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Intracellular delivery of proteins provides a direct means to manipulate cell function and probe the
intracellular environment. However, direct cytoplasmic delivery of proteins suffers from limited
availability of efficient toolsets, and thus remains challenging in research and therapeutic applications.
Natural biological cargo delivery processes, like SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) complex mediated membrane fusion and other vesicle fusion in live cells,
enable targeted delivery with high efficiency. A surrogate of SNARE machinery represents a new
direction in intracellular protein delivery. Here, we report a DNA-programmed membrane fusion strategy
for guiding the efficient intracellular delivery of proteins into live cells. The inherent programmability of
DNA hybridization provides spatiotemporal control of the fusion between protein-encapsulated
liposomes and cell membranes, enabling rapid release of proteins directly into the cytoplasm, while still
remaining functional due to the bypassing of the endosomal trap. We further demonstrate that delivered
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Introduction

Introducing exogenous proteins into live cells plays an essential
role in cell biological research and therapeutic applications.*
However, most proteins cannot directly diffuse through the
lipid bilayer of cell membrane because of their hydrophilicity
and large size.” Although viral vector-based toolsets could ach-
ieve intracellular delivery of a DNA plasmid that encodes
a protein of interest, this genetic approach lacks regulation and
could induce stress responses, carcinogenesis, or immunoge-
nicity.>* On the contrary, direct intracellular delivery of proteins
represents a straightforward approach to modulate cell func-
tions and treat diseases."® For example, the plasmid expressed
genome editing tool, the Cas9 protein, suffers from a high-
frequency of off-target effects,® and yet recent results suggest
that intracellular delivery of functional Cas9 leads to higher
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holds great potential for protein drug delivery, regenerative medicine and gene editing.

genome modification and higher specificity compared to DNA
transfection.”®

However, unlike nucleic acid delivery, which is indirect and
has been extensively studied, protein delivery suffers from
a limited availability of efficient toolsets, and thus remains
a challenge in research and therapeutic applications.' Current
intracellular cargo release tools, which are either physical
membrane-disruption-mediated or carrier-mediated, are
hampered by insufficient delivery efficiency and unpredictable
cell function toxicity.? Therefore, it is highly desirable to develop
new intracellular delivery tools to target proteins for delivery
into a wide variety of primary cells with integrated high effi-
ciency and controllable cytotoxicity.

Membrane fusion is a universal process in live cells as it
facilitates the transport of entities between and within cells.*"*
In live cells, membrane fusion is primarily mediated by SNARE
complexes which facilitate lipid mixing, followed by pore
formation and concomitant content transfer.*** Inspired by the
SNARE machinery, several synthetic complexes have been
developed as artificial membrane fusion systems.”™® For
example, Kros’s group has designed a fully synthetic membrane
fusion system using a complementary pair of lipidated coiled
peptides. The synthetic membrane fusion process delivers car-
gos directly into the cytoplasm, bypassing the endolysosomal
pathway.”® They demonstrated the application of their artificial
liposome-cell fusion system in a broad spectrum of small
molecule delivery processes.>** Recent studies have revealed
that DNA-lipid hybrids in a zipperlike hybridizing could also
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serve as artificial tethers to drag different liposomes into close
proximity to drive membrane fusion.>® Here, we have demon-
strated a DNA-programmed membrane fusion strategy for
guiding protein delivery between live cell membranes and
artificial liposomes on both suspension cells and adherent cells,
and protein delivery was independent of the endolysosomal
pathway. We also exemplified that cell fates could be regulated
by DNA-mediated delivery of exogenous proteins.

Results and discussion

DNA-mediated fusion between liposomes and cell membranes
and enzyme delivery

The principle of DNA-mediated membrane fusion is outlined in
Fig. 1a. 3/cholesterol-functionalized single stranded (ss-) DNA
(28 nt, anchor 1) and its complementary 5'cholesterol-
functionalized ss-DNA (anchor 2) (Table S1}) were used to
mediate fusion between live cell membranes and artificial
liposomes (with a mean diameter of 100 nm, for the composi-
tion of the lipids, see Fig. S1 and the Experimental sectiont). In
order to enhance the retention time of the DNA strands on the
cell membranes,* we compared the docking stability of the
DNA variations with different cholesterol modification
numbers, and found that ss-DNA with 3 cholesterol modifica-
tions had higher docking stability (Fig. S2 and S31), thus ss-DNA
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with 3 cholesterol functionality at either 3’ or 5’ end was used in
the present work to drag liposomes and cell membranes into
close proximity. We found that cholesterol decorated ss-DNA
could be easily inserted into cell membranes without perturb-
ing the cell functions (Fig. S4 and S5t).>”*° Herein the orienta-
tion of cholesterol group was rationally designed at the same
end of double stranded (ds-) DNA; thereby a zipperlike hybrid-
ization brings liposomes into close proximity to cell surfaces,
which facilitates further membrane fusion.'>*®

In particular, we employed horseradish peroxidase (HRP, an
enzyme extracted from plant cells) encapsulated within lipo-
somes as an example of protein cargo (ca. 14 HRP per liposome,
for detailed calculations see the Experimental sectiont). The
motivation of using HRP as the protein cargo is its high enzy-
matic activity. Classical fluorophore cargos are less convincing
for illustrating content mixing between small liposomes (<100
nm) and cells because fluorophore cargos in liposomes are
strongly diluted in large cells, which makes them barely
visible.** HRP catalyzes the oxidation of a nonfluorescent
substrate Amplex Red into a fluorescent product resorufin in
the presence of H,O,. Amplex Red is an uncharged molecule
that can passively diffuse across the lipid bilayer walls into the
aqueous interior of cells, while the negatively charged fluores-
cent product resorufin cannot cross the phospholipid bilayer at
neutral pH, which leads to its accumulation in the cellular

Amplex red
H,0,

Enlarged view

Overlay
oA

(@) A schematic illustration of the DNA-mediated membrane fusion between the live cells and the liposomes, and the subsequent

cytoplasmic delivery of active proteins. (b) and (c) confocal microscopy images of the L1210 and Hela cells taken after the membrane fusion
experiments. Green channel: the fluorescence of the NBD labelled liposomes, red channel: the fluorescence of resorufin (the product of HRP),
blue channel: nuclear staining using Hoechst 33 258, overlay: the green, red and blue channels plus the bright field image and enlarged view:
a single cell from the overlay channel. Scale bar: 15 pm in (b); 30 um in (c).
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interior.®* Moreover, H,0, can also freely diffuse through
cellular membranes. Therefore, upon delivering exogenous
HRP into a cell, HRP could catalyze the fluorogenic reaction
inside the cytoplasm, and in turn stain the cytoplasm.

We first performed a series of control experiments to confirm
the solidity of this strategy. (1) We incubated Amplex Red or
resorufin with untreated cells (L1210 and HeLa) in the presence
of H,0, and did not detect the fluorescence of resorufin (Fig. S6
and S71). The lack of resorufin fluorescence confirmed that
H,0, did not increase the permeability of the cell membrane
within the concentration range in our experiments (0.5 mM),
and that intracellular HRP is the prerequisite for catalyzing the
fluorogenic reaction. (2) We also incubated untreated cells
(L1210 and HeLa) with free HRP (not encapsulated within
liposomes), and then treated the cells with Amplex Red and
H,0,. We found that the fluorescent products were clustered in
the cytoplasm and remained in this cluster-like distribution for
at least two hours (Fig. S8t). These results indicated that live
cells could uptake HRP and that the fluorescent products are
confined in the intracellular vesicles for a longer time rather
than rapidly diffusing into the cytoplasm.

With the above results, we tested this strategy with both
L1210 (suspension) and HeLa (adherent) cells (Fig. 1b and c),
and found that liposomes incorporated with nitro-
benzoxadiazole (NBD) fluorophore labelled lipids (NBD-PE)
could efficiently dock onto the cytomembrane via zipperlike
DNA hybridization and that the fluorescent products were
evenly distributed inside not only the cytoplasm but also the
nucleus of almost every cell (see amplified figure in Fig. S97),
which clearly suggested direct intracellular delivery of the
protein cargos. Notably, there are many nucleopores on the
nuclear membrane, therefore small molecules such as resorufin
can get into the nucleus via passive diffusion. We noticed the
red fluorescence of resorufin also located at the plasma
membrane. According to a previous report on DNA-mediated
fusion between liposomes and planar lipid bilayers, only 10%
of the docked liposomes can fuse with the planar lipid bilayers
within a short time,* thereby the fluorescence of resorufin
located at the plasma membrane was attributed to the lipo-
somes that are still docked on the plasma membrane.

In addition, we emphasized that the zipperlike hybridization
is the prerequisite for membrane fusion, while anti-zipperlike
hybridization did not lead to efficient cargo release
(Fig. S101). Notably, there might also remain a possibility that
HRP encapsulated within liposomes is released into the culture
medium during the process of membrane fusion, and then
diffuses into the cytoplasm via transient membrane destabili-
zation during fusion.” However, this possibility was excluded
by the results of a control experiment incubating anchor 1
encoded cells with free HRP and empty liposomes carrying
anchor 2, which indicated that the catalytic product resorufin
was clustered in cells instead of evenly distributed (Fig. S11t). In
another control experiment, in the absence of one or two of the
anchor strands, the NBD-PE labelled liposomes could not be
efficiently docked onto cell membranes, and the red fluores-
cence signal from resorufin was weak and clustered rather than
being evenly distributed in the cytoplasm (Fig. S12 and S137),

This journal is © The Royal Society of Chemistry 2018
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indicating that liposomes containing HRP were taken up by
cells via endocytosis and that the fluorescence products were
confined in vesicles.

Protein delivery is a result of membrane fusion bypassing
endocytosis

We next confirmed that the efficient intracellular protein
delivery was a result of membrane fusion. Endocytosis is the
primary pathway for cells to take in small particles including
liposomes.'® Previous work has indicated that treating cells with
endocytosis inhibitors could effectively inhibit various endocy-
totic pathways, for example, endocytic chlorpromazine (CPZ,
interfering with clathrin-dependent endocytosis)**** and
methyl-B-cyclodextrin (MBCD, disrupting caveola-dependent
endocytosis).*>** We also found that CPZ or methyl-B-cyclodex-
trin could reduce the cellular uptake of liposomes by L1210 and
HelLa cells (Fig. S147).

We thus performed membrane fusion experiments in the
presence of CPZ or MBCD to investigate the possible endocy-
tosis. However, we found that HRP encapsulated within DNA-
encoded liposomes could still be efficiently released into cells,
as confirmed by the evenly distributed red fluorescence of
resofurin in the cytoplasm (Fig. 2a, b, d and e). In addition,
control experiments indicated that neither CPZ nor MBCD
treatment could change the permeability of the cell membranes
which leads to the transmembrane diffusion of fluorescent
resorufin and free HRP into the cytoplasm, even when the
liposomes are docking onto the cell membranes (Fig. S15 and
S167). We next performed membrane fusion experiments at 4 °C
based on the consideration that low temperature could shut
down all possible endocytosis pathways. We found that HRP
could be still delivered into cells, however, the delivery effi-
ciency was lower, as indicated by the weakened fluorescence in
cells (Fig. 2¢ and f), which was attributed to the decreased rate
of membrane fusion at a low temperature.’” We also demon-
strated that DNA hybridization did not improve the cellular
uptake of liposomes (Fig. S17 and S18t), which excludes the
possibility that improved cellular uptake of HRP loaded lipo-
some results in an even distribution of fluorescent products
inside cells.

We then stained the cells with lysotracker to localize the
lysosomes in order to further exclude the possible endolysoso-
mal pathway. We found that the lysosomes were scattered in the
cytoplasm and that only a small fraction of resorufin could be
colocalized with the lysosomes (Fig. 2g and h). These results
further supported the conclusion that DNA-mediated fusion
had dominantly released the protein cargos directly into the
cytoplasm, bypassing the endolysosomal system.

Specific fusion of liposomes and different cells through
specific DNA hybridization

The richness of the DNA sequence and the specificity of the DNA
hybridization suggests the possibility of directing the fusion
between different DNA encoded cells and liposomes in a mixed
system, which could be useful in intelligent protein delivery and
cell function regulation.*®**° As depicted in Fig. 3, we designed
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Fig. 2 Confocal microscopy images of L1210 and Hela cells taken after membrane fusion experiments but also treated with an endocytosis
inhibitor or low temperature: (a) L1210/CPZ, (b) L1210/MBCD, (c) L1210/4 °C, (d) HeLa/CPZ, (e) HeLa/MBCD and (f) HeLa/4 °C. Green channel: the
fluorescence of the NBD labelled liposomes, red channel: the fluorescence of resorufin, blue channel: nuclear staining using Hoechst 33 258,
overlay: the green, red and blue channels plus the bright field image and enlarged view: a single cell from the overlay channel. Scale bar: 15 um in
(@a—c); 30 um in (d—f). (g) and (h) Confocal microscopy images of L1210 and Hela cells taken after membrane fusion experiments and lysosome
staining treatment. Green channel: the fluorescence of the lysotracker, red channel: the fluorescence of resorufin, blue channel: nuclear staining
using Hoechst 33 258, overlay: the green, red and blue channels plus the bright field image and enlarged view: a single cell from the overlay
channel. Scale bar: 15 um in (g); 30 pm in (h).

a ternary system to address specific DNA-mediated fusion. In functionalized DNA, see Table S1f), and stained by cell
this ternary system, L1210 cells were decorated with two tracker violet. Two liposomes, NBD-PE labelled liposomes
anchoring strands, anchor 1 and anchor 3 (3'cholesterol- (liposome A, green) and Lissamine rhodamine (Rh)-PE labelled
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(a—c) A schematic illustration of the DNA encoded selective docking of liposomes onto L1210 cells in ternary systems. The red and green

wavy lines represent cholesterol-functionalized DNA. (d—f) Confocal microscopy images of L1210 cells taken after mixing the liposomes and
cells corresponding to the setup depicted in (a), (b) and (c). (g) A schematic illustration of the DNA encoded selective docking of liposomes onto
L1210 cells in quaternary systems. (h) Confocal microscopy images of L1210 cells taken after mixing the liposomes and cells as depicted in (g).
Green channel: the fluorescence of the NBD labelled liposomes, red channel: the fluorescence of Rh labelled liposomes, blue channel: cells
stained by cell tracker violet BMQC dye, cyan channel: cells stained by cell tracker deep red dye, and overlay: the green, red and blue channels
plus the bright field image in (d—f); the green, red, blue and cyan channels plus the bright field image in figure (h). Scale bar: 10 pm.

liposomes (liposome B, red), were encoded by anchor 2
(5'cholesterol-functionalized DNA which is complementary to
anchor 1) and anchor 4 (5'cholesterol-functionalized DNA
which is complementary to anchor 3), respectively. Only the
presence of both anchor 2 and 4 resulted in the simultaneous
docking of two liposomes onto the cell membranes (Fig. 3a-f).

We further designed another quaternary system including
L1210 cells by staining with cell tracker violet (cell A) and cell
tracker deep red (cell B). The cells were decorated with anchor 1
(cell A) and anchor 3 (cell B). Two liposomes, liposomes A’ and
B, were encoded by anchor 2 and anchor 4, respectively
(Fig. 3g). Upon mixing cells A and B with liposomes A’ and B, we
found that liposome A’ specifically docks onto cell A, while
liposome B’ specifically docks onto cell B (Fig. 3h). Based on the
above results, we further demonstrated specific docking and
fusion in a mixed system, in which HRP containing NBD-PE
labelled liposomes were encoded by anchor 2, while the cells
were decorated with anchor 1 (cell A) and anchor 3 (cell B). We
found that membrane fusion and enzyme delivery could only
occur between anchor encoded liposomes and cell A (Fig. S197).

This journal is © The Royal Society of Chemistry 2018

These results clearly highlighted the great potential of DNA
hybridization for selective fusion in mixed systems.

Moreover, DNA hybridization-guided liposome docking
greatly improved the efficiency of the cargo delivery. We
compared the present strategy with a recently reported protein
delivery strategy, carried out with the aid of cationic amphi-
philic peptides. In the cationic amphiphilic peptide aided
method, evenly distributed resorufin only appeared in a portion
of the cells (Fig. S207),** which highlighted the efficiency of the
DNA-mediated fusion strategy.

Programmable DNA hybridization enables programmable
docking of liposomes onto cell membranes

Having confirmed that DNA could facilitate specific membrane
fusion, we immediately realized that the inherent program-
mable nature of DNA hybridization**** provides versatile
possibilities to mediate the programmable fusion and further
programmable delivery of exogenous DNA or protein cargos
into cells, which are urgently needed but are hardly available by
other vectors. For example, one constraint on delivering protein

Chem. Sci., 2018, 9, 5967-5975 | 5971
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drugs is a lack of delivery vehicles that allow for the controlled
delivery of more than a single protein.**** Herein we have
exemplified that the spatial and temporal fusion of liposomes
with cell membranes could be rationally controlled by
programmable DNA hybridization.

We first demonstrated the spatial control of membrane
fusion by introducing a DNA strand (cDNA) that is fully
complementary to anchor 5 which had encoded on the lipo-
somes (Table S2t). Anchor 1 encoded on the cell surface is
partially hybridized with anchor 5 (Fig. 4a). Thereby the spatial
docking and fusion of the liposome encoded with anchor 5
could be relieved by a strand displacement reaction in the
presence of cDNA. Indeed, upon the introduction of cDNA, the
liposomes incorporated with NBD fluorophore labelled lipids
were gradually released from the surface of the L1210 cells,
leading to weakened NBD fluorescence on the cell surfaces
(Fig. 4b and c, S21t). As described above, not all the docked
liposomes would fuse with the cell membrane within a short

a

NBD-Liposome-
Anchor§

cDNA of
Anchor§
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time. However, the rate of the strand replacement reactions is
generally rapid.*® Notably, in our study, the toehold length is 12
nt (Table S27), therefore it is reasonable to rapidly remove the
unfused liposomes from the cell membrane via the strand
replacement reaction.

In addition, we further demonstrated that the temporal
control of the fusion could also be rationally controlled by the
hybridization chain reaction, a strategy usually used to elongate
DNA strands.”””** As shown in Fig. 4d, the two liposomes B and
C were incorporated with NBD and Rh fluorophore labelled
lipids, respectively. Two hairpin strands (H1 and H2) were
encoded on the surface of the L1210 cells and liposome C,
respectively. An inducer strand was encoded on liposome B
(Table S37). By rational design, the hairpin structure has a short
loop region and a long stem region which ensure a thermody-
namic steady state. In the absence of inducer strands, the two
hairpins fold into hairpin structures separately. Upon the
introduction of the inducer strand, the steady state is disturbed

cDNA of anchor 5 (-)
- CDNA of anchor 5 (+)

o 4 8 12 16
T (min)

T=15 min

d NBD- L|posome-lnducer strand Rh-Liposome-H2 strand

H1 strand
O 0 O

1.

NDB-liposome

Fig. 4

(a) A schematic illustration of the spatial control of the docking and fusion of the liposomes with the cell surface by strand—displacement

reactions. (b) The time-dependent normalized fluorescence intensity of NBD on the outside of the L1210 cells after the introduction of cDNA. (c)
Confocal microscopy images showing the time-dependent fluorescence decrease of NBD on the outside of the L1210 cells upon the intro-
duction of cDNA. Scale bar: 15 pm. (d) A schematic illustration of the temporal control of the sequential docking and fusion of two liposomes with
cell surfaces by hybridization chain reactions. (e) Confocal microscopy images of L1210 cells. Green channel: the fluorescence of NBD labelled
liposome B, red channel: the fluorescence of Rh labelled liposome C and the blue channel: nuclear staining using Hoechst 33 258. Overlay: the
green, red and blue channels plus the bright field image. Scale bar: 15 pm.
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Fig.5 The viability of L1210 and Hela cells upon different treatments:
(1) incubating the cells with anchor 1; (2) preincubating the cells with
anchor 1, followed by treating the cells with free Cyt c; (3) pre-
incubating the cells with anchor 1, followed by treating the cells with
liposomes encapsulating Cyt c; (4) preincubating the cells with anchor
1, followed by treating the cells with anchor 2 encoded liposomes
encapsulating Cyt c. Data are presented as the mean + SD of 5 parallel
experiments.

by the hybridization of the inducer and H1, and thus the HCR
reaction is triggered by the alternating sequential hybridization
of H1, the inducer strands and H2. Therefore, upon mixing
liposomes B and C with the L1210 cells, we observed the
sequential docking of the liposomes onto the cell surface, as
confirmed by the coexistence of NBD and Rh in Fig. 4e. Control
experiments suggested that HCR is the prerequisite for
inducing the programmable fusion of two liposomes on the cell
surfaces; lacking either the inducer strands or the H2 strand did
not result in the sequential docking of two liposomes onto the
cell surfaces (Fig. S227).

Intracellular delivery of exogenous protein through DNA-
mediated membrane fusion to regulate cell fate

The ability to directly transfer protein into the cytosol suggests
the possibility of regulating cell fate using exogenous proteins.
Herein we exemplified this possibility with liposome encapsu-
lated Cytochrome c (Cyt c). Cytochrome c is an important
component of the oxidation respiratory chain. However, during
the transduction of apoptotic signals, the alteration of the
permeability of mitochondrial membranes causes the trans-
location of Cyt c into the cytoplasm, which in turn activates the
death-driving proteolytic proteins, caspases.®®®* Therefore
exogenous Cyt ¢ is a model system used to challenge the cross

This journal is © The Royal Society of Chemistry 2018
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membrane ability of various vector tools.®*** We also delivered
Cyt c¢ into HeLa and L1210 cells using the present DNA-
mediated membrane fusion strategy, and indeed found
dramatically decreased cell viability (Fig. 5). Notably, the
present fusion method bypasses the endosome-lysosome-
lysosome escape pathway, which, in principle, enables the rapid
delivery of protein cargos. In the present study, the 30 min of
incubation time is much shorter compared with those in other
endocytotic-dependent delivery vectors (see the Experimental
sectiont),*** suggesting an advantage for the rapid delivery of
protein drugs in therapy.

Conclusions

In conclusion, we have developed a biomimetic membrane
fusion strategy via DNA hybridization, which enables targeted,
programmable fusion between liposomes and cell membranes.
The HRP based signal amplification strategy enables us to easily
detect membrane fusion and direct intracellular delivery of
protein cargos. The inhibitor treatment and lysosomal staining
experiments suggested that the intracellular delivery of lipo-
some encapsulated cargos bypassed the endocytotic pathway
and went directly into the cytoplasm. This strategy could also be
extended to delivering other bioactive macromolecular cargos,
such as nucleic acids, protein/nucleic acid complexes, and
small molecule drugs. In this work, we demonstrated only the in
vitro applications, because it might be much harder to modify
the target cells with cholesterol modified DNA in vivo. However,
in vivo applications can be envisioned since DNA engineered
cell surfaces have been extensively studied for enhancing the
efficacy of cell therapy.®®®” For example, a previous study has
indicated that lipophilic DNA could be inserted into the cyto-
membrane of tumor cells in vivo, and local injection of
membrane anchored immunostimulatory oligonucleotides
promoted the physical association of immunostimulatory
oligonucleotides with tumor cells.®® This hints at potential in
vivo applications of this strategy for DNA-programmed rapid
delivery of exogenous proteins, which opens new doors for
a variety of biological and translational applications. Further-
more, as cell engineering is rapidly developing now, DNA based
membrane fusion might become a promising method for cell
surface engineering.
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