Drug Delivery

Ang

Internatic

International Edition: DOI: 10.1002/anie.201504661
German Edition: DOI: 10.1002/ange.201504661

'55 Switchable Lipids: Conformational Change for Fast pH-Triggered

N Cytoplasmic Delivery**

~ Warren Viricel, Amira Mbarek, and Jeanne Leblond*

Abstract: We report the use of switchable lipids to improve the
endosomal escape and cytosolic delivery of cell-impermeable
compounds. The system is based on a conformational reor-
ganization of the lipid structure upon acidification, as demon-
strated by NMR spectroscopic studies. When incorporated in
a liposome formulation, the switchable lipids triggered bilayer
destabilization through fusion even in the presence of poly-
(ethylene glycol). We observed 88 % release of sulforhodami-
neB in 15min at pHS5, and the liposome formulations
demonstrated high stability at pH 7.4 for several months. By
using sulforhodamine B as a model of a highly polar drug, we
demonstrated fast cytosolic delivery mediated by endosomal
escape in Hel a cells, and no toxicity.

P recise intracellular delivery is essential for the bioactivity
of many classes of bioactive macromolecules, for example,
anticancer drugs that must overcome cancer resistance
mechanisms or siRNA that must reach the cytosol of target
cells.'! Smart delivery systems capitalize on local changes in
the physiological environment to provide stimuli-responsive
properties and targeted drug delivery.” In particular, pH-
sensitive liposomes improve the cytosolic delivery of drugs by
supporting endosomal escape after endocytosis,”! which to
date remains an obstacle to DNA delivery.”

It is possible to introduce pH sensitivity by including
hydrolyzable linkages within the lipid structure.”) The main
difficulty with this strategy is to achieve degradation within
the time scale of endosomal maturation, which is under
1 h.B® Over the past decade, this issue has fostered the
development of fast-response escape strategies, including the
addition of fusogenic peptides,” titratable polyanions® or
charge-switching lipids” to liposomes. Unfortunately, such
strategies often fail in the presence of poly(ethylene glycol)
(PEG), which is necessary to improve circulation times.?>!%
Limited approaches consolidate fast-responding pH sensitiv-
ity and PEGylation®™ ' and thus show much promise for
translation to the clinic."”

The switchable lipids reported herein function on the basis
of a molecular switch. Molecular switches are dynamic
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devices designed to change conformation in response to
stimuli, such as certain pH values, light, or ions."® Such
systems have been largely explored in sensing, but have only
recently been considered for biological applications.""! We
previously reported a pH-responsive molecular tweezer able
to bind and release a substrate in a pH-dependent fashion.™”!
In this study, we constructed lipidlike switches that can
integrate into the structure of liposomes (Figure 1 A). It was
hypothesized that, upon protonation, hydrogen-bonding
opportunities would favor a change in the relative orientation
of the hydrocarbon chains of the switchable lipids, which
would disturb the lipid packing of the liposomes, provoke the
release of their cargo, and confer endosomal-escape proper-
ties (Figure 1B). The aim of this study was to optimize
a PEGylated liposomal preparation to have fast-responding
(<30 min) lipidic-bilayer-destabilization properties and
endosomal-escape capabilities at acidic pH values (5-5.5)['
while remaining stable at the blood pH value of 7.4.

We introduced two alkyl chains on a di(methoxyphenyl)-
pyridine pH-switchable unit and added a polar headgroup at
the para position to the pyridine N atom to obtain lipidlike
switches (see Figures S1-S5 in the Supporting Information for
structures and synthetic details). Insilico predictions indi-
cated that the pKa value of the pyridine ring was strongly
dependent on the nature of the headgroup (Figure 1A).
Three headgroups were selected to cover a wide range of
pKa,,, values.

The conformational change of lipid 2 was examined by
'H NMR titration (Figure 2). Lipid 4, a non-methoxylated
derivative of lipid 2 that is unable to switch and lock its
conformation at acidic pH values, was also subjected to
"H NMR titration. In both cases, protonation of the pyridine
ring affected the Hs,, atom, which was drastically deshielded
when the pH value decreased. Similar behavior was also
observed for switchable lipids 3 and its analogue with
a COOH headgroup and C(H,, alkyl groups (see Figure S7),
and had been observed for the previously reported molecular
tweezer.['”)

More notable is the behavior of the H, atom. For the non-
methoxylated lipid 4, the H, atom facing the pyridine nitrogen
atom became shielded upon protonation of this nitrogen atom
(Figure 2 B). Interestingly, this effect was not observed for the
switchable lipid 2 (Figure 2 A), thus suggesting that rotation
about the C,yigine=Cphenyt bond occurred to move the H, atom
away from the NH™ group and counterbalance the shielding
effect. The conformational change of switchable lipid 2 was
further confirmed by nuclear Overhauser cross-relaxation
spectroscopy (see Figure S8).

The switchable lipids 1-4 and two others with the head-
group N(CHj;), and either C¢H, or C;H, chains were

Wiley Online Library

die

Chemie

12743


http://dx.doi.org/10.1002/ange.201504661
http://dx.doi.org/10.1002/anie.201504661
http://dx.doi.org/10.1002/anie.201504661

Angewandte

Communications

-~

PROTONATION
& $
CONFORMATIONAL CHANGE ?
».

LIPIDIC-BILAYER DESTABILIZATION

on a conformational change,
such as carboxylated poly-
mers and pH-sensitive pepti-
des,®>'l but contrast with
those observed for hydrolyz-
able linkages, which require
hours to release their con-
tent.*!¥ The contribution of
4 the conformational change
to the destabilization of the
liposomal bilayer was fur-

ther confirmed by the
-‘ -COOH |-N(CH3), | -NH, removal of 2 from the prep-
aration or its replacement
in silico . . .
. 3.15 5.28 7.05 with 4, which abolished the
LSS 4 pKapy"dme release of sulforhodamine B
LIPID STACKING Switchable-| 2 3 (Figure 3B).
lipid name Responsive release from

B

SWITCHABLE DSPC

ST
SR

DSPE-PEG
2000

P

PACKED LIPOSOME BILAYER
encapsulated drug

Figure 1. Graphical representation of the liposomal pH-sensitive delivery system based on a conformational
switch. A) Protonation-induced conformational change of the pH-sensitive switchable lipids. B) Disruption of
the lipidic bilayer of the liposome upon acidification, leading to drug release and endosome destabilization.
DSPC=1,2-dioctadecanoyl-sn-glycero-3-phosphocholine, DSPE-PEG,y, = N-(carbonyl-methoxypolyethylenegly-

col 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine.

incorporated in liposomal preparations at 25, 50, or 75 mol %
along with the colipids DSPC and DSPE-PEG,, (5 mol %).
All liposome formulations exhibited a hydrodynamic diam-
eter below 200 nm. HPLC analysis of purified liposomes
confirmed the integration of 75-95 % of the switchable lipids
into the liposome membrane (see Table S9). With the
exception of lipid 3, whose pKa,,, value is close to pH 7.4,
all preparations were stable for over 3 months when stored at
4°C.

The disturbance properties of the switchable lipids were
studied by monitoring the pH-triggered release of the
encapsulated sulforhodamine B dye. Total release was
observed within 5min at pH 4.5 with 75 mol% of 2 (Fig-
ure 3A). The rate of release increased as the pH value
decreased and as the content of the switchable lipid in the
formulation increased (Figure 3A,B; see also Figure S10).
These fast kinetic results are common to other systems based
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liposomes incorporating 2
took place from pH 6.5 and
was observable over about 2
pH units (Figure 3C). Sig-
. moidal fitting of the pH-
dependent leakage profile
allowed the estimation of
a pKa,, value of 5.50, in
agreement with the in silico
prediction of 5.28.

Structure—activity rela-
tionships  revealed that
other headgroups were less
suitable for  endosomal
escape: liposomes with lipid
1 (COOH headgroup) were
unable to destabilize the lip-
osome bilayer even at pH 3.5
(see Figure S11), whereas
liposomes with lipid 3 (NH,
headgroup) were unstable at
pH 7.4 (see Table S9). Fur-
thermore, no impact of the
alkyl chain was evidenced,
since all preparations incorporating N,N-dimethyl-based
switchable lipids (C,oH,, alkyl groups; C,,H,s alkyl groups
(lipid 2); C;,H,, alkyl groups) exhibited similarly efficient and
quick pH-triggered release (see Figure S12). These experi-
ments confirm the in silico predictions and suggest that the
pKa value of the system can be tuned by the nature of the
headgroup, but not by the chain length.

The fusogenic properties of liposomes are usually
restricted by the presence of PEG."*""! In the present
study, pH-triggered release occurred in the presence of
DSPE-PEG,, (5 mol%). To better understand the release
mechanism at play, we conducted lipid-mixing assays with
pH-sensitive liposomes containing the switchable lipid 2
labeled with octadecyl rhodamine B (R18) and model unla-
beled phospholipid vesicles (Figure 3D)."*"! Dequenching,
which is indicative of lipid mixing, occurred within minutes
under acidic conditions in the presence of lipid 2. In contrast,
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Figure 2. NMR titration experiments investigating the pH-dependent
conformational change of A) the switchable lipid 2 and B) its non-
methoxylated counterpart 4.

only limited dequenching was observed at pH 7.4 or when
lipid 2 was removed or replaced with lipid 4. An increase in
the ratio of unlabeled liposomes favored interliposomal
fusion and resulted in increased lipid mixing (see Fig-
ure S13B). These results confirm the fusogenic properties of
switchable lipids and their compatibility with PEG shielding,
thus highlighting their high in vivo potential.

To verify our hypothesis of endosomal escape and
cytosolic delivery, we used fluorescence microscopy to inves-
tigate the intracellular trafficking observed with the pH-
sensitive delivery system. Sulforhodamine B was chosen as
a hydrophilic model drug because it retains its charges at
endosomal pH values and is therefore unable to cross the
cytoplasmic and endosomal membranes on its own.”!! HeLa
cells were incubated for 1, 2, and 4h with liposomes
incorporating the switchable lipid 2 (50 mol %) and loaded
with sulforhodamine B (Figure 4). After 1h, a strong punc-
tate colocalization of sulforhodamine B and LysoTracker
showed that the liposomes were internalized through the
endosomal pathway. A Manders colocalization coefficient
(MCC) of 0.80 confirmed this observation. After 2 and 4 h,
cells showed both punctate and diffuse red fluorescence
throughout their cytoplasm, as evidenced by the significant
drop in the MCC value (to 0.28 and 0.29, respectively). As
a control, liposomes without 2 were unable to escape the
endosomal pathway, as the MCC value remained unchanged
at the end of the 4 h incubation period (see Figure S14B).
Unsurprisingly, the incubation of cells with free sulforhoda-
mine B for 4 h resulted in the absence of red fluorescence (see
Figure S14C): a reminder of the critical need for active
delivery for hydrophilic drugs. Altogether, these results
confirm that our delivery system based on a pH-triggered
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Figure 3. A) Kinetic profiles of sulforhodamine B release for the formu-
lation incorporating the switchable lipid 2 (75 mol %). B) Sulforhoda-
mine B leakage from liposome preparations incorporating the switch-
able lipid 2 (25-75 mol %), no switchable lipid, or the non-methoxy-
lated switchable lipid 4 (50 mol %) after incubation for 15 min under
neutral or acidic conditions. C) Leakage from the liposomal formula-
tion incorporating the switchable lipid 2 (75 mol %) after incubation
for 15 min at various pH values. D) R18 lipid-mixing experiments with
liposomal formulations incorporating the switchable lipid 2

(50 mol %), no switchable lipid, or the non-methoxylated switchable
lipid 4 (50 mol %) after incubation for 15 min under neutral or acidic
conditions.

conformational change enables fast and efficient endosomal
escape.

In parallel, we examined the cytotoxicity of the pH-
sensitive liposome formulation on HeLa cells and its hemo-
lytic activity on human red blood cells (see Figure S15). No
toxicity or hemolytic activity were observed up to a concen-
tration of 500 um, thus hinting at the safety of this system for
systemic injection.
www.angewandte.org
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Figure 4. Fluorescence microscopy images of Hela cells after incuba-
tion for 1, 2, and 4 h with the pH-sensitive formulation (switchable
lipid 2, 50 mol %) loaded with sulforhodamine B. Scale bar: 20 um.

In summary, a new pH-sensitive liposomal delivery system
was developed by the use of switchable lipids that change
conformation upon endosomal acidification. The liposomes
quickly delivered a highly polar compound to the cytosol
through efficient endosomal escape and remained effective
despite the presence of a PEG corona at their surface. Such
lipids can readily be included in existing liposomal formula-
tions to enhance the intracytosolic bioavailability of hydro-
philic drugs and nucleic acids.

Keywords: conformational change - drug delivery -
endosomal escape - liposomes - pH responsiveness

How to cite: Angew. Chem. Int. Ed. 2015, 54, 1274312747
Angew. Chem. 2015, 127, 12934-12938

[1] a) O. C. Farokhzad, R. Langer, ACS Nano 2009, 3,16-20; b) T.
Sun, Y. S. Zhang, B. Pang, D. C. Hyun, M. Yang, Y. Xia, Angew.
Chem. Int. Ed. 2014, 53,12320-12364; Angew. Chem. 2014, 126,
12520-12568; ¢) Q. Yin, J. Shen, Z. Zhang, H. Yu, Y. Li, Adv.
Drug Delivery Rev. 2013, 65, 1699-1715; d) R. Kanasty, J. R.
Dorkin, A. Vegas, D. Anderson, Nat. Mater. 2013, 12, 967-977.

[2] a) V. P. Torchilin, Nat. Rev. Drug Discovery 2014, 13, 813 -827,
b) T. Nakamura, H. Akita, Y. Yamada, H. Hatakeyama, H.
Harashima, Acc. Chem. Res. 2012, 45, 1113-1121; ¢) S. Mura, J.
Nicolas, P. Couvreur, Nat. Mater. 2013, 12, 991-1003; d) R.
Lehner, X. Wang, M. Wolf, P. Hunziker, J. Controlled Release
2012, /61, 307 -316.

[3] a) W. Gao, J. M. Chan, O. C. Farokhzad, Mol. Pharm. 2010, 7,
1913-1920; b) T. M. Allen, P. R. Cullis, Adv. Drug Delivery Rev.
2013, 65, 36-48; c) S. Simoes, J. N. Moreira, C. Fonseca, N.

(4]

5

—_

6

[t}

(7]

(8]

]

[10]

[13

—

[14]

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Diizgiines, M. C. Pedroso de Lima, Adv. Drug Delivery Rev.
2004, 56, 947 —965.

a) C. Marchini, D. Pozzi, M. Montani, C. Alfonsi, A. Amici, S.
Candeloro De Sanctis, M. A. Digman, S. Sanchez, E. Gratton,
H. Amenitsch, A. Fabbretti, C. O. Gualerzi, G. Caracciolo,
Cancer Gene Ther. 2011, 18, 543-552; b) S. R. Paliwal, R.
Paliwal, S. P. Vyas, Drug Delivery 2015, 22, 231 -242.

a) A. G. Kohli, P. H. Kierstead, V. J. Venditto, C. L. Walsh, F. C.
Szoka, J. Controlled Release 2014, 190,274 —-287;b) X.-X. Zhang,
T.J. MclIntosh, M. W. Grinstaff, Biochimie 2012, 94, 42-58;
c) P T. Wong, S.K. Choi, Chem. Rev. 2015, 115, 3388-3432;
d) C. L. Chan, R. N. Majzoub, R.S. Shirazi, K. K. Evert, K. S.
Liang, C. R. Safinya, Biomaterials 2012, 33, 4928 —4935.

a) R. Tachibana, H. Harashima, M. Shono, M. Azumano, M.
Niwa, S. Futaki, H. Kiwada, Biochem. Biophys. Res. Commun.
1998, 251, 538-544; b) T. Yoshimura, M. Shono, K. Imai, K.
Hong, J. Biochem. 1995, 117,34 -41; c) J. Shin, P. Shum, J. Grey,
S. Fujiwara, G. S. Malhotra, A. Gonzélez-Bonet, S.-H. Hyun, E.
Moase, T. M. Allen, D. H. Thompson, Mol. Pharm. 2012, 9,
3266-3276.

a) R. Mo, T. Jiang, Z. Gu, Angew. Chem. Int. Ed. 2014, 53,5815 -
5820; Angew. Chem. 2014, 126, 5925-5930; b) J. O. Onyango,
M. S. Chung, C.-H. Eng, L. M. Klees, R. Langenbacher, L. Yao,
M. An, Angew. Chem. Int. Ed. 2015, 54, 3658 -3663; Angew.
Chem. 2015, 127,3729-3734; c¢) J. P. M. Motion, J. Nguyen, F. C.
Szoka, Angew. Chem. Int. Ed. 2012, 51, 9047-9051; Angew.
Chem. 2012, 124, 9181-9185; d) L. D. Field, J. B. Delehanty, Y.
Chen, I. L. Medintz, Acc. Chem. Res. 2015, 48,1380-1390; ¢) K.
Boeneman, J. B. Delehanty, J. B. Blanco-Canosa, K. Susumu,
M. H. Stewart, E. Oh, A. L. Huston, G. Dawson, S. Ingale, R.
Walters, M. Domowicz, J.R. Deschamps, W.R. Algar, S.
DiMaggio, J. Manono, C. M. Spillmann, D. Thompson, T. L.
Jennings, P. E. Dawson, I. L. Medintz, ACS Nano 2013, 7, 3778 -
3796.

a) M. A. Quadir, S. W. Morton, Z.J. Deng, K. E. Shopsowitz,
R. P. Murphy, T. H. Epps, P. T. Hammond, Mol. Pharm. 2014, 11,
2420-2430; b) E. Yuba, A. Harada, Y. Sakanishi, K. Kono, J.
Controlled Release 2011, 149, 72—-80; c) E. Yuba, N. Tajima, Y.
Yoshizaki, A. Harada, H. Hayashi, K. Kono, Biomaterials 2014,
35, 3091-3101; d) A. E. Felber, M.-H. Dufresne, J.-C. Leroux,
Adv. Drug Delivery Rev. 2012, 64, 979-992.

a) X.-X. Zhang, C. A. H. Prata, J. A. Berlin, T. J. McIntosh, P.
Barthelemy, M. W. Grinstaff, Bioconjugate Chem. 2011, 22, 690 —
699; b) S. C. Semple et al., Nat. Biotechnol. 2010, 28, 172-176;
c) T. Gjetting, R. 1. Jglck, T.L. Andresen, Adv. Healthcare
Mater. 2014, 3, 1107-1118.

a) S. Mishra, P. Webster, M. E. Davis, Eur. J. Cell Biol. 2004, 83,
97-111; b) K. Knop, R. Hoogenboom, D. Fischer, U. S. Schu-
bert, Angew. Chem. Int. Ed. 2010, 49, 6288 —6308; Angew. Chem.
2010, 722, 6430-6452; c) H. Xu, J. W. Paxton, Z. Wu, Pharm.
Res. 2015, 32, 2428 -2438.

a) X. Liu, Y. Zheng, N. M. Samoshina, A. H. Franz, X. Guo, V. V.
Samoshin, J. Liposome Res. 2012, 22, 319-328; b) E. Mama-
sheva, C. O’Donnell, A. Bandekar, S. Sofou, Mol. Pharm. 2011,
8, 2224-2232.

a) Y. Dong et al., Proc. Natl. Acad. Sci. USA 2014, 111, 3955-
3960; b) B. Schultheis, D. Strumberg, A. Santel, C. Vank, F.
Gebhardt, O. Keil, C. Lange, K. Giese, J. Kaufmann, M. Khan, J.
Drevs, J. Clin. Oncol. 2014, 32, 4141 -4148.

a) J. Leblond, A. Petitjean, ChemPhysChem 2011, 12, 1043 -
1051; b) M. Hardouin-Lerouge, P. Hudhomme, M. Sallé,
Chem. Soc. Rev. 2010, 40, 30-43.

a) D. Bier, R. Rose, K. Bravo-Rodriguez, M. Bartel, J. M.
Ramirez-Anguita, S. Dutt, C. Wilch, F.-G. Klarner, E. Sanchez-
Garcia, T. Schrader, C. Ottmann, Nat. Chem. 2013, 5, 234 -239;
b) V. V. Samoshin, Biomol. Concepts 2014, 5, 131-141.

Angew. Chem. Int. Ed. 2015, 54, 12743 12747


http://dx.doi.org/10.1021/nn900002m
http://dx.doi.org/10.1002/ange.201403036
http://dx.doi.org/10.1002/ange.201403036
http://dx.doi.org/10.1016/j.addr.2013.04.011
http://dx.doi.org/10.1016/j.addr.2013.04.011
http://dx.doi.org/10.1038/nmat3765
http://dx.doi.org/10.1038/nrd4333
http://dx.doi.org/10.1021/ar200254s
http://dx.doi.org/10.1038/nmat3776
http://dx.doi.org/10.1016/j.jconrel.2012.04.040
http://dx.doi.org/10.1016/j.jconrel.2012.04.040
http://dx.doi.org/10.1021/mp100253e
http://dx.doi.org/10.1021/mp100253e
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2003.10.038
http://dx.doi.org/10.1016/j.addr.2003.10.038
http://dx.doi.org/10.1038/cgt.2011.12
http://dx.doi.org/10.3109/10717544.2014.882469
http://dx.doi.org/10.1016/j.jconrel.2014.04.047
http://dx.doi.org/10.1016/j.biochi.2011.05.005
http://dx.doi.org/10.1021/cr5004634
http://dx.doi.org/10.1016/j.biomaterials.2012.03.038
http://dx.doi.org/10.1006/bbrc.1998.9460
http://dx.doi.org/10.1006/bbrc.1998.9460
http://dx.doi.org/10.1021/mp300326z
http://dx.doi.org/10.1021/mp300326z
http://dx.doi.org/10.1002/anie.201400268
http://dx.doi.org/10.1002/anie.201400268
http://dx.doi.org/10.1002/ange.201400268
http://dx.doi.org/10.1002/anie.201409770
http://dx.doi.org/10.1002/ange.201409770
http://dx.doi.org/10.1002/ange.201409770
http://dx.doi.org/10.1002/anie.201204198
http://dx.doi.org/10.1002/ange.201204198
http://dx.doi.org/10.1002/ange.201204198
http://dx.doi.org/10.1021/ar500449v
http://dx.doi.org/10.1021/nn400702r
http://dx.doi.org/10.1021/nn400702r
http://dx.doi.org/10.1021/mp500162w
http://dx.doi.org/10.1021/mp500162w
http://dx.doi.org/10.1016/j.jconrel.2010.03.001
http://dx.doi.org/10.1016/j.jconrel.2010.03.001
http://dx.doi.org/10.1016/j.biomaterials.2013.12.024
http://dx.doi.org/10.1016/j.biomaterials.2013.12.024
http://dx.doi.org/10.1016/j.addr.2011.09.006
http://dx.doi.org/10.1021/bc1004526
http://dx.doi.org/10.1021/bc1004526
http://dx.doi.org/10.1038/nbt.1602
http://dx.doi.org/10.1002/adhm.201300503
http://dx.doi.org/10.1002/adhm.201300503
http://dx.doi.org/10.1078/0171-9335-00363
http://dx.doi.org/10.1078/0171-9335-00363
http://dx.doi.org/10.1002/anie.200902672
http://dx.doi.org/10.1002/ange.200902672
http://dx.doi.org/10.1002/ange.200902672
http://dx.doi.org/10.1007/s11095-015-1635-0
http://dx.doi.org/10.1007/s11095-015-1635-0
http://dx.doi.org/10.3109/08982104.2012.698420
http://dx.doi.org/10.1021/mp200079y
http://dx.doi.org/10.1021/mp200079y
http://dx.doi.org/10.1073/pnas.1322937111
http://dx.doi.org/10.1073/pnas.1322937111
http://dx.doi.org/10.1200/JCO.2013.55.0376
http://dx.doi.org/10.1002/cphc.201001050
http://dx.doi.org/10.1002/cphc.201001050
http://dx.doi.org/10.1038/nchem.1570
http://www.angewandte.org

[15] J. Leblond, H. Gao, A. Petitjean, J.-C. Leroux, J. Am. Chem. Soc.
2010, 732, 8544 —8545.

[16] J. R. Casey, S. Grinstein, J. Orlowski, Nat. Rev. Mol. Cell Biol.
2010, 77, 50-61.

[17] L. Yao, J. Daniels, D. Wijesinghe, O.A. Andreev, Y.K.
Reshetnyak, J. Controlled Release 2013, 167, 228 —-237.

[18] a) H.-K. Kim, J. Van den Bossche, S.-H. Hyun, D. H. Thompson,
Bioconjugate Chem. 2012, 23,2071 -2077;b) H. Chen, H. Zhang,
D. Thor, R. Rahimian, X. Guo, Eur. J. Med. Chem. 2012, 52,159 —
172; ¢) W. Chen, F. Meng, R. Cheng, Z. Zhong, J. Controlled
Release 2010, 142, 40-46.

[19] a) I. Tomatsu, H. R. Marsden, M. Rabe, F. Versluis, T. Zheng, H.
Zope, A. Kros, J. Mater. Chem. 2011, 21, 18927-18933; b) Z.

Angéwandte

Internatic

Vani¢, S. Barnert, R. Siiss, R. Schubert, J. Liposome Res. 2011,
22, 148-157.

[20] a) M. Musial-Siwek, A. Karabadzhak, O. A. Andreev, Y. K.
Reshetnyak, D. M. Engelman, Biochim. Biophys. Acta Bio-
membr. 2010, 1798,1041-1046;b) J. Fendos, F. N. Barrera, D. M.
Engelman, Biochemistry 2013, 52, 4595 —4604.

[21] R.J. Lee, S. Wang, M. J. Turk, P. S. Low, Biosci. Rep. 1998, 18,
69-78.

Received: May 22, 2015
Published online: July 17, 2015

Angew. Chem. Int. Ed. 2015, 54, 1274312747

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

12747


http://dx.doi.org/10.1021/ja103153t
http://dx.doi.org/10.1021/ja103153t
http://dx.doi.org/10.1038/nrm2820
http://dx.doi.org/10.1038/nrm2820
http://dx.doi.org/10.1016/j.jconrel.2013.01.037
http://dx.doi.org/10.1021/bc300266y
http://dx.doi.org/10.1016/j.ejmech.2012.03.013
http://dx.doi.org/10.1016/j.ejmech.2012.03.013
http://dx.doi.org/10.1016/j.jconrel.2009.09.023
http://dx.doi.org/10.1016/j.jconrel.2009.09.023
http://dx.doi.org/10.1039/c1jm11722j
http://dx.doi.org/10.1016/j.bbamem.2009.08.023
http://dx.doi.org/10.1016/j.bbamem.2009.08.023
http://dx.doi.org/10.1021/bi400252k
http://dx.doi.org/10.1023/A:1020132226113
http://dx.doi.org/10.1023/A:1020132226113
http://www.angewandte.org

