native S protein of coronavirus incorporated into 
EVs particles through transfection of expression vectors were inefficient. 

In vivo fluorescence imaging demonstrated that RBD-tagged EVs 
could accumulate specifically in heart, lung and kidney through using 
the hACE2 transgenic mouse model. An advantage of the use of DiD dye 
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Fig. 4. SARS-CoV-2 S protein RBD-tagged EVs specifically target tissues in vivo. (A) Western blot analysis of tissue distribution of hACE2 in humanized mice using 
antibody against human ACE2. (B,C,D) After intravenous injection of DiD-labeled EV-RBD or EV-NC in hACE2 mice(n = 4), the red-fluorescence of whole animal was 
detected at the indicated time points by IVIS spectrum (B) Representative IVIS images of various organs were acquired at the indicated time points through 
intravenous injection of EVs(C). Radiant efficiency was measured using Living Image software. Four mice were sacrificed in each time-point for tissue collection(D). 
(E, F, G) Serum cytokines concentrations of IL-6 (E), TNF-α (F) and IFN-β (G) were measured by ELISA. Serum samples were from hACE2 mice after intravenous 
injection of EV-RBD or EV-NC at 24 h. Each mouse serum was repeated with four wells. All data expressed as mean ± SEM of four independent experiments. (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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Fig. 5. Delivery of siRNAs as a model system to identify inhibition of SARS-CoV-2 pseudovirus infection in vivo. (A) The efficiency of siRNA loading in EVs after 
electroporation as measured by real-time PCR. Each sample contained mixture of 150 μg siRNA-GFP and 150 μg EVs or 150 μg naked siRNA. After electroporation, 
purified EVs by ultracentrifugation to remove unencapsulated siRNA and each EV pellet treated with or without Benzonase. All electroporation samples were 
prepared in triplicate and each RNA isolate was analyzed in duplicate. (B) Scheme of the possibility of loading unmodified or modified EVs with specific siRNA into 
target cells. (C) Representative images of pseudotyped SARS-CoV-2-GFP-infected ACE2-A549 cells after incubation with different origin of EVs. The ACE2-A549 cells 
was infected with SARS-CoV-2-GFP for 24 h(MOI = 2), and then incubated for 24 h with naked si-GFP, EV-NC or EV-RBD electroporated with the siRNA, respectively. 
The GFP ratio was determined by flow cytometric analysis. Data are shown as mean ± SEM of three independent experiments in triplicates. (D) hACE2 mice(n = 4) 
were inoculated intranasally with pseudotyped SARS-CoV-2-GFP at a multiplicity of infection (MOI) of 50 per 50 μl inoculum volume per mouse. At 24 h post- 
infection,150 μg RBD-tagged EVs(EV-RBD-si-GFP) or control EVs (EV-NC-si-GFP) loaded with 150 μg GFP siRNA were injected into tail veins, and all mice were 
sacrificed at 48 h post injection for lung tissues collection.(E) Immunofluorescence staining of mouse lung paraffin sections for pseudotyped SARS-CoV-2-GFP (green, 
white arrows) and DAPI(blue). (F) Each hACE2 mouse(n = 4) injected with 150 μg RBD-tagged EVs encapsulated GFP siRNA or control EVs in 24 h and later 
inoculated intranasally with pseudotyped SARS-CoV-2-GFP at MOI of 50. All mice were sacrificed at 48 h post infection for lung tissues collection (G) Immuno-
fluorescence staining analysis for pseudotyped SARS-CoV-2-GFP infected cells in lung paraffin sections (green, white arrows). Fluorescence intensity of GFP in the 
regions were analyzed through ImageJ software. Data are shown as mean ± SEM of four independent experiments in triplicates.**p < 0.01, ***p < 0.001. (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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in our study was that at longer excitation wavelengths the tissue auto- 
fluorescence background levels were low, reducing the signal-to-noise 
ratio. The DiD-labeled EVs was irreversible and has a long-term stabil-
ity in vivo without affect basic physiological properties [34–36]. The 
transgenic mouse model expressing human ACE2 has been successfully 
evaluated the infectivity and pathological changes following SARS-CoV- 
2 infection [37,38]. Recent study observed that SARS-CoV-2 could use 
human, bat, or civet ACE2 as a cellular receptor but not the mouse ACE2 
[39]. Therefore, it appeared that hACE2 transgenic mouse would be a 
reasonable choice for evaluating delivery of RBD-tagged EVs in vivo. 
Notably, although several pioneering investigations have confirmed that 
both SARS-CoV-2 and SARS-CoV utilized the same cellular receptor 
hACE2 to enter cells, the crystal structure of the SARS-CoV-2 S protein 
RBD binding to hACE2 had an estimated 10- to 20-fold higher affinity 
toward hACE2 than SARS-CoV has [4,27]. It could be speculated that 
SARS-CoV-2 RBD-tagged EVs may have a more compact conformation 
with binding to ACE2-expressed cells or tissues. Interestingly, negative- 
staining electron microscopy of SARS-CoV-2 virions showed average 
diameters of ~100 nm membrane-enclosed particles [40], which have a 
similar size to that of RBD-tagged EVs with a diameter of ~120 nm in 
our study. Both EVs and coronavirus shared the intracellular vesicle 
trafficking resulted in similarities between EVs and coronavirus enve-
lopes in lipid composition [41]. These similarities suggested that as a 
coronavirus-like particles, the RBD-tagged EVs could be used as a safety 
tool to explore the pathogenesis and primary tissue tropism of SARS- 
CoV-2 virus, or even as a vaccine candidate. A study from Choudhury 
et al indicated that the Spike protein of SARS-CoV-2 has the potential to 
interact with certain members of human TLR4 and most likely to be 
involved in SARS-CoV-2 to induce inflammatory responses [42], how-
ever, there was no direct evidence that the RBD interaction with TLR4. 
In addition, recent study showed that SARS-CoV-2 spike protein S1 
subunit activated TLR4 signaling to induce pro-inflammatory responses 
in murine and human macrophages [43]. Although SARS-CoV-2 S1 
contains the RBD that specifically recognizes ACE2 as its receptor, no 
data supported the RBD-ACE2 binding contributed to mediating pro- 
inflammatory responses in macrophages. Importantly, S1 has no or 
low affinity for murine ACE2, suggesting the ACE2 may not be the main 
contributor to S1-mediated pro-inflammatory responses in macro-
phages. These findings reinforced safety to utilize RBD-tagged EVs for 
therapeutics or prophylactics. 

Several reports have demonstrated engineering EVs has the capacity 
to deliver therapeutic compounds to specific tissues or cell types. For 
example, Alvarez-Erviti et al showed that loading modified EVs/EVs 
with rabies viral glycoprotein(RVG), a peptide that binds the acetyl-
choline receptor, could deliver GAPDH or BACE1 siRNA specifically to 
brain regions, resulting in specific genes knockdown [17]. In another 
study, Haney et al have utilized EV-based delivery system for a potent 
antioxidant, catalase, to treat Parkinson’s disease (PD) with non- 
cytotoxic effects [44]. In our study, we introduced the RBD-tagged 
EVs encapsulated GFP siRNAs as a model agent means of lung tissue 
targeting for inhibiting pseudotyped SARS-CoV-2 infection without 
immune stimulation. Although there were some limitations, it could be 
able to conceivable that deliver the authentic therapeutic agents of 
COVID-19 using RBD-tagged EVs have the effect and function. Further 
verification should be needed. All these data highlighted the possibilities 
of engineering of EVs are a promising system for agents delivery with 
better safety profiles than those of viral vectors, cationic lipids, or 
polymer based particles. Of note, although electroporation of siRNA into 
EVs was less efficient which reported by several studies [17,45–47] and 
the loading efficiency of siRNA into EVs in our case was around 40%, 
electroporated method was still the most extensive approach. Our and 
others groups data [17,45] confirmed that siRNA encapsulated inside 
the EVs by electroporation was functional in vitro and in vitro, suggesting 
the low efficiency of siRNA loading has little influence on potential 
target-function. 

Although the inflammation of the lung is the primary symptom of 

patients with SARS-CoV-2 infection because of an abundant expression 
of ACE2, many data revealed that the ACE2 was expressed in a wide 
variety of human tissues, especially in heart, kidney, small intestine and 
testis with the highest expression levels, which indicated an intrinsic 
susceptibility to SARS-CoV-2 infection [5,48]. Indeed, the virus-related 
cardiac injury in patients with SARS-CoV-2 infection were common for 
observation [2,49]. In addition, the acute kidney injury (AKI) occur-
rence has been often reported in patients with SARS-CoV-2 infection 
[50,51]. Our results showed RBD-tagged EVs would be able to specif-
ically trend to heart and kidney tissues, implying this specific targeting 
of EVs may as a promising vehicle to deliver therapeutic antibodies or 
specific suppress drugs for treatment of SARS-CoV-2-offensive multi- 
organ. Nevertheless, the potential therapeutic interventions for RBD- 
tagged EVs were still needed to be evaluated using authentic SARS- 
CoV-2 in vivo. Remarkably, several studies reported that using EVs/ 
EVs derived from Mesenchymal Stem Cells (MSCs) to treat COVID-19 
pneumonia have shed some light on a potential cure for the COVID-19 
infected patients [52–54], it may provide a potential to engineer EVs 
with RBD protein tag using MSCs to achieve better therapeutic effect for 
SARS-CoV-2 infection. Recent studies demonstrate that ACE2 alone, or 
in combination with TMPRSS2, could be present on the surface of EVs 
result in better efficacy as a decoy to capture SARS-CoV-2 S protein- 
containing lentivirus. Combined with our research, these studies 
pointed out that well-designed EV therapeutics against COVID-19 may 
be feasible to prevent initial infection or further internal dissemination 
of the virus [55,56]. 

5. Conclusions 

In the present study, we exploited a pseudotyping-based approach to 
load EV membranes with SARS-CoV-2 spike protein RBD through en-
gineering the VSVG. Using the pseudotyped SARS-CoV-2 model, we 
demonstrate that the RBD-tagged EVs that encapsulate siRNAs against 
SARS-CoV-2 pseudovirus can specifically target lung tissues and sup-
press the pseudovirus infection in vivo without immune stimulation. 
Importantly, our results showed RBD-tagged EVs would be able to spe-
cifically trend to multiple organs including heart and kidney, implying 
this specific targeting of EVs may as a promising vehicle to deliver 
antiviral agents for treatment of SARS-CoV-2-offensive multi-organ. Our 
work presents a safe and effective engineered EV system and may serve 
as a vehicle to deliver therapeutic antibodies or specific suppress drugs 
for treatment of SARS-CoV-2-offensive multi-organ. Nevertheless, the 
potential therapeutic interventions for RBD-tagged EVs were still needed 
to be evaluated using authentic SARS-CoV-2. 
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