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Disulfide-unit conjugation enables ultrafast cytosolic
internalization of antisense DNA and siRNA

Zhaoma Shu®, Iku Tanakal®, Azumi Otal®, Daichi Fushiharal®, Naoko Abe®, Saki Kawaguchi@,
Kosuke Nakamoto!®, Fumiaki Tomoike!®!, Seiichi Tadal®, Yoshihiro Itol!, Yasuaki Kimura® and Hiroshi

Abe*[alelld]

Abstract: Development of intracellular delivery methods for
antisense DNA and siRNA is important. Previously reported methods
using liposomes or receptor-ligands have a problem that
oligonucleotides take several hours or more to reach the cytoplasm
due to long-time residence of oligonucleotides at endosomes. In this
study, we clarified that oligonucleotides modified with low molecular
disulfide units at the terminus reaches the cytoplasm 10 minutes
after the administration to cultured cells. This rapid cytoplasmic
internalization of disulfide-modified oligonucleotides suggests the
existence of an uptake pathway other than endocytosis. In fact, the
mechanistic analysis revealed that the modified oligonucleotides are
efficiently internalized into the cytoplasm through disulfide exchange
reactions with the thiol groups on the cellular surface. Because our
approach solves several critical problems with the currently available
methods for enhancing cellular uptake, including toxicity, undefined
molecular composition, inefficient endosomal escape, and serum
stability, this method may be an effective approach in the medicinal
application of antisense and RNAi methods.

Antisense DNA and siRNA have been widely used for gene
silencing in basic research and in medicinal applications."]
Effective delivery of the oligonucleotides (ONs) into the cells is
important for clinical applications.”! For this reason, delivery
methods for ONs have been extensively studied.®! A variety of
methods using polymeric materials have been investigated and
one of the most popular methods utilizes cationic liposomes.
However, the material of the cationic liposomes needs to be 5 to
10 times the weight of the ONs.®! In addition, the liposome and
the ONs form a complex, and the molecular composition of this
complex cannot be uniformly defined.®! Therefore, a new
method is required based on a well-defined molecular
composition that enables intracellular delivery of ONs using low
molecular weight material. One strategy is to make ON
conjugates with small molecules that are membrane permeable.
For example, cell-penetrating peptides (CPPs) are peptide
molecules with a molecular weight equal to or less than that of
ONs. [l'It has been reported that antisense DNA and siRNA can
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be introduced into cells by making conjugates of CPPs and ONs.
However, since most of the CPPs are cationic, the conjugates
show cytotoxicity.®! Furthermore, the conjugates can form a
polyion complex and become insoluble.® Conjugates of
hydrophobic molecules, such as cholesterol and lipids, and ONs
have also been reported,['” but because they form micelles,
these conjugates do not exist as single molecules. ON
conjugates with ligands for receptors on the cell surface are also
efficiently taken up by the target cells.['" For example, it has
been reported that siRNA conjugated with GalNAc (N-acetyl
galactosamine), which is a ligand for the asialoglycoprotein
receptor is efficiently taken up into the primary cultured cells
expressing this receptor.l'? This strategy is useful for targeting
specific cells that express a particular receptor. Finally, most of
the methods described above have problems in endosomal
escape of ONs.'¥ In this study, we attempted to develop a
conjugate molecule that universally improves the cellular uptake
of ONs. Based on the background summarized above, we
designed molecules for ON conjugates that satisfy the following
requirements (Fig. 1). (1) Small molecule without charge, (2)
Does not aggregate and exists as a single molecule. (3) Does
not cause cytotoxicity. It has been reported that peptides with
disulfide groups have cell membrane permeability and such a
disulfide unit may fulfill the above requirements. Cyclic disulfide-
modified peptides and small molecules with cell membrane
permeability have also been reported.["'3 To our knowledge,
there have been no reports of the use of disulfide unit for the
intracellular delivery of ONs. Therefore, we synthesized series of
ONs with disulfide groups and evaluated their cellular uptake.
Then, we found the modification of repeated linear disulfide unit
with ONs enables the rapid cytosolic internalization of ONs
without the endosomal trap which is triggered by the formation of
a disulfide bond with a thiol group of a protein on the cell surface
and affords potent gene silencing effects (Fig. 1).
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Figure 1. Conjugation with disulfide units enhanced the permeability of
oligonucleotides.
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We designed antisense DNA and siRNA molecules having di-
sulfide groups. Because introduction of the disulfide group
within the sequence of the ON strands would impair the
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biological function, we introduced disulfide units at the terminus
of the ON strands by phosphoramidite chemistry. Two types of
phosphoramidite units with a disulfide group were designed (Fig.
2a, Scheme S1). That is, a linear disulfide (LD) unit amidite LDA
having a tertbutyl disulfide group and a cyclic disulfide (CD) unit
amidite CDA having a dithiothreitol (DTT) group. These disulfide
units can be introduced into any position of the ONs with any
number of repeats by an automatic ON synthesizer. In addition,
because they have a phosphate triester structure, there is no
charge on the units.

Antisense DNA (ASD, 1CD, 5CD, 10CD, 1LD, 5LD, and 10LD)
was designed by introducing CD or LD units with 1, 5, or 10
repeats at the 5’ end of 19 nt phosphorothioate antisense DNA
(Fig. 2b). The target sequence of the antisense DNA was the
firefly luciferase gene (961-979 site).['! These antisense DNAs
were synthesized by a DNA synthesizer and purified using
HPLC and the purity was confirmed by HPLC and MALDI-TOF-
MS (Fig. S1, Table S2). First, the micelle-forming ability of LD-
modified ONs was examined using pyrene, which is an
environment-responsive  fluorescent molecule used for
estimating the critical micellar concentration (CMC) (Fig. S3). No
enhancement of fluorescence intensity was observed for 5LD or
10LD at 1 yM and 100 nM. These results suggested that the LD-
modified ONs do not form micelles at 1 uM or less, and exist as
single molecules. Hence, LD-modified ONs may have desirable
properties for clinical applications.
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siRNA for luciferase

Y=

NR 5’ -CUUACGCUGAGUACUUCGAAAUU-3'
3’ ~-UUGAAUGCGACUCAUGAAGCUUU-5"
5LR-a 5’ ~CUUACGCUGAGUACUUCGAAAUU-X -3’
3’ -X,-UUGAAUGCGACUCAUGAAGCUUU-5'
nLR-b 5’ -X -CUUACGCUGAGUACUUCGAAAUU-3'

3’ -X_-UUGAAUGCGACUCAUGAAGCUUU-5' .

siRNA for ApoB

NR-ApoB 5’ -GUCAUCACACUGAAUACCAAU-3'
3’ ~-CACAGUAGUGUGACUUAUGGUUA-5’
5LR-ApoB 5’ -X,-GUCAUCACACUGAAUACCAAU-3’

3’ -X,-CACAGUAGUGUGACUUAUGGUUA-5’

Figure 2. a Structure of disulfide phosphoramidites and b sequence of
antisense DNA and siRNA. Underlined parts are phosphorothioate DNA. The
guide strands of siRNA are shown in bold.

Next, the cellular uptake was evaluated using the antisense
DNAs labeled with fluorescein (marked with *, Table S1) by flow
cytometric analysis (Fig. 3a). For ONs at concentrations of 1 yM
and 100 nM, the ASD was hardly up-taken without lipofection,

whereas the LD-conjugated DNA 5LD was significantly up-taken.

More efficient uptake was observed as the number of repeats of
the LD unit increased (Fig. 3b). The uptake of 5LD was almost
the same compared with the case using Lipofectamine 3000
(Lipo), and the uptake of 10LD was twice as high. The uptake of
5CD at 1 yM was approximately 70% of that of 5LD (Fig. 3a).
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The comparable efficiency of cellular uptake between ASD and
5LD was also confirmed in other cell lines including NIH/3T3 and
A431, which demonstrated the versatility of the disulfide-based
strategy (Fig. S4). The intracellular distribution of 5LD and 5CD
was analyzed by confocal laser scanning microscopy (CLSM).
The image of the ONs at 10 min after lipofection showed that
fluorescent-labeled ASD (ASD*) was co-localized mainly with
the endosome (Fig. 3c), which indicated the endosome trap of
ASD. The images of 5LD and 5CD at the same time point
showed that they were not co-localized with the endosome, but
were quickly distributed in the cytoplasm. This implies that the
disulfide modified ONs internalize into cells via non-endocytotic
pathway. After incubation for 1 h, the uptake of 5LD and 5CD
was increased and good distribution to the cytoplasm was
maintained (Fig. 3d).
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Figure 3. a-g; Disulfide unit conjugation enhanced the cellular uptake and
antisense effect. a The cellular uptake of 5LD*, 5CD*, and ASD* measured by
flow cytometry. b Effect of the repeat number of LD on cellular uptake. ¢ The
intracellular distribution of 5LD* and 5CD* compared with ASD* transfected by
Lipofectamine 3000 after 10 min incubation or d after 1 h incubation. e
Inhibitory assays for cellular uptake of 5LD* and 5CD* using DTNB and
iodoacetate. f Gene silencing effect of 5LD and 5CD in dual luciferase assays.
The luminescence signals for each sample were normalized to conditions of
no administration. g Evaluation of cell viability by MTT assays after 24 h
treatment. The experiment was performed three times independently. Data are
presented as the mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001 versus
controls; #P < 0.05, ##P < 0.01, ###P < 0.001 versus ASD*/Lipo. MFl is the
abbreviation for mean fluorescence intensity. Sequence names marked with *
means that the ON is fluorescently-labelled.
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These results suggested that the designed disulfide unit, not
only promoted cellular uptake, but also enables ultrafast
cytoplasm distribution, which is desirable for clinical use.
Intracellular uptake experiments were carried out in the
presence of 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) and
sodium iodoacetatel'”! to clarify whether disulfide-modified ONs
are taken up via disulfide bond formation on the cell membrane
surface (Fig. 3e). DTNB inhibited uptake of 5CD and 5LD by 7%
and 11%, respectively. For iodoacetate, the uptake of both 5LD
(82%) and 5CD (55%) was significantly inhibited. It was
suggested that disulfide bond formation may be involved in the
uptake mechanism. Previously, transferrin was suggested to be
a membrane protein involved in the disulfide exchange in the
similar system for peptide delivery.l') However, it is difficult so
far to mention the responsible membrane protein, since the
unusually efficient cytosolic distribution was observed in our
system, which suggests the different mechanism to that of the
related reported methods. ['8!

To evaluate the gene silencing effect, the antisense effects of
5LD and 5CD were investigated by dual luciferase assay using a
HelLa cell line stably expressing firefly and Renilla luciferase
genes. When using ONs at 1 yM or 100 nM concentrations,
lipofection, 5LD, and 5CD showed comparable inhibitory effects
in a concentration-dependent manner (Fig. 3f). In addition, the
cytotoxicity of these intracellular delivery methods was evaluated
by MTT assays. The results indicated that the lipofection method
reduced the cell viability to 90% and 70% at concentrations of 1
and 5 pM, respectively, while 5LD and 5CD did not affect the
cell viability (Fig. 3g).

Next, the LD unit was introduced into siRNA strands and the
cellular uptake and RNAI effects were evaluated. The sequence
of the siRNA used targeted the firefly luciferase gene (867-885
site).['®! The introduction of the LD unit to the 5" end of the guide
strand was avoided because it is known to be important for
RISC (RNA-induced silencing complex) formation. Several types
of LD-modified siRNAs were designed as follows; 5LR-a: five
repeated LD units were introduced at both 3’ ends of the siRNA
strands, 5LR-b: five repeated LD units were introduced at the 5’
end of the passenger strand and the 3’ end of the guide strand,
10LR-b: 10 repeated LD units were introduced at the 5’ end of
the passenger strand and the 3’ end of the guide strand (Fig. 2b,
Fig. S2). First, the possibility of micelle formation was checked;
fluorescence analysis using pyrene revealed that 5LR-b and
10LR-b were monodisperse and did not form micelles at 1 yM or
less (Fig. S5). Next, the cellular uptake of these modified
siRNAs was evaluated using fluorescently labeled RNAs
(marked with *, Table S1). At concentrations of 1 pM and 100
nM, 10LR-b showed higher intracellular uptake than siRNA
administrated via the lipofection method (Fig. 4a). In addition,
5LR-a and 5LR-b resulted in cell uptake efficiency of
approximately 40% that of lipofection. CLSM imaging analysis
showed that after 10 min, 5LR-b was localized mainly in the
cytoplasm, not in the endosome (Fig. 4b), similar to the results
for the LD-modified DNA 5LD. In contrast, NR transfected by
lipofection was co-localized mainly with the endosome even
after 1 h (Fig. 4c). Next, various inhibitors were tested to
investigate the cellular uptake mechanism. First, the intracellular
uptake of 5LR-b was significantly inhibited by both DTNB and
iodoacetate, which indicated thiols on the cell surface have a
critical role for the internalization of 5LR-b (Fig. 4d). Second, the
intracellular uptake of 5LR-b was not inhibited by three kinds of
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endocytosis inhibitors, although the uptake of NR with lipofection
was significantly inhibited (Fig. S6). These inhibition experiments
suggested that 5LR may be directly introduced into the
cytoplasm via disulfide bond formation on the cell surface, which
indicated the mechanism is different from classical endocytosis
internalization. Similarly, to the experiments with antisense DNA,
the gene silencing effect of LD-modified siRNA was evaluated
using Hel a cells stably expressing the luciferase gene (Fig. 4e).
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Figure 4. a-h Disulfide unit conjugation enhanced the cellular uptake and
knockdown effect of siRNA. a The cellular uptake of LD-conjugated siRNA
measured by flow cytometry. b The intracellular distribution of 5LR-b* and NR*
transfected by Lipofectamine 3000 after 10 min incubation or ¢ after 1 h
incubation. d Inhibitory assays for cellular uptake of 5LR-b* using DTNB and
iodoacetate. e Gene silencing effect of 5LR-a, 5LR-b, and 10LR-b in dual
luciferase assays. The luminescence signals for each sample were normalized
to conditions of no administration. f The real-time gPCR measurement of the
change in ApoB mRNA after 24 h administration of 5LR-ApoB. The
experiment was performed three times independently. Data are presented as
the mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001 versus controls; #P <
0.05, ##P < 0.01, ###P < 0.001 versus NR*/Lipo, NR/Lipo or NR-ApoB/Lipo.
MFI is the abbreviation for mean fluorescence intensity. Sequence names
marked with * means that the sequence is fluorescently-labelled. g Knock-
down effect for ApoB by Western-blotting assay. h The quantitative analysis of
ApoB protein expression normalized by B-actin. Western blot experiment was
performed two times independently.

At both concentrations of 1 yM and 100 nM, 5LR-a and 5LR-b
showed a higher silencing effect than ON administrated via
lipofection. Interestingly, 5LR-b, which has LD units on the same
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sides of the double-stranded RNA, showed a higher silencing
effect than 5LR-a. Therefore, we concluded that 5LR-b was the
optimal molecular design. The stability of 5SLR-b in serum was
evaluated (Figs. 5a, b). After 30 min, the canonical siRNA (NR)
had completely disappeared, whereas 72% of 5LR-b remained.
Since degradation of siRNA in serum is one of major clearance
pathways,'¥ this result indicated that LD modification would like
to be beneficial for in vivo applications of siRNA also in terms of
biostability. Compared with classical nanoparticle system (e.g.
liposomes), the stabilization effect might be weaker, but still
many advantages such as efficient cytosolic delivery, low toxicity,
and defined molecular composition would surpass this inferiority.

a
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&
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Figure 5. Stability of 5LR-b. a Non-denaturing PAGE analysis of the digestion
reaction with 10% human serum at different incubation times. b Band intensity
analysis of a.

Finally, siRNA targeting the endogenous gene ApoB
(Apolipoprotein B) was designed and the RNAi effect was
evaluated (Figs. 4f-h).2% Inhibition of ApoB expression lowers
the levels of low-density lipoprotein (LDL), enabling the
treatment of familial hyper-cholesterolemia. siRNA (5LR-ApoB)
was designed by introducing five repeats of LD units at the 3’
end of the guide strand and the 5’ end of the passenger strand
of the siRNA (Fig. 2b). The expression level of ApoB mRNA was
quantitatively analyzed using real-time PCR after the
transfection. When 100-nM siRNA was used, 5LR-ApoB
showed an inhibitory effect of 70% or greater, which was
comparable to that of lipofection-mediated siRNA. In addition,
comparable silencing effect for ApoB was confirmed by
Western-blotting assays (Figs. 4g, h).

In summary, we have successfully developed a new method for
universally enhancing the cellular uptake of ONs. The key
disulfide moieties can be introduced easily based on
phosphoramidite chemistry at any position in the ONs with the
desired number of repeats, which widens the range of the
molecular design. The disulfide-modified ONs were efficiently
distributed in the cytoplasm, where the target mMRNA molecules
exist, within 10 min, and showed silencing effects superior or
comparable to those of lipofection-mediated ONs, notably with
no cytotoxicity. Additionally, our new method circumvents critical
problems associated with the conventional methods for cellular
uptake enhancement and thus should be suitable for clinical
applications. Further studies of applications in vivo are underway
in our group.

Acknowledgements

This work was supported by CREST [JPMJCR18S1], Japan
Agency of Science and Technology (JST), and Japan Society for
the Promotion of Science (JSPS) [Grant-in-Aid for Scientific
Research (B), 16KT0052 to H.A., 25282240 to H.A.] and

10.1002/anie.201900993

WILEY-VCH

Scientific Research on Innovative Areas 2707 Middle Molecular
Strategy [18H04398 to H.A] from MEXT, and also by the Otsuka
Toshimi Scholarship Foundation to Z. S. Victoria Muir, PhD,
from Edanz Group (www.edanzediting.com/ac) edited a draft of
this manuscript.

Keywords: cellular uptake ¢ antisense  siRNA * cytosolic
delivery ¢ disulfide

[1] (a) J. C. Burnett, J. J. Rossi, Chemistry & Biology 2012, 19, 60-71; (b)
A. A. Farooqi, Z. U. Rehman, J. Muntane, Oncotargets and Therapy
2014, 7, 2035-2042; (c) V. K. Sharma, P. Rungta, A. K. Prasad, RSC
Advances 2014, 4, 16618-16631; (d) G. Ozcan, B. Ozpolat, R. L.
Coleman, A. K. Sood, G. Lopez-Berestein, Advanced Drug Delivery
Reviews 2015, 87, 108-119; (e) A. Wittrup, J. Lieberman, Nature
Reviews Genetics 2015, 16, 543-552; (f) A. R. MacLeod, S. T. Crooke,
Journal of Clinical Pharmacology 2017, 57, S43-S59.

[2] S. F. Dowdy, Nature Biotechnology 2017, 35, 222-229.

[3] R. L. Juliano, Nucleic Acids Research 2016, 44, 6518-6548.

[4] (a) K. Buyens, S. C. De Smedt, K. Braeckmans, J. Demeester, L.
Peeters, L. A. van Grunsven, X. d. M. du Jeu, R. Sawant, V. Torchilin,
K. Farkasova, M. Ogris, N. N. Sanders, Journal of Controlled Release
2012, 158, 362-370; (b) K. K. Ewert, A. Zidovska, A. Ahmad, N. F.
Bouxsein, H. M. Evans, C. S. McAllister, C. E. Samuel, C. R. Safinya,
Topics in Current Chemistry 2010, 296, 191-226; (c) Q. Lin, J. Chen, Z.
Zhang, G. Zheng, Nanomedicine 2014, 9, 105-120; (d) H. Y. Xue, P.
Guo, W.-C. Wen, H. L. Wong, Current Pharmaceutical Design 2015, 21,
3140-3147.

[5] F. Sakurai, R. Inoue, Y. Nishino, A. Okuda, O. Matsumoto, T. Taga, F.
Yamashita, Y. Takakura, M. Hashida, Journal of Controlled Release, :
2000, 66, 255-269.

[6] J. O. Radler, I. Koltover, T. Salditt, C. R. Safinya, Science 1997, 275,
810-814.

[7] (a) M. Gooding, L. P. Browne, F. M. Quinteiro, D. L. Selwood, Chemical
Biology & Drug Design 2012, 80, 787-809; (b) H. Margus, K. Padari, M.
Pooga, Molecular Therapy 2012, 20, 525-533; (c) M. Pooga, U.
Soomets, M. Hallbrink, A. Valkna, K. Saar, K. Rezaei, U. Kahl, J. X.
Hao, X. J. Xu, Z. Wiesenfeld-Hallin, T. Hokfelt, T. Bartfai, U. Langel,
Nature biotechnology 1998, 16, 857-861; (d) J. J. Turner, A. A.
Arzumanov, M. J. Gait, Nucleic Acids Research 2005, 33, 27-42; (e) J.
J. Turner, G. D. Ivanova, B. Verbeure, D. Williams, A. A. Arzumanov, S.
Abes, B. Lebleu, M. J. Gait, Nucleic Acids Research 2005, 33, 6837-
6849; (f) N. Bendifallah, F. W. Rasmussen, V. Zachar, P. Ebbesen, P.
E. Nielsen, U. Koppelhus, Bioconjugate Chemistry 2006, 17, 750-758.

[8] K. Saar, M. Lindgren, M. Hansen, E. Eiriksdéttir, Y. Jiang, K.
Rosenthal-Aizman, M. Sassian, U. Langel, Analytical Biochemistry
2005, 345, 55-65.

[9] B. R. Meade, S. F. Dowdy, Advanced Drug Delivery Reviews 2007, 59,
134-140.

[10] (a) M. DiFiglia, M. Sena-Esteves, K. Chase, E. Sapp, E. Pfister, M.
Sass, J. Yoder, P. Reeves, R. K. Pandey, K. G. Rajeev, M. Manoharan,
D. W. Y. Sah, P. D. Zamore, N. Aronin, Proceedings of the National
Academy of Sciences 2007, 104, 17204-17209; (b) J. Soutschek, A.
Akinc, B. Bramlage, K. Charisse, R. Constien, M. Donoghue, S.
Elbashir, A. Geick, P. Hadwiger, J. Harborth, M. John, V. Kesavan, G.
Lavine, R. K. Pandey, T. Racie, K. G. Rajeev, |. Rohl, I. Toudjarska, G.
Wang, S. Wuschko, D. Bumcrot, V. Koteliansky, S. Limmer, M.
Manoharan, H.-P. Vornlocher, Nature 2004, 432, 173; (c) C. Wolfrum, S.
Shi, K. N. Jayaprakash, M. Jayaraman, G. Wang, R. K. Pandey, K. G.
Rajeev, T. Nakayama, K. Charrise, E. M. Ndungo, T. Zimmermann, V.
Koteliansky, M. Manoharan, M. Stoffel, Nature Biotechnology 2007, 25,
1149.

[11] R. L. Juliano, Nucleic Acids Research 2016, 44, 6518-6548.

[12] (a) Y. Huang, Molecular Therapy. Nucleic Acids 2017, 6, 116-132; (b) S.
Matsuda, K. Keiser, J. K. Nair, K. Charisse, R. M. Manoharan, P.
Kretschmer, C. G. Peng, A. V. Kelin, P. Kandasamy, J. L. S.
Willoughby, A. Liebow, W. Querbes, K. Yucius, T. Nguyen, S. Milstein,

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

(3]

[14]

M. A. Maier, K. G. Rajeev, M. Manoharan, ACS Chemical Biology 2015,
10, 1181-1187; (c) J. K. Nair, J. L. S. Willoughby, A. Chan, K. Charisse,
M. R. Alam, Q. Wang, M. Hoekstra, P. Kandasamy, A. V. Kel'in, S.
Milstein, N. Taneja, J. O’Shea, S. Shaikh, L. Zhang, R. J. van der Sluis,
M. E. Jung, A. Akinc, R. Hutabarat, S. Kuchimanchi, K. Fitzgerald, T.
Zimmermann, T. J. C. van Berkel, M. A. Maier, K. G. Rajeev, M.
Manoharan, Journal of the American Chemical Society 2014, 136,
16958-16961; (d) K. G. Rajeev, J. K. Nair, M. Jayaraman, K. Charisse,
N. Taneja, J. O'Shea, J. L. S. Willoughby, K. Yucius, T. Nguyen, S.
Shulga-Morskaya, S. Milstein, A. Liebow, W. Querbes, A. Borodovsky,
K. Fitzgerald, M. A. Maier, M. Manoharan, ChemBioChem 2015, 16,
903-908.

(a) M. Dominska, D. M. Dykxhoorn, Journal of Cell Science 2010, 123,
1183-1189; (b) A. K. Varkouhi, M. Scholte, G. Storm, H. J. Haisma,
Journal of Controlled Release 2011, 151, 220-228; (c) H. K. Shete, R.
H. Prabhu, V. B. Patravale, Journal of Nanoscience and
Nanotechnology 2014, 14, 460-474.

(a) S. Aubry, F. Burlina, E. Dupont, D. Delaroche, A. Joliot, S. Lavielle,
G. Chassaing, S. Sagan, FASEB journal, 2009, 23, 2956-2967; (b) N.
Chuard, G. Gasparini, D. Moreau, S. Lorcher, C. Palivan, W. Meier, N.
Sakai, S. Matile, Angewandte Chemie International Edition, 2017, 56,
2947-2950; (c) L. Zong, E. Bartolami, D. Abegg, A. Adibekian, N. Sakai,
S. Matile, ACS Central Science 2017, 3, 449-453; (d) J. Mosquera, |.

(18]

[16]

171

(18]

[19]

[20]

10.1002/anie.201900993

WILEY-VCH

Garcia, L. M. Liz-Marzan, Accounts of Chemical Research 2018, 51,
2305-2313.

D. Abegg, G. Gasparini, D. G. Hoch, A. Shuster, E. Bartolami, S. Matile,
A. Adibekian, Journal of the American Chemical Society 2017, 139,
231-238.

Y. Xu, H. Y. Zhang, D. Thormeyer, O. Larsson, Q. Du, J. Elmen, C.

Wabhlestedt, Z. Liang, Biochemical and Biophysical Research
Communications 2003, 306, 712-717.
G. Gasparini, G. Sargsyan, E. K. Bang, N. Sakai, S. Matile,

Angewandte Chemie International Edition, 2015, 54, 7328-7331.

(a) A. G. Torres, M. J. Gait, Trends in Biotechnology 2012, 30, 185-190;
(b) G. Gasparini, E.-K. Bang, J. Montenegro, S. Matile, Chemical
Communications 2015, 51, 10389-10402.

(a) S. Choung, Y. J. Kim, S. Kim, H.-O. Park, Y.-C. Choi, Biochemical
and Biophysical Research Communications 2006, 342, 919-927; (b) J.
Haupenthal, C. Baehr, S. Kiermayer, S. Zeuzem, A. Piiper, Biochemical
Pharmacology 2006, 71, 702-710.

J. Soutschek, A. Akinc, B. Bramlage, K. Charisse, R. Constien, M.
Donoghue, S. Elbashir, A. Geick, P. Hadwiger, J. Harborth, M. John, V.
Kesavan, G. Lavine, R. K. Pandey, T. Racie, K. G. Rajeev, |. Rohl, I.
Toudjarska, G. Wang, S. Wuschko, D. Bumcrot, V. Koteliansky, S.
Limmer, M. Manoharan, H. P. Vornlocher, Nature 2004, 432, 173-178.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

COMMUNICATION

Oligo-disulfide Magic!

Disulfide conjugation with antisense
DNA and siRNA enabled efficient and
ultrafast cytosolic uptake of these
bioactive  oligonucleotides  without
toxicity. The new method represented
herein solved the long-standing
problems of various oligonucleotide
delivery methods and should enhance
therapeutic applications of antisense
DNA and siRNA.
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Disulfide-unit conjugation enables
ultrafast cytosolic internalization of
antisense DNA and siRNA

This article is protected by copyright. All rights reserved.



