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ABSTRACT

Extracellular vesicles (EVs) hold great promise for
transporting CRISPR-Cas9 RNA-guided endonucle-
ases (RNP) throughout the body. However, the cell-
selective delivery of EVs is still a challenge. Here, we
designed valency-controlled tetrahedral DNA nanos-
tructures (TDNs) conjugated with DNA aptamer, and
loaded the valency-controlled TDNs on EV surface
via cholesterol anchoring for specific cell target-
ing. The targeting efficacy of different ratios of
aptamer/cholesterol from 1:3 to 3:1 in TDNs on deco-
rating EVs was investigated. TDNs with one aptamer
and three cholesterol anchors (TDN1) efficiently fa-
cilitated the tumor-specific accumulation of the EVs
in cultured HepG2 cells and human primary liver
cancer-derived organoids, as well as xenograft tumor
models. The intracellular delivery of RNP by TDN1-
EVs successfully realized its subsequent genome
editing, leading to the downregulation of GFP or
WNT10B in specific cells. This system was ultimately
applied to reduce the protein expression of WNT10B,
which presented remarkable tumor growth inhibition
in vitro, ex vivo and in vivo, and could be extended
to other therapeutic targets. The present study pro-
vides a platform for the directional display of aptamer
on surface labeling and the EVs-based Cas9 deliv-
ery, which provides a meaningful idea for future cell-
selective gene editing.

INTRODUCTION

Gene therapy based on CRISPR/Cas9 system has gained
widespread attention for the potentials of precise genome
editing to cure genetic diseases, such as Alzheimer’s dis-
ease, immune deficiency diseases, and cancer (1). With
the guidance of single guide RNA (sgRNA), Cas9 can
efficiently regulate target gene expression of cancer cells
(2,3), and therefore become a powerful tool for curing
cancer. Nowadays, viral vectors or liposome-based carri-
ers are widely used in CRISPR /Cas9 studies (4,5). Adeno-
associated viruses (AAVs) based Cas9 delivery has the po-
tential to establish gene therapy in a wide variety of target
tissue, however, the risk of immunogenicity limits the practi-
cal application of virus-based gene therapy (6). Although li-
posomes via surface modification may provide relative cell-
type specificity, the liver toxicity and rapid clearance of li-
posomal Cas9 systems bring big challenges to clinical ap-
plication (7). Recently, extracellular vesicles (EVs) have dis-
played great potential as endogenous nanovehicles for effi-
cient drug delivery.

EVs are cell-derived membrane vesicles, which serve as
carriers for cell-to-cell communication. Meanwhile, since
EVs are immune-privileged, they are hardly cleared by the
immune defense system and avoid the hypersensitivity re-
actions (8-10). It seems that EVs can specifically transport
their contents from one cell to another even over long dis-
tances (11). Moreover, our data demonstrated that EVs pre-
sented less cytotoxicity and enabled more efficient cellu-
lar interactions when compared with liposome (Supplemen-
tary Figures S1 and S2). The human embryonic kidney cell
line HEK293T is widely used to produce EVs for the de-
livery of Cas9/sgRNA complex due to its capacity for high
yield of EVs, minimal intrinsic biological cargos and ease of
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culture. Nevertheless, major challenges for applications of
natural EVs are its poor targeting ability and the off-target
effects (12-14). Noteworthy, EVs’ potential cell-type spe-
cific interactions were determined by their surface ligands
(15,16). Thus surface modifications of EVs could be used
to specifically direct EVs to tumor cells by receptor-ligand
binding, and different approaches have been proposed for
this aim (17-21). Among distinct targeting approaches,
DNA aptamers offer several unique advantages over Abs
or other probes, because they are cheap, readily available
and non-immunogenic. Furthermore, DNA molecules can
add a net negative charge to EVs, and thereby reducing the
non-specific binding of EVs to non-target cells (22,23). It’s
well known that the recognition of DNA aptamer greatly
relies on the orientation and entanglement between the sur-
face which it stands and the target receptor. Current reports
indicated that single-strand DNA aptamers still require a
series of ‘backfillers’ including mercaptohexanol (MCH),
oligo (ethylene glycol)-terminated thiols and so on, to min-
imize lateral interactions between single-strand DNA ap-
tamers (24-26). Previous study has demonstrated that 3D
tetrahedral DNA nanostructures (TDNs) can offer specific
orientation of DNA scaffold without steric hindrances (27—
29). Thus, in the present study, TDNs were applied to pre-
cisely anchor DNA aptamer on the EVs’ membrane, to
give better control of the DNA recognition units. Typi-
cally, a TDN is a DNA nanostructure with a spatial con-
formation composed of four vertex corners, which indicates
the potential of chemical modification at these four ver-
tices. For specific targeting of cancer cells, TLS11a aptamers
that can bind to HepG?2 cells are integrated at the apex of
TDNSs (30). In our design, TDNs conjugated with DNA
aptamers/cholesterol molecules at these four vertices could
be divided into three nanostructures according to the dis-
tribution ratio of DNA aptamers and cholesterol molecules
(1:3, 2:2 and 3:1), namely TDNI1, TDN2 and TDN3. We
demonstrated that the DNA aptamer/cholesterol ratio-
controlled modification of the TDNs could regulate the dis-
play of DNA aptamers on the EVs’ surface and thereby
present enhancing the cellular uptake of EVs in varying de-
grees. Based on the highly programmable and predictable
nature of DNA nanotechnology, we could achieve heteroge-
neous assemblies of these TDNs to construct a cell-specific
targeted delivery system of EVs with different efficiency.
Here, the TDNs-based targeting strategy for exosomal de-
livering CRISPR /Cas9 to liver cancer cells was presented
in Scheme 1.

MATERIALS AND METHODS
Materials

All Chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise specified and were used
as received. DNA oligonucleotides were purchased from
SBS tenetech Co., Ltd. (Beijing, China). HiScribe T7 High
Yield RNA Synthesis Kit, Endonuclease 111, T7 Endonu-
clease I was purchased from New England Biolabs (USA).
BCA Protein Assay Kit, OptiPrep, Triton X-100, Gene-
JET Genomic DNA Purification Kit were purchased from
Thermo Fisher Scientific (USA). S. pyogenes Cas9 pro-
tein was purchased from novoprotein (Shanghai, China).
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PrimeSTAR® Max DNA Polymerase was purchased from
takara (Japan).

Cell culture

HEK?293T, HepG2, MCF-7 and HELA cell lines were ob-
tained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). These cells were grown in DMEM
(Gibico), which was supplemented with 10% (vol/vol) FBS
(Gibico), 1% penicillin—streptomycin, and 2 wg/ml blas-
ticidin at 37°C in a humidified atmosphere of 5% CO,.
Cells were harvested by treatment with 0.25% trypsin—-DTA
(Gibico).

Extracellular vesicles (EVs) purification

HEK293T cells were incubated with DMEM with 10%
exosome-free FBS (Gibico) for 2 days. The cell medium was
first spun at 300g for 10 min to remove dead cells. Then
the supernatant was spun at 10 000g for 30 min at 4°C. An
aliquot of 10 ml of supernatant was transferred to an ul-
tracentrifuge tube which there are 500 pl of Optiprep solu-
tion containing 60% iodixanol (Sigma-Aldrich) at the bot-
tom and spun at 100 000g for 70 min at 4°C in a Beckman
SW40 rotor. The EVs-enriched cushion was carefully as-
pirated between the iodixanol and supernatant. Then the
EVs-enriched cushion was washed by PBS and spun at 100
000g for 70 min at 4°C. The EVs samples were quantified
by BCA assay and stored at 4°C for further study.

Transcription and purification of single-guide RNA (gRNA)

The sgRNA was transcribed in vitro with HiScribe T7
High Yield RNA Synthesis Kit according to protocol. Tran-
scription templates encoding a T7 promoter followed by
the sgRNA were synthesized with the sgRNA containing
a GFP targeting sequence (sgGFP) and a WNT10B tar-
geting sequence (sgWNT10B) (Supplementary Table S1).
The transcribed RNA was extracted by Spin Column RNA
Cleanup & Concentration Kit (Sangon Biotech) to pu-
rify RNA samples. Purified RNA was analyzed by agarose
gel electrophoresis and quantified with Nanodrop 2000c
(Thermo Scientific).

Preparation of ribonucleoproteins (RNPs)

Cas9 protein (162 kDa ~ 162 000 g /mol) was diluted to
the desired concentration (10 mM) with PBS and incubated
with sgRNA (molecular weight ~ (132 x 320.5) + 159.0 =
42465 g/mol) at the molar ratio (1:1) at 37°C for 10 min.
The resulting RNP was cooled to room temperature (RT)
and was either used immediately or frozen at —80°C for later
use.

Loading of EVs

For sonication, the RNP solutions or Alexa Fluor 488
(AF488)-labeled sDNAs with EVs were sonicated (2 kHz,
5% power, 20 cycles by 2 s pulse/1 s pause) in the ice-bath.

For freeze-thaw cycles (F/T), the RNP solution or
AF488-labeled SDNA were added to EVs, incubated at RT
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Scheme 1. Design and the targeting delivery of TDNs-EVs.

for 30 min. And then the resulting samples were immedi-
ately frozen by liquid nitrogen, and then thawed at RT. The
above F/T process was repeated three times.

After the loading of RNP or AF488-labeled sDNA, the
loaded EVs were purified by ultracentrifugation at 100 000g
for 70 min at 4°C. All the pellets and the supernatants were
collected and subjected to determine the loading efficiency
by western blot and BCA assay. The loading efficiency of
RNP for different TDNs-EVs formulations was determined
via western blot. The protein content in the particles was
quantified via densitometry analysis on the respective gel
bands. After separation of the unloaded Cas9 RNP from
EVs, the loading percent of Cas9 RNP was determined by
comparing the amount of Cas9 present in purified Cas9
RNP loaded EVs versus the amount of Cas9 present in the
unpurified Cas9 RNP loaded EVs and the loading efficiency
was calculated through the equation below:

purified Cas9

————— x 100%
unpurified Cas9 * ’

loading efficiency =

All the RNP loading experiments were performed in du-
plicate.

Endocytosis
&

Transport into nucleus

Preparation of tetrahedrons (TDNs)

Equimolar quantities of four strands (Supplementary Table
S2; sequence a, b or b-CS, ¢ or ¢-CS and d-CS) for the for-
mations of TDNs with different number of cohesive ends
were mixed in buffer (20 mM Tris, 16 mM MgCl,, pH 8.0)
at 95°C for 10 min and then cooled to 4°C for 910 min
(0.1°C/min) (Supplementary Figure S3). The construction
of TDNs with different ratio of aptamers/cholesterol was
assembled by mixing TDN-xCS (x = 1-3) with apt-s, and
incubating under 37°C for 120 min in buffer (20 mM Tris,
16 mM MgCl,, pH 8.0) respectively. For the TDNss with flu-
orescent labels, sequence apt-s was labeled by AF488. After
the synthesis of TDNs, the DNA nanoparticles solutions
were stored at 4°C for further study. At last, the TDNs were
characterized by agarose gel electrophoresis (AGE) in TAE
(40 mM Tris-acetate, | mM EDTA, 16 mM MgCl,) buffer.

TDNs decoration of RNP-loaded EVs

A modified heat-shock protocol was used to anchor the
TDNs on the surface of EVs. The RNP-loaded EVs were in-
cubated with TDNSs at the weight ratio of 1:3 (EVs: TDNSs,
the EVs were measured by protein amount) at 37°C for 1h,
then rapidly left on ice for 1 h under gentle shaking condi-



tion. The TDNs decorated EVs were purified by ultracen-
trifugation at 100 000g for 70 min at 4°C. All the pellets
were collected and stored at 4°C for further study. An AGE
test in TAE (40 mM Tris-acetate, | mM EDTA) buffer was
used to demonstrate the success of TDNs decoration. The
decoration efficiency was measured after a modified heat-
shock process for TDNs decoration. In brief, the resulting
TDNs-EVs were precipitated down with Exo-Fect™ (SBI
System Biosciences) and the undecorated DNA nanostruc-
tures were collected from the supernatant after ultracen-
trifugation. The concentration of free DNA and total input
DNA were determined and the decoration efficiency was
calculated through the equation below:

Input DNA — free DNA
Input DNA

x 100%.

decoration efficiency =

Characterization of different TDNs-EVs formulations by dy-
namic light scattering (DLS) and transmission electron mi-
croscope (TEM)

The effective hydrodynamic diameters and the zeta poten-
tials of native EVs, or RNP-loaded EVs and TDNs-EVs
were measured by DLS using the ZetaPlus’ Zeta Potential
Analyzer (Brookhaven Instruments, Santa Barbara, CA,
USA) equipped with a 35 mW solid state laser (658 nm
laser).

The morphologies of native EVs and TDNs-EVs were in-
vestigated by TEM. The samples were drop-cast on glow
discharged copper grids with pure carbon support film and
incubated for 10—15 min and then washed with ultrapure
water. Finally, the sample grids were negatively stained with
1% uranyl acetate solution. Then the TEM images of these
nanocarriers were captured by Jeol 2100F at an acceleration
voltage of 200 kV.

Fluorescence resonance energy transfer (FRET) decrease as-
say

The AF488-labeled TDNs —Evs (the aptamers of TDNs
were labeled by AF488) and AF488-labeled TDNs were in-
cubated with 20 wM Dil for 1 h at 37°C. The free dye was
removed by ultracentrifugation at 110 000 g for 70 min. The
phenomena of FRET can be used to detect the interaction
of DNA aptamers in TDNs and the surface of EVs as the
emission peak of AF488 (Donor) overlaps with the exci-
tation peak of Dil (Acceptor) thus allowing FRET to oc-
cur. The recovery of Dil fluorescence was detected using the
LS-55 luminescence spectrometer (PerkinElmer) with exci-
tation at 488 nm, emission at 500-600 nm. The FRET ef-
ficiency was calculated based on the donor emission spec-
trum, which was used a classical equation as following:
Errer = 1 — ID 2. And the interaction effect (IE) between

AF488-lablled aptamers and Dil-lablled membrane, were
calculated by:IE = ErreT /Edecoration> Where Egecoration 18
the decoration efficiency of the TDNs.

Preparation of liposomes

Liposomes were prepared using the extrusion method. The
AF488-labeled sDNAs and resulting RNP were encap-
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sulated in 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC) liposomes. Briefly, the lip mixture were dried
under vacuum to remove all the organic solvent. Then the
dried DOPC were hydrated by adding cargo (in PBS) at
a 500:1 molar ratio (DOPC/cargo (RNP were counted
for Cas9 protein). Then the liposome was homogenized
by extrusion through a 0.1 wm polycarbonate membrane
using the Avanti Mini-Extruder; at least 17 passages were
performed.

AF488-labeled sDNA loading efficiency analysis

To determine the loading efficiency of AF488-labeled
sDNA loaded inside the liposome or EVs, a lysis buffer con-
sisting of 200 pl 10% Triton X-100 solution, and 1800 .l
Tris—-EDTA Buffer (pH 8.0) was added to the prepared lipo-
some or EVs solution, resulting in the destabilization of the
lipid structure of the nanoparticles and SDNA release. Then
the fluorescences of the released SDNA after centrifugation
and the total loading SDNA during production were mea-
sured by LS-55 luminescence spectrometer (PerkinElmer).
At last, the sSDNA loading efficiency was calculated using
the equation below:

released sDNA

_— 100%
total SDNA x ’

loading efficiency =

Internalization assay

The HepG2 and MCF-7 cells were seeded in 12-well plate
before the assay. After the adherence to the plate, the
cells were incubated with different AF488-labeled sDNAs-
loaded nanoplatforms (1 pg sDNA/ well, by weight of
sDNA) for 8 h. After washing with PBS, the samples were
observed by Olympus IX81 in FITC and bright field chan-
nels. For each sample, fluorescence was quantified using the
mean value of n > 3 pictures.

Flow cytometry analysis

The HepG2, MCF-7, HEK293T and Hela cells were seeded
in 12-well plate before the assay. After the adherence to
the plate, the cells were incubated with sDNA and TDNI1-
EVs-sDNA (1 pg/well, by weight of sDNA) for 8 h.
The nanocarriers-treated cells were rinsed with PBS twice,
trypsinized, permeabilized, stained with PI and collected.
The cells were re-suspended with PBS and determined by a
BD FACSVerse flow cytometer (BD). The results were an-
alyzed with Flowjo.

Human liver organoids (PLOs) culture

The experiment was reviewed and approved by the Clin-
ical Research and Experimental Animal Ethics Commit-
tee of the First Affiliated Hospital of Sun Yat-sen Uni-
versity (2018 [43]). Human tissue and specimens were ob-
tained by surgical resection from patients of primary liver
cancer. Written informed consents were all obtained from
patients. The tumor surgical resections were mechanically
disintegrated into small pieces (0.5-1 mm?) and incubated
with the digestion solution, which contained 2.0 mg/ml col-
lagenase IV (Sigma-Aldrich), 0.1 mg/ml DNase (Sigma)
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and 10 wM Y-27632 (Sigma) for 30 min. Then the di-
gested cell suspention was filtered through 100 wm nylon
net and centrifuged for 5 min at 300 G. Cells were seeded
in the reduced growth factor BME2 (Basement Membrane
Extract, Type 2; R&D) with the cell density at 5000—
10 000/100 ul per well in a 24-multi well plate. Incubate
the plate at 37°C for 20min until the BME2 wsa solidi-
fied. Added 100 ul per well organoid expansion medium.
The composition is Advanced DMEM/F12 (GIBCO) sup-
plemented with 1% penicillin/streptomycin (GIBCO), 1%
Glutamax (Sigma), 10 mM HEPES (Sigma), 1:50 B27
supplement (GIBCO), 1:100 N2 supplement (GIBCO),
1.25 mM n-acetyl-L-cysteine (Sigma), 10% Rspo-1 con-
ditioned medium(homemade), 30% Wnt3a conditioned
medium (homemade), 10 mM nicotinamide (Sigma), 10 nM
recombinant human [Leul5]-Gastrin I (Sigma), 50 ng/ml
recombinant human EGF (PeproTech), 100 ng/ml recom-
binant human FGF10 (PeproTech), 25 ng/ml recombinant
human HGF (PeproTech), 5 wuM A8301 (Tocris), 25 ng/ml
Noggin (PeproTech) and 10 wM Y27632 (Tocris). The
organoid expansion medium was changed every 3 days and
the organoids were passaged for every two weeks using
2.0 mg/ml collagenase IV. Organoids were cryopreserved in
10% DMSO solution prior for freezing and the Organoids’
passage <30 were used in experiments. All the Organoids
were regularly checked for mycoplasma contamination us-
ing the MycoAlert Mycoplasma Detection Kit (Lonza).

Tracking of the uptake of PLOs

The PLOs samples were first stained with CellTrace Blue
(C34574, Thermo Scientific), followed by incubating with
complete medium for 5 min, and then washed with twice
in DMEM/F12. Cells were then resuspended in PBS and
incubated with a mixture of anti-CD45-PE (BioLegend,
#368509) for 30 min on ice in the dark. Then the PLOs were
seeded on confocal culture dishes and incubated with EVs-
AF488-labeled sDNA, Apt-EVs-AF488-labeled sDNA and
Apt-TDN1-EVs-AF488-labeled sDNA at the dose of 5 pg
sDNA per well for 24 h followed by washing with PBS. At
last, the samples were observed by lionheartFX (Biotek).
The colocalization signals of the captured images between
AF488-labeled sSDNA and CD45 were analyzed by imagel.

In vivo biodistribution study of TDN1-EVs

The HepG2 subcutaneous hepatocellular cancer models
were established by injecting 0.1 ml of HepG2 cell suspen-
sion (1 x 107 /mouse) into the back of female BALB/c nude
mice using 50% (v/v) Matrigel. The animals were purchased
from Shanghai Model Organisms Center, Inc. All experi-
mental protocols were conducted within Sun Yat-sen Uni-
versity guidelines for animal research and were approved by
the Sun Yat-sen University Institutional Animal Care and
Use Committee (IACUC): Approval Number IACUC-DD-
2017-181.

After 2 weeks, when the tumors grew to 80—120 mm?
size, the animals were randomly assigned into four groups (3
mice/group). The mice were intravenous injected with 100
wl of DiR solution (0.3 mg/ml) and several groups of DiR

stained nanoparticles including liposome, EVs and TDNI1-
EVs (0.1 mg/kg), respectively. Then the mice were anes-
thetized for imaging by IVIS spectrum (Xenogen, USA) at
0.5h and 4 h postinjection. After 12 h treatment, all animals
were sacrificed and the organs (liver, spleen, kidney, heart,
lungs and brain) and tumors were collected for ex vivo imag-
ing. All the captured images and the quantitative analysis of
the biodistribution in major organs were processed by Aura
Imaging Software (https://spectralinvivo.com/software/).

GFP gene disruption assay

Lentiviral vector carrying GFP gene has been successfully
constructed and maintains high expression in HepG?2 cells.
HepG2/GFP cells were first seeded in 12-well plates. Then
the cells were treated with PBS, Lipo-RNP (sgGFP), EVs-
RNP and TDNI1-EVs-RNP (1 pg/well, by weight of Cas9
protein). After incubation for 4h, the medium was replaced
with fresh full serum medium. Two days after the delivery,
the cells were analyzed by Olympus IX81. The fluorescent
intensity of GFP protein was determined according to the
captured images and analyzed by Imagel. For the flow cy-
tometry analysis, the cells were washed, trypsinized and col-
lected. At last, the cells were analyzed by a BD FACSVerse
flow cytometer.

Sequencing and T7EI assay to detect genomic modifications

Genomic DNA of HepG2/GFP cells was harvested 2 das
after the treatment. Genomic DNA of cells were purified
by GeneJET Genomic DNA Purification Kit (Thermo Sci-
entific). The sgGFP targeted genomic locus was amplified
using primers 5-ATGGTGAGCAAGGGCGAGGAGCT
GTTC-3 and 5- TTACTTGTACAGCTCGTCCATGCC
GAG-3' and purified by gel extraction. The DNA samples
were cloned into pEasy-Blunt plasmids and sequenced.

The DNA samples were also incubated with T7EI (10
U/wl, NEB) at 37°C for 15 min. An AGE assay was used
to determine the indel formation.

WNT10B gene disruption assay

HepG?2 cells were first seeded in six-well and 96-well plates.
Then the cells were treated with PBS, Lipo-RNP (sg-
WNT10B), EVs-RNP and TDNI1-EVs-RNP (2 pg (six-
well) or 200 ng (96-well)/well, by weight of Cas9 protein).
After incubation for 4h, the medium was replaced with fresh
full serum medium. Two days after the delivery, the cells
were subjected to CCKS assay or harvested for purifica-
tion of total protein and genomic DNA. For CCKS assay,
the cells in 96-well plates were added with CCKS8 solution
and incubated for another 1 h at 37°C. Then the absorbance
measurements were immediately read at a wavelength of 450
nm while cell viability was calculated accordingly. The pro-
tein samples were subjected to western blot analysis. Total
protein extracts were subjected to SDS-polyacrylamide gel
electrophoresis (PAGE). After electrophoresis, the proteins
were transferred to poly (vinylidene fluoride) (PVDF) mem-
branes (Millipore). To block non-specific binding sites, the
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membranes were treated for 1 h with TBST (mixture of Tris-
buffered saline and Tween-20) containing 5% milk. Subse-
quently the membranes were incubated with the primary
antibody against WNT10B (ab70816, abcam) or GAPDH
(14C10, CST) for 1 h overnight at 4°C. After washing,
signals were detected by HRP-conjugated secondary anti-
rabbit antibody and were visualized using proteinsimple
software.

Deep sequencing

Deep sequencing was used to confirm the presence of
indels surroding surrounding the predicted Cas9 cleavage
site around WNTI10B for PLO models and xenograft
models. The sample were collected at the end point of
the study and the genomic DNA of tumor cells was
extracted by a Universal Genomic DNA Extraction
Kit (D2100, Solarbio) The genomic DNA was used
to amplify the targeted human WNTI10B locus with
primers 5-TCTTGGTTCCCAGGGCTCTA-3' and 5'-
GCCTCCGCTCAGCTTAATCT-3' and purified by gel
extraction. The targeted deep sequencing library was
constructed based on the protocol of the Nextera XT
DNA Library Prep Kit. Then the Illumina MiSeq was
used to perform the high-throughput sequencing and the
FASTQ files were generated for data analysis. FASTQ files
were merged using FLASH version 1.2.11. Cas-Analyzer
tool (http://www.rgenome.net/cas-analyzer/!) was used to
determine the indel rates. The input parameter was full
human WNT10B WT sequence: TCTTGGTTCCCAGG
GCTCTAAGCAATGAGATTCTGGGCCTGAAGTT
GCCTGGCGAGCCGCCGCTGACGGCCAACACCG
TGTGCTTGACGCTGTCCGGCCTGAGCAAGCGG
CAGCTAGGCCTGTGCCTGCGCAACCCCGACGT
GACGGCGTCCGCGCTTCAGGGTCTGCACATCG
CGGTCCACGAGTGTCAGCACCAGCTGCGCGAC
CAGCGCTGGAACTGCTCCGCGCTTGAGGGCGG
CGGCCGCCTGCCGCACCACAGCGCCATCCTCA
AGCGCGGTGAGCCTGGCTGGGCGGGTCGGCGC
TGCCGCGGAGGCTAGGGGGTGGGCGGCAGG
GCGAGGCGCGCGGAGGCGGGAAGGGATGGT
TTCGCGGCTCCGGGAGGGGCCTCTCCTGGAAT
TCCCCGCCCCCCCCGGAGCCGCTCTGAGCCAG
GTCTGGCCACTCGTCTGGGCCCCTGCGCGCCT
AACTTCCACCTGCGTGCTGCCAGCGAGGCAGC
TGGGTCCCTGCTCTCCTACCCTAGGGCCCCCCTT
TCCTGCCTCCGCTCAGCTTAATCT. Other settings
were followed with the default values.

Ex vivo tumor inhibition assays with TDN1-EVs

PLOs were treated with PBS, Lipo-RNP(sgWNT10B),
EVs-RNP and TDNI1-EVs-RNP (5 wg/well, by weight
of Cas9 protein). After incubation for 4 h, the medium
was replaced with organoid expansion medium. A green-
fluorescent caspase 3/7 probe (C10723, Thermo Scientific)
was used to determine apoptotic rate of the PLOs while the
Celltrace far red (C34572, Thermo Scientific) was used to
visualize the organoids. The apoptosis process of the PLOs
was visualized by lionheartFX (Biotek) and the captured
images were used to quantified the organoid killing upon
nanocarrier treatments after 48 h.
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In Vivo antitumor activity study with TDN1-EVs

The animals were purchased from Shanghai Model Or-
ganisms Center, Inc. All experimental protocols were con-
ducted within Sun Yat-sen University guidelines for animal
research and were approved by the Sun Yat-sen University
Institutional Animal Care and Use Committee (IACUC):
Approval Number TACUC-DD-2017-181. First HepG2
tumor-bearing female BALB/c nude mice were established
as described above. When the tumor volume was 80—120
mm? at 14 days after cell implantation, the mice were ran-
domly divided into 5 groups (5 mice / group) and intra-
venously injected with 100 pl of saline, Lipo-RNP (0.1
mg/kg), EVs-RNP(0.1 mg/kg) and TDNI1-EVs-RNP (0.1
mg/kg (low) and 1.0 mg/kg (high)). The growths of tumor
volume were measured every four days. The estimated vol-
ume was calculated according to the formula: tumor vol-
ume (mm?) = 0.52 x length x width?. For the evaluation of
the in vivo safety of TDN1-EVs-RNP treatment, the levels
of serological markers were tested after all mice were sac-
rificed. Then the major organs (liver, spleen, kidney, heart,
lungs and tumors) were collected and fixed in formalin. The
tumors were weighed and all the samples were subjected to
H&E staining.

Evaluation of cytokines induction by TDN1-EVs in mice

Systemic inflammation was assessed by measuring the
immune-related cytokines in the BALB/c mice that had
been injected with Saline, Lipo-RNP and TDN1-EVs-RNP
at the dose of 0.1 mg/kg. Mice were sacrificed either 6 or
24 h after the injection and their plasma was collected
and analyzed by using Mouse ELISA MAX Deluxe sets
(BioLegend, USA) following the protocol provided by the
manufacturer to measure the stimulated cytokine levels of
interleukin-6 (IL-6), IL-10, tumor necrosis factor-a (TNF-
o) and Interferon-y (IFN-vy). Experiment results were re-
peated for at least three independent measurements.

Statistical analysis

All results were presented as mean + SD. Statistical analy-
sis was performed based on Student’s ¢-test (one-tailed) us-
ing GraphPad Prism 6. The difference between experimen-
tal groups and control groups were considered statistically
significant when P < 0.05 or highly significant when P <
0.01.

RESULTS

Construction of RNP-loaded EVs with valency-controlled
TDNs

This delivery system consists of three parts, the outer TDNs
(targeting units), the extracted exosomes (loading vehicles),
and the inner layer of RNP complex (functional ingredi-
ents). The TDNs were successfully self-assembled by four-
component strands via a programmable ‘soft lithography’
method owing to their highly specific Watson—Crick base
pairing (31). A triethylene glycol (TEG) cholesterol was
conjugated to the 5 end of the sense strand of DNAs used
in the present study, which can enhance anchorage of the
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Figure 1. Characterization of TDNx-EVs (x = 1-3). (A) Loading RNPs
into EVs and decoration of TDNSs. (B) Self-assemblies of DNA nanostruc-
tures. (C) Loading efficiency of RNPs by different techniques. (D) AGE-
characterization of TDNs decoration. (E) DLS for size analysis and zeta
potential measurements for TDNs-EVs, scale bar, 100 nm.

TDNs onto the EVs surface (32). As an elegant exam-
ple, the defined-valent TDNs with 1 DNA aptamer and 3
cholesterol anchors (namely TDN1) were synthesized by 3
cholesterol-modified strands, 1 DNA strand with the cohe-
sive end and 1 aptamer strands with a complementary over-
hang to another cohesive end (Figure 1A and Supplemen-
tary Figure S3). With an increasing number (1-3) of DNA
aptamer display strands that were used to form TDNs, we
constructed a series of TDNs with increasing valency of
DNA aptamers (from 1 to 3) including TDN1, TDN2 and
TDN3 (Figure 1B). The assembly efficiencies of TDN2 and
TDN3 were observed to be different from that of TDNI,
which indicated the impact of cholesterol modified DNA
strands on the DNA self-assembly of TDNSs. Then a stan-
dard ultracentrifugation procedure was used to purify the
EVs from HEK293T. Dynamic light scattering (DLS) re-
vealed that the size distribution of isolated native EVs was
ranged from 50 to 250 nm, with a peak of around 130 nm.
The western blotting data confirmed the positive staining
for EV marker proteins TSG101 and CD63 (Supplemen-
tary Figure S4). Additionally, no notable physical disrup-
tion of EVs was observed by ultracentrifugation pelleting
according to electron microscopy imaging. Cas9 protein
and the sgRNA targeting GFP or WNT10B were charac-
terized and mixed to form an RNP complex before load-
ing of EVs (Supplementary Figures S5 and S6). Sonication

and repeated freeze-thaw cycles (F/T) were applied for RNP
incorporation into EVs and evaluated. Both of these two
methods could partly reform and reshape EVs, which can
enable RNP diffusion across lipid bilayers of EVs. At last
we achieved more than 30% of loading efficiency by F/T
(Figure 1C). Moreover, significant size increases were found
after sonication or F/T of EVs with RNP. The obtained
RNP loaded EVs were in the range from 100 to 150 nm
(Supplementary Table S3). After self-assembly of TDNS,
these DNA nanostructures were decorated on the surface
of loaded EVs by a modified heat-shock process. The in-
crease in the membrane fluidity induced by the temperature
change could be well organized during the decoration of
TDNeS, leading to the insertion of cholesterol anchors. The
TEM images revealed that the engineered EVs appeared as
flattened spheres whereas the native EVs were full spheres
(Supplementary Figure S7). After loading of RNPs in EVs,
we decorated EVs surface with different TDNs via a mod-
ified heat-shock process. Although there are different num-
bers of cholesterol anchors in these DNA nanostructures,
which might theoretically affect the DNA decoration, the
results demonstrated that all of them showed more than
50% decoration efficiency, and thus has the complexation
efficiency needed for developing aptamers display (Figure
1D and Supplementary Figure S8). Moreover, the stabil-
ity of the TDNs on the EVs was accessed and found that
TDNI1 on EVs were more stable when compared with other
TDNs in DNA degradation assay (Supplementary Figure
S9). After decorating EVs with TDNSs, no significant change
in EVs size was observed while the zeta-potential was de-
creased since DNA nanostructures were negatively charged
(Figure 1E). These results together suggested that our load-
ing process did not significantly alter the morphology of
EVs, which could exhibit similar characteristics as native
EVs did.

The valency of TDNs control the orientation of DNA aptamer
on EVs

In this study, the distribution ratios of DNA aptamers and
cholesterol molecules (1:3, 2:2 and 3:1) for TDNs were
used to control the surface display of aptamers. To illus-
trate the valence-controlled capability of surface display of
TDNs on EVs, we first used fluorescence resonance en-
ergy transfer (FRET) to investigate the orientations of the
TDNs and the interactions between aptamers and the EVs
membrane. Alexa Fluor 488 (AF488) was labeled the ap-
tamer strands of TDNs and Dil was labeled the lipid bi-
layer of EVs, respectively. Figure 2A shows a schematic dia-
gram for a FRET experiment to demonstrate the display
of aptamer ligands. As we know, FRET has been widely
used to identify the interactions between two molecules.
Specifically, FRET signals could arise from the interac-
tion of the AF488-labelled aptamers (donor) and the Dil-
labelled membrane (acceptor), which indicate the change
in the distance or orientation of the donor and acceptor.
The presence of the FRET signal first confirmed the suc-
cessful anchor of TDNs onto EVs membrane (Figure 2B).
An intense emission band around 540-580 nm was observed
when compared to the FRET donor band of AF488 around
520 nm, which suggested that the binding of the TDNs on
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the EVs membrane resulted in the conformational alter-
ation of the TDNs (Figure 2C). Next, the FRET efficiencies
of FRET between aptamers of different TDNs and mem-
branes were evaluated and found that the FRET signal was
sensitive to the addition of the cholesterol anchors in the
DNA nanostructures. Indeed, TDNs with three cholesterol
anchors exhibited remarkably high FRET efficiency, which
implies efficient energy transfer from aptamer to the mem-
brane at its surface. Consistently, a decrease from 3 to 1 in
the numbers of membrane anchors of TDNs (from TDN1
to TDN3) leads to an increase in the emission peak of the
AF488 donor (500-520 nm) and a subsequent reduction in
the emission peak of the Dil acceptor (555-582 nm). Mean-
while, the measured loading efficiencies of different TDNs
were used to correct acquired the FRET efficiencies, which
could quantity the interaction effects between aptamers and
EVs membrane. As expected, theTDN3 might follow a free-
swaying mode of its aptamer strands and exert preferen-
tial encounters with the Dil-labelled membrane, thus the in-
teraction effect was estimated to be the largest one among
three TDNSs. Similarly, the aptamers of TDN2 seemed to en-
tangle with EVs membrane in two directions and fall on the
EVs surface, where the interaction effect slightly decreased.
In contrast, TDN1 was built to orthogonally stand on the
lipid membrane with three legs and maintain an exposed
display of aptamers, which results in the lowest value of in-
teraction effect. It seems as if the three arms that can act
as a hook to lock the aptamer in place. If so, such con-
formation would prevent the energy transfer between ap-
tamers and EVs membrane for TDN1-EVs. These findings
indicated that the DNA aptamer assembly on EVs mem-
brane could be controlled via hybridizing different ratios of
aptamer/cholesterol among these TDNs.

The surface display of TDN1 on EVs enhance the cell-specific
delivery

The surface display of DNA aptamers was further con-
firmed by cellular internalization assay. AF488-labeled sD-
NAs were first encapsulated within the TDNs engineered
EVs and liposome. Then cells were incubated with these
fluorescent nanoparticles and detected by a confocal laser
scanning microscope. We first evaluated the targeting ca-

pacity of TLS11a aptamer and observed an obvious bind-
ing of TLS11a when the aptamer was used to treat with
HepG2 cells (Supplementary Figure S10). Then the AF488-
labeled sDNA was encapsulated in order to characterize
the cellular uptake of the developed nanoparticles (Supple-
mentary Figure S11). Our cell imaging results of HepG2
(TLS11a specific) and MCF-7 (TLS11a non-specific) cells
revealed that the intracellular accumulations of HepG2
were significantly benefited from the EVs-based delivery
and DNA nanostructure decoration when compared with
MCF-7 (Figure 3A). The quantitative cellular uptake in-
creased monotonically with decreasing valence of choles-
terol anchors in TDNs (Figure 3B), suggesting that the dis-
play of aptamer on EVs surface could change the binding
between EVs and cells. However, the TDNs could also act
as a double-edged sword in enhancing cellular uptake due
to its negative charge. For example, the surface charge effect
of DNA nanostructures was greater than the binding force
of the aptamer of DNA for TDN3-EVs, which resulted in
the reduction of cellular uptake of TDN3-EVs when com-
pared with that of EVs. Together, these results indicated
that the TDNs, especially TDN1, allowing for better dis-
play of aptamers on the surface of EVs, increased EVs’ tar-
geting efficiency to the recipient cancer cells. Since TDNI1-
EVs showed the highest delivery efficacy in HepG?2 cells,
we choose TDN1-EVs as our final delivery nanovehicle in
the following study. The cellular uptake efficacy of TDN1-
EVs was much lower in all the studied non-liver cell lines
when compared with that in HepG2 cells (Supplementary
Figure S12). Besides, human primary liver cancer-derived
organoid (PLO) model was established to verify the tar-
geting efficacy of TDN1-EVs. Unlike cell lines, organoids
are three-dimensional micro-organs which are highly simi-
lar to the original tissues and organs (33). Tumor organoids
can be maintained for months and grow to a diameter of
about 1 mm, conserving the molecular and cellular com-
position, as well as genetic features of the original tumors.
The results showed that the TDN1-EVs exhibited larger flu-
orescent cargo accumulation in the organoids when com-
pared with liposome and EV groups, indicating that the
DNA nanostructure is vital for improving the targeted de-
livery (Figure 3C). Since the TDNI1-EVs possess a rigid
display of aptamers on the surface with TDNs, the affin-
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injection.

ity between nanoparticles and tumor organoids was signif-
icantly enhanced (Figure 3D). Notably, human PLO mod-
els contained a few CD45* leukocytes, which could be used
to differentiate targeted delivery from non-targeted deliv-
ery (34). The fluorescence of SDNA by liposome delivery
was mostly co-localized in CD45* leukocytes. By contrast,
<10% of CD45* leukocytes were double-stained in TDN1-
EVs group (Supplementary Figure S13). Moreover, the flow
cytometry also revealed that only a few CD45" cells from
THP-1 cells could interact with TDN1-EVs (Supplemen-
tary Figure S14).

To further investigate the in vivo targeting effects of
TDNI1-EV biomaterials, a xenograft tumor model was
established by subcutaneous injection of HepG2 into
BALB/c nude mice, and then after 28 days, the fluores-
cent dye DiR-stained EVs or liposomes (Lipo) were in-
travenously injected into HepG2 tumor-bearing mice, and
analysis by in vivo fluorescence imaging of living mice. Given
the long duration of EVs, EVs-based nanoplatform exhib-
ited a higher accumulation than that of Lipo group (Figure

3E). However, nanoparticles without targeting molecule, es-
pecially for EVs, failed to reach the tumor, resulting in a
rapid accumulation in liver, which was similar to free DiR
(Figure 3F and Supplementary Figure S15), which sug-
gested that EVs lacks tumor targeting ability. As expected,
TDNI-EVs achieved successful delivery into tumor, as in-
dicated by a significantly higher level of fluorescence in tu-
mors than major organs when compared with EVs group
and Lipo group. Taking together, we demonstrated that
TDNI1-EVs was capable of hepatocellular carcinoma cell-
specific delivery.

Exploring the feasibility of gene-editing with TDN1-EVs-
RNP

We next evaluated the gene editing capability of the TDN1-
EVs. The GFP-expressing HepG?2 cells (HepG2/GFP) were
used to evaluate the feasibility of gene-editing by RNP-
loaded nanoparticles. Carriers containing RNP (targeting
GFP gene) could cut the target DNA fragments into two
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bands with a size of 383 and 338 bp, respectively, as con-
firmed by the T7E1 assay (Figure 4A). The results revealed
that the TDNI1-EVs reduced fluorescence in about 43%
of the cells when compared with the PBS group, whereas
the Lipo-RNP had a weak effect on GFP expression (Fig-
ure 4B). The PCR-based sequencing analysis revealed that
there were indel mutations at the GFP-specific gRNAs edit-
ing sites in PCR products (Figure 4C and Supplemen-
tary Figure S16). TDN1-EVs performed better for GFP
knockdown than their counterparts, including Liposome
and Apt-EVs, which resulted in a significant rise of GFP
negative cells (Figure 4D, E). To be noted, the newly devel-
oped TDNs-based exosomal carriers showed a potent capa-
bility of loading and delivering CRISPR /Cas9 RNP com-
plexes for gene editing, which may present great potential in
gene therapy of various diseases.

CRISPR/Cas9 mediated WNT10B inhibition produced anti-
tumor effects on hepatocellular cancer with TDN1-EVs-
RNP

Recent studies have shown an aberrant overexpression of
WNT10B gene in tissues and cultured cells from hepatocel-
lular cancer (35,36). The current report has revealed that
siRNA-induced gene silencing WNT10B could reduce the
viability and inhibit the migration of HepG2 (37). How-
ever, the working mechanism of siRNA is largely limited
to its transient transfection, which cannot maintain a pro-
longed effect of tumor inhibition. In this study, RNP con-
tained a sgRNA that targets the exon of WNT10B, was
constructed as cargo for gene editing. CRISPR knockdown
of WNTI10B expression with TDNI-EVs in HepG2 cells
and PLOs were investigated. The protein expression levels
of WNT10B were reduced significantly in the TDN1-EVs-
treated cells, whereas no differences in the WNT10B ex-
pression were observed in other groups compared to PBS-
treated cells (Figure 5A). The result indicated the capabil-

ity of the novel developed RNP nano-delivery system to
successful CRISPR inhibition of WNT10B in HepG2 cells,
which also suggested the potential of TDN1-EVs in repress-
ing tumor growth via the transcriptional down-regulation
of endogenous WNT10B. The antitumor effect of TDNI1-
EVs in HepG2 cells was evaluated. The cells in TDNI1-
EVs group exhibited significantly lower viability (59%) than
any other comparative groups, suggesting the viability of
HepG2 cells was decreased as a result of RNP delivery
(Figure 5B). Similarly, high-throughput sequencing indi-
cated that negligible editing was observed upon PBS incu-
bation ex vivo, while TDNI1-EVs induced effective editing
in WNT10B gene (Figure 5C and Supplementary Tables S4
and S5). In addition to determining the suppressing effects
by TDN1-EVs in cultured cancer cell lines, PLO model was
also applied to assess the efficiency of tumor destruction by
these nanoparticles. A green fluorescent caspase-3/7 probe
was used to detect cell apoptosis of tumor organoids. The
inhibition of ex vivo cancer growth was more pronounced
than that in in vitro hepatocellular cancer studies (Figure
5D; Supplementary Figure S17). For all samples tested, ex-
posure of tumor organoids to EVs and TDN1-EVs led to
widespread apoptosis in organoids, whereas Liposome ex-
hibited a little anti-tumor effect on PLOs. By inhibiting
the essential proteins for WNT/B-catenin signaling, TDN1-
EVs showed strong RNP-mediated apoptosis of the tumor
cells in PLOs. Based on the successful tumor inhibition in
vitro and ex vivo, additional studies were performed to in-
vestigate the potential of TDN1-EVs-RNP in cancer gene
therapy. In comparison with the saline group, treated with
Lipo-RNP and EVs-RNP did not significantly suppress tu-
mor development (Figure SE, F). However, tumor develop-
ment was terminated by TDN1-EVs-RNP treatment. Tu-
mor inhibition was found in the mice injected with two dif-
ferent doses of TDN1-EVs-RNP (Figure 5G). The results
also suggested that high dose of TDN1-EVs-RNP triggered
the cell apoptosis in xenograft tumor tissues (Supplemen-
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tary Figure S18). Encouraged by these results, the gene edit-
ing of TDN1-EVs-RNP was also investigated. Of impor-
tance, the gene editing observed in the high dose of TDN1-
EVs-RNP was close to 5 fold greater than that performed
by the EVs-RNP (Supplementary Tables S6 and S7). No
obvious change in body weights was observed while the
histopathological analysis of H&E-stained major organ sec-
tions including heart, liver, spleen, lung and kidney found
no significantly toxic pathological changes after administra-
tion (Supplementary Figures S19 and S20), indicating lim-
ited toxicity of our developed nanoparticles. Considering
a high concentration of EVs was accumulated in the liver,
another concern about safety is the liver and kidney tox-
icity of TDNI1-EVs-RNP. Although the increased level of

ALT in a high dose of TDNI1-EVs-RNP suggested the in-
duced liver toxicity, the decreased value of AST/ALT hints
this toxicity is possibly mild and reversible (Supplementary
Figure S21). Meanwhile, the BUN and CR levels in the
mouse blood did not show a significant increase among
all samples. Moreover, negligible variations of inflamma-
tory cytokine were detected in plasma derived from TDN1-
EVs-RNP-treated mice (Supplementary Figure S22). Over-
all, the inhibition of tumor growth confirmed the feasibility
of applying the CRISPR /Cas9 system for cancer treatment
with the aid of a TDNs-based targeted delivery system,
which indicated that TDNI1-EVs presented its potential in
the development of novel CRISPR /Cas9-based cancer gene
therapies.



DISCUSSION

CRISPR/Cas9 hold great promise as therapeutic uses,
given its role in facilitating effective regulation of gene ex-
pression both in vitro and in vivo. Various approaches have
been developed to efficiently deliver CRISPR/Cas9 sys-
tems in recent studies (38-40). Here we developed a novel
delivery vehicle for CRISPR/Cas9 based on EVs, which
can naturally transfer biomolecules in the human body.
However, one major limitation of the therapeutic use of
EVs is the lack of selectivity. This study aimed to opti-
mize a 3D DNA nanostructure surface modification for
specific cell-targeting EVs and evaluate the application of
CRISPR /cas9 technology to knockdown gene expression
of interest. Approaches have been developed to over-express
protein ligands on the surface of EVs, which could be used
to enhance the specificity of therapeutic EVs (41-43), gen-
erating protein ligands on EVs is only limited to the donner
cells. Therefore, it would be acceptable to use our surface
engineered strategy to precisely assemble DNA aptamers on
EVs in the laboratory.

To summarize, our study demonstrated the modification
of EVs surface can regulate the affinity of EVs for cer-
tain cells. We used the 3D DNA nanotechnology to re-
program natural EVs’ surface for cell-specific delivery of
Cas9 in in vitro cultured cancer cells, ex vivo PLO mod-
els and in vivo xenograft models. We were able to tune the
display of aptamers on the EVs surface by regulating the
cholesterol/aptamer ratio in TDNs. The cellular accumula-
tion of these RNP-loaded nanoparticles was found to be de-
pendent on their surface properties, demonstrating the im-
pacts of the aptamer/cholesterol-based, valency-controlled
decoration of TDNs. With 3 cholesterol anchors of TDNs,
the DNA aptamer on the EVs showed an oriented sur-
face display of targeting modules for cancer-specific bind-
ing. Thus an efficient targeting capacity of TDN1-EVs was
observed, which could be used to deliver RNPs to specific
cells in current work. The cargo of vehicles could be also ex-
tended to siRNA, DNA plasmids, and other enzymes. Over-
all, we established a potential strategy for cell-specific exo-
somal delivery of RNPs with DNA nanotechnology, and we
believe that such an approach may eventually allow in vivo
delivery of genome-editing enzymes to targeted cell types.
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