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a  b  s  t  r  a  c  t

The  purpose  of  this  study  is  to  propose  a suitable  vector  combining  increased  circulation  life-
time  and  intracellular  delivery  capacities  for a therapeutic  peptide.  Long  circulating  classical
liposomes  [SPC:CHOL:PEG-750-DSPE  (47:47:6  molar%  ratio)]  or  pH-sensitive  stealth  liposomes
[DOPE:CHEMS:CHOL:PEG750-DSPE  (43:21:30:6  molar%  ratio)]  were  used  to deliver  a therapeutic  pep-
tide  to  its  nuclear  site  of  action.  The  benefit  of  using  stealth  pH-sensitive  liposomes  was  investigated
and  formulations  were  compared  to classical  liposomes  in  terms  of size,  shape,  charge,  encapsulation
efficiency,  stability  and,  most  importantly,  in  terms  of  cellular  uptake.  Confocal  microscopy  and  flow
cytometry  were  used  to evaluate  the  intracellular  fate  of  liposomes  themselves  and  of  their  hydrophilic
encapsulated  material.  Cellular  uptake  of  peptide-loaded  liposomes  was  also  investigated  in  three  cell
lines:  Hs578t  human  epithelial  cells  from  breast  carcinoma,  MDA-MB-231  human  breast  carcinoma  cells
and WI-26  human  diploid  lung  fibroblast  cells.  The  difference  between  formulations  in  terms  of  peptide
delivery  from  the  endosome  to  the  cytoplasm  and  even  to the nucleus  was  investigated  as  a  function

of  time.  Characterization  studies  showed  that  both  formulations  possess  acceptable  size,  shape  and
encapsulation  efficiency  but  cellular  uptake  studies  showed  the  important  benefit  of  the  pH-sensitive
formulation  over  the  classical  one,  in  spite  of  liposome  PEGylation.  Indeed,  stealth  pH-sensitive  lipo-
somes  were  able  to deliver  hydrophilic  materials  strongly  to  the  cytoplasm.  Most  importantly,  when
encapsulated  in  pH-sensitive  stealth  liposomes,  the  peptide  was  able  to reach  the  nucleus  of  tumorigenic
and  non  tumorigenic  breast  cancer  cells.
. Introduction

Print3G is a putative antagonist of an oncoprotein involved in
reast cancer growth and invasion. Until now, only a few bio-

ogically active peptides have been successfully used in clinical
edicine. Indeed, administration of peptidic drugs presents sev-

ral disadvantages, related to their rapid elimination from the blood
irculation by the lymphatic system, their enzymatic degradation,
heir uptake by the reticulo-endothelial system (RES) and their non-
elective accumulation (Banga and Chien, 1988; Zhou and Li Wan
o, 1991; Torchilin, 2006; Katanasaka et al., 2008).
The necessity for intravenous administration of Print3G has
ed to the development of PEGylated liposomes as drug carri-
rs. Recently, several studies successfully explored the path of
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liposomes for the administration of several peptides (Katanasaka
et al., 2008; Hanato et al., 2009; Petrikovics et al., 2009). Liposomes,
spherical structures composed of one or several phospholipid bilay-
ers, possess many attractive characteristics for stabilizing peptidic
drugs and for improving their pharmacological properties. Being
biocompatible and biodegradable, liposomes cause no or very mild
antigenic, pyrogenic, allergic or toxic reactions. They can entrap
hydrophilic drugs within their aqueous compartment, lipophilic
compounds in their membrane or amphipathic drugs. First gen-
eration liposomes have been shown to be easily eliminated from
the bloodstream and to accumulate in the Kupfer cells in the liver
and in spleen macrophages (Klibanov et al., 2003). Therefore, the
strategy has been to graft polymers onto nanoparticles and par-
ticularly onto liposomal phospholipids with polyethylene glycol
(PEG). PEGs are synthetic, inert and biocompatible polymers, allow-
ing the formation of a protective layer on the particle surface and

providing protection against opsonization and capture by the RES
(Torchilin, 2009). The increase in circulation lifetime by PEGs was
demonstrated by Dos Santos et al., who  showed an increase in vas-
cular remanence for the surface-grafted PEG liposomes, preventing
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ggregation and building a steric barrier around the liposome, in
omparison with non-grafted vectors (Dos Santos et al., 2007).
hese two properties, namely the increase in circulation time and
he decrease in capture by the RES, explain the Enhanced Perme-
bility and Retention (EPR) effect, applicable to almost all rapidly
rowing solid tumors (Maeda et al., 2008). The enhanced extrava-
ations of macromolecules from blood vessels to tumor and their
etention within these tissues, due to the anatomical and per-
eability particularities of tumors, represent a phenomenon not

bserved in normal tissue, leading to a passive targeting towards
ffected tissues.

Print3G is a hydrophilic peptide composed of 25 natural amino
cids (M.W.  = 3000, pI = 11.1), freely soluble in water, as such it is
ncapsulated in the inner aqueous cavity of liposomes. The first
ormulation of PEGylated liposomes developed as Print3G vec-
or (Ducat et al., 2010) was made of soybean phosphatidylcholine
SPC), methoxypolyethyleneglycol grafted onto distearoylphos-
hoethanolamine (PEG750-DSPE) and cholesterol (CHOL), added
ecause of their stabilizing properties (Kirby et al., 1980a,b; Dos
antos et al., 2007). In order to improve the introduction of
ncapsulated material into the cytoplasm, a second formulation
as developed, replacing SPC with a combination of dioleylphos-
hoethanolamine (DOPE) and cholesterylhemisuccinate (CHEMS)
Simoes et al., 2004). DOPE exhibits a conical shape because of
ts small and minimally hydrated headgroup, compared to its
ipophilic tail. DOPE is associated with a compound used as a
tabilizer of the liposomal membrane: CHEMS. This molecule pos-
esses an inverted cone shape at physiological pH, but, under acidic
onditions, the carboxylic acid group becomes protonated and
oses this particular shape. During endocytosis, the pH decreases

ithin the endosome, resulting in a destabilization of the liposo-
al  membrane transiting from a lamellar to a hexagonal phase.

ome publications have described the mechanism of action of
H-sensitive liposomes containing a derivative of PE associ-
ted with a compound containing an acidic group as stabilizer
Straubinger et al., 1985; Skalko et al., 1998; Peschka-Suss and
chubert, 2003; Huth et al., 2006). PEG and cholesterol added
nto formulations decrease the membrane fluidity of fluid lipo-
omes and can hamper their penetration capacity/potency and
heir pH-sensitivity (Bellavance et al., 2010; Liu and Huang, 1989).
holesterol indeed is able to increase the fluidity of solid mem-
ranes. The use of PEG750, characterized by a lower molecular
eight than PEG often used to obtain long circulating liposomes,

ould allow finding a compromise between the improvement
f vascular remanence and intracellular delivery. Maintenance
f liposomes pH-sensitivity using DSPE-PEG750 will be studied
nd discussed in this publication. Moreover, few publications
ave described formulations of long circulating pH-sensitive lipo-
omes (Junior et al., 2007; Momekova et al., 2007; Obata et al.,
009), none has investigated the difference in terms of cellu-

ar uptake between classical and pH-sensitive liposomes and no
tudy has proposed a suitable vector for the delivery of nuclear
eptides.

The purpose of this study is to propose a suitable vector for the
ntracellular delivery of a therapeutic peptide called Print3G, while
eeping the formulation properties of long-circulating liposomes to
ffectively deliver the peptide to its site of action. To investigate the
enefit of developing a formulation of long circulating pH-sensitive

iposomes beside a classical formulation of stealth liposomes, these
wo formulations were compared in terms of size, shape, charge,
ncapsulation efficiency, stability and cellular uptake. Confocal
aser scanning microscopy (CLSM) and fluorescence-activated cell

orting (FACS) were used to evaluate the intracellular fate of lipo-
omes themselves and of their encapsulated material as a function
f time. In order to demonstrate the benefit of the vector, research
as expanded to various cell lines: Hs578t human epithelial cells
harmaceutics 420 (2011) 319– 332

from breast carcinoma, MDA-MB-231 human breast carcinoma
cells and WI-26 human diploid lung fibroblast cells.

Firstly, we studied the cellular uptake of liposomes themselves,
using NBD-CHOL as a fluorescent marker of the phospholipids
bilayer.

Secondly, the delivery of a model molecule, calcein, was  investi-
gated. Calcein was  chosen as a model molecule for two reasons: (1)
its localization in the aqueous compartment of liposomes because
of its hydrophilicity similar to Print3G and (2) its self-quenching
behavior, often used to study the endosomal escape triggered by
pH-sensitive liposomes (Kono et al., 1997; Shi et al., 2002; Hong
et al., 2010).

Finally, we  studied the intracellular outcome of Print3G, which
has to reach the nucleus for its therapeutic action. This helped us
to discern the difference between the two  formulations in terms
of delivery of the entrapped peptide from the endosome to the
cytoplasm and even to the nucleus.

2. Materials and methods

2.1. Materials

Soybean phosphatidylcholine (SPC, purity: 98%)
was provided by Lipoid (Ludwigshafen, Germany).
N-(Carbonyl-methoxypolyethylenglycol-750)-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine sodium salt (PEG-750-DSPE,
purity 100%) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) were purchased from Genzyme Pharmaceuticals (Liestal,
Switzerland). Cholesterol (CHOL, purity > 99%), cholesteryl-
hemisuccinate (CHEMS) and calcein were purchased from
Sigma–Aldrich (Bornem, Belgium). Print3G (purity: 95.39%)
biotinylated peptide called Print3G (purity: 98.44%) was
acquired from GL Biochem (Shanghai, China). 25-[N-[(7-nitro-
2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol
(25-NBD-CHOL) was purchased from Avanti Polar Lipids (Pel-
ham, USA). Water was  deionized using the Millipore system
(18.2 M�/cm resistivity) and was  filtered through a 0.22 �m
Millipore Millipak®-40 disposable filter unit (Millipore Corpora-
tion, USA). Dulbecco’s Modified Eagle’s Medium (DMEM), Foetal
Bovine Serum (FBS), penicillin–streptomycin, l-glutamine and
streptavidin conjugate Alexa Fluor 555 were purchased from
Gibco-Life Technologies (Invitrogen Corporation, Paisley, UK).
Paraformaldehyde and polysorbate 20 were provided by Merck
(Schuchardt and Darmstadt, respectively, Germany). Vectashield
mounting medium with DAPI was  purchased from Vector Labora-
tories (Burlingame, CA, USA). All other reagents and solvents were
of analytical grade.

2.2. Liposome characterization

Liposome characterization was performed by photon corre-
lation spectroscopy (PCS), zeta potential measures and freeze-
fracture electron microscopy to ensure that the selected formula-
tions possessed the required properties of shape and size for in vitro
studies and further intravenous administration of the encapsulated
peptide.

2.2.1. Blank liposomes
Blank unilamellar vesicles, made of SPC:CHOL:PEG-750-DSPE

(47:47:6 molar% ratio) for classical stealth liposomes or made
of DOPE:CHEMS:CHOL:PEG750-DSPE (43:21:30:6 molar% ratio) for
pH-sensitive long circulating liposomes, were prepared by the

hydration of lipid film method. Briefly, required amounts of lipids
were dissolved in chloroform and evaporated under reduced pres-
sure in a round-bottomed flask to form a thin lipid film. The
film was  hydrated using a vortex mixer with HEPES-buffered
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Table 1
Z-average sizes and zeta potentials of classical and pH-sensitive stealth liposomes (n > 3).

Classical stealth liposomes pH-sensitive stealth liposomes

Z-average size Zeta potential Z-average size Zeta potential
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Empty liposomes 172.6 ± 14.7 nm 

Liposomes containing calcein 162.6 ± 4.3 nm 

Liposomes containing Print3G 163.8 ± 7.2 nm 

aline, containing 67 mM NaCl and adjusted to pH 7.4 with 0.1 N
aOH solution. The resulting suspension was extruded 5 times

hrough a 0.2 �m Nucleopore polycarbonate membrane (Whatman
nternational Ltd., Maidstone, UK). Final concentrations of lipids

ere as follows: SPC/CHOL/PEG750-DSPE (36.1:36.1:4, mM)  and
OPE/CHEMS/CHOL/PEG750-DSPE (33:16:23:4.5, mM).

.2.2. Photon correlation spectroscopy (PCS)
Liposome dispersions were diluted 10 times in isotonic HEPES

uffer for PCS measurements (HPPS, Malvern Instruments, UK).
easurements were made at 25 ◦C with a fixed angle of 90◦. Quoted

izes represented the average mean for the liposomal hydrody-
amic diameter (nm). The polydispersity index (PDI) expressed the
ize distribution width.

.2.3. Zeta potential
The zeta potential of liposome formulations was  measured with

 Zetasizer 2000 DTS52013 (Malvern Instruments, UK) at pH 7.4.
iposome suspensions were diluted 100 times in HEPES buffer pH
.4, then loaded into a capillary cell mounted on the apparatus and
easured 5 times at 37 ◦C.

.2.4. Freeze-fracture electron microscopy
Freeze-fracture replicas of blank liposome suspensions were

nalysed under transmission electron microscopy. In practice, a
rop of liposome suspension containing 20% (v/v) glycerol as a cry-
protectant was deposited into a small gold cup and rapidly frozen
n liquid nitrogen. Fracturing, freeze etching and shadowing with
t-C were performed at −100 ◦C in shadowing equipment (Balzers®

AF-400) fitted with a freeze-fracture and etching unit. The repli-
as were examined with a JEOL (JEM-100SX) transmission electron
icroscope, operating at 80 kV accelerating voltage.

.3. Determination of Print3G encapsulation efficiency

.3.1. Print3G encapsulation
The encapsulation of Print3G into the classical formulation of

iposomes was made using the freeze-thawing method. Blank lipo-

omes (see Section 2.2.1) were mixed with a 400 �M Print3G
olution in HEPES buffer, frozen for 1 min  at −196 ◦C in liquid nitro-
en and thawed for 5 min  at 30 ◦C in a water bath. 11 cycles were
erformed to promote the entry of Print3G into vesicles. Between

ig. 1. Micrographs of (A) classical or (B) pH-sensitive PEGylated liposomes as observe
.125  �m.
8.0 ± 3.9 mV 150.4 ± 14.1 nm −16.3 ± 5.1 mV
1.5 ± 3.4 mV 176.2 ± 21.3 nm −16.6 ± 3.4 mV
6.8 ± 2.8 mV 165.2 ± 1.4 nm −14.0 ± 3.4 mV

each cycle, the suspension was mixed for 10 s using a vortex mixer
(Ducat et al., 2010).

Concerning the classical formulation, the freeze-thawing
method was  found to give the best results because it avoids
adsorption of Print3G on materials during manufacture. Encapsu-
lation efficiencies were significantly increased in comparison to the
hydration of lipid film technique. A design of experiments was  built
to obtain the best encapsulation efficiency for this formulation and
was plainly described by Ducat et al. (2010).

On the contrary, this method could not be used to encap-
sulate Print3G into pH-sensitive PEGylated liposomes because
liposome destruction after freeze-thawing cycles was observed by
PCS measurements. High encapsulation efficiency for pH-sensitive
liposomes was  obtained using the hydration of lipid film method
associated with pre-saturation of the extruder by a Print3G solu-
tion.

Liposomes were prepared by the hydration of lipid film method
described in Section 2.2.1, the hydration of the lipid film was  made
with a 200 �M Print3G solution in HEPES buffer. Before extrusion,
the extruder was saturated with the same solution to avoid any
adsorption of the peptide onto extrusion materials. The resulting
suspension was extruded five times through a 0.2 �m polycarbon-
ate membrane.

Finally, the obtained suspensions underwent two ultracen-
trifugation cycles at 35,000 rpm for 3 h and 30 min  at 4 ◦C using
the Beckman SW60 rotor (86,496 × g) in order to remove free
Print3G.

2.3.2. Print3G determination
An HPLC method with UV/visible diode array detector (DAD)

was developed and validated for the determination of Print3G
using a Hewlett-Packard 1100 series equipment (Agilent Technolo-
gies, USA). This method was  detailed in our previous study [11].
Ten-�l samples were injected into a Zorbax 300 SB-C18 (3.5 �m,
150 mm × 4.6 mm I.D., Agilent Technologies, USA) in an oven set
at 35 ◦C with a mobile phase containing water and acetonitrile
(ACN). Both solvents were acidified with 0.1% of trifluoroacetic

acid (TFA). The applied gradient was as follows: 18–22.8% ACN
from 0 to 20 min, 100% ACN at 25 min  and 18% at 25.2 min.
Detection was  achieved at absorbance wavelengths of 220 nm and
275 nm.

d on freeze-fracture replicas in transmission electron microscopy. Bars represent
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Fig. 2. Leakage of calcein from pH-sensitive liposomes (dotted lines) or standard
liposomes (plain lines) as a function of time at 37 ◦C (full triangles) and 4 ◦C (full
squares) in isotonic HEPES buffer. Data points represent mean values (±S.D.) of three
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to link and reveal the biotinylated peptide. In practice, cells were
ndependent experiments.

.3.3. Encapsulation efficiency
Encapsulation efficiency was expressed in terms of the quan-

ity of peptide loaded into liposomes as a function of the quantity
perated. This encapsulation efficiency (EE) was calculated by the
ollowing equation (Eq. (1)).

E (%) = Amount of encapsulated Print3G
Total amount of Print3G

× 100 (1)

here the “amount of encapsulated Print3G” is the amount of
rint3G (in �g) loaded into liposomes and the “total amount of
rint3G” is the amount of Print3G (in �g) implemented.

.4. Stability

Calcein was encapsulated into vesicles in order to study the
eakage of a hydrophilic encapsulated material. A 60 mM calcein
sotonic solution was used to hydrate the lipid film (see Section
.2.1) in order to detect a leakage-induced effect. After extrusion,
xternal calcein was removed by 6 ultracentrifugation cycles at
5,000 rpm for 60–45–30–30–30–30 min  at 4 ◦C using the Beckman
W60 rotor (86,496 × g).

Encapsulated calcein shows minimal fluorescence, owing to the
ormation of ground state dimers. Any fluorescence measured will
e due to the leakage of calcein out of vesicles and dilution in the
xterior aqueous media (Chen and Knutson, 1988). Fluorescence
as measured after 0, 1, 2, 7, 14 and 28 days of storage at 4 ◦C

nd 37 ◦C. For the pH sensitivity study, the leakage of calcein as a
unction of the pH was measured after 6 h under stirring in phos-
hate buffers at pH 5, pH 6 and pH 7.4. In practice, 100 �l liposome
uspension was added to 100 �l HEPES buffered solution or 100 �l
f a 4% Triton X-100 solution, for complete liposome destruction,
n a 96-well plate. Calcein release from liposomes was measured
uorometrically (SpectraMax Gemini XS); excitation and emission
avelengths were 490 and 520 nm,  respectively. The amount of

alcein released was calculated using the following equation (Eq.
2)):

 calcein released = I

It
× 100 (2)
here I is the fluorescence intensity at 520 nm and It is the flu-
rescence intensity at 520 nm after complete destruction of the
iposomes by Triton X-100.
Fig. 3. Leakage of calcein from pH-sensitive liposomes (dotted lines) or standard
liposomes (plain lines) as a function of the pH. Data points represent mean values
(±S.D.) of three independent experiments.

2.5. Cellular uptake of liposomes and of their encapsulated
material

2.5.1. Liposomes
In order to follow the intracellular delivery of the encapsulated

material, calcein was  used as hydrophilic fluorescent marker. These
liposomes were prepared as described in Section 2.4,  using a 40 mM
isotonic solution of calcein. Intracellular penetration of the lipo-
somes themselves was  studied using 25-NBD-CHOL incorporated
into the bilayer. These vesicles were prepared using the hydration
of lipid film method. 300 �M of 25-NBD-CHOL in chloroform was
added before evaporation under reduced pressure. Intracellular
penetration of Print3G was studied using a biotinylated derivative
of Print3G, which was  incorporated into liposomes using the same
methods as described in Section 2.3.1.

Final concentrations of lipids were 5 times lower than those used
for blank liposomes (see Section 2.2.1).

2.5.2. Cell culture
The human cell lines used in this study were obtained from the

American Type Culture Collection (Manassas, VA, USA). Hs578t and
MDA-MB-231 were chosen as breast carcinoma cell lines, respec-
tively non-tumorigenic and tumorigenic. The last cell line chosen,
WI-26, is an SV-40 immortalized lung fibroblast cell line.

Cells were cultured in DMEM supplemented with 10% heat-
inactivated FBS, 4.5 g/l glucose, 2 mM l-glutamine, 100 U/ml of
penicillin and 100 �g/ml of streptomycin at 37 ◦C in a humidified
5% CO2 atmosphere. The three cell lines were seeded on glass cov-
erslips in 24-well plates for CLSM analysis. For FACS studies, Hs578t
cells and MDA-MB-231 cells were seeded respectively in 6-well and
in 19-well plates.

After 24 h incubation, cells were grown to 70% confluence. The
medium was  removed before adding liposomes resuspended in
serum-free DMEM.

2.5.3. Confocal microscopy analysis
Cells were treated with fluorescently labelled liposomes for

various lengths of time (15 min, 2.5 h, 5 h or 15 h) at 37 ◦C in a
humidified 5% CO2 atmosphere. This step was followed by several
washes with phosphate-buffered saline (PBS). Cells were then fixed
in 4% paraformaldehyde in PBS for 15 min  at 4 ◦C and rinsed in PBS.
Streptavidin conjugate Alexa Fluor 555 was used as binding pair
permeabilized with 0.2% polysorbate 20 in PBS for 30 min  at room
temperature, incubated with streptavidin conjugate Alexa Fluor
555 at a dilution of 1:500 (v/v) for 30 min  at room temperature
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ig. 4. Confocal laser microscopy analysis of Hs578t cells treated for 2.5 h with c
iposomes incorporating NBD-CHOL (D–F). (A and D) Nuclei blue staining with DAPI
nd  NBD-CHOL channels. Bars represent 30 �m.  (For interpretation of the reference

nd washed with PBS. The coverslips were finally mounted with
ectashield medium with DAPI onto glass slides for microscopic
bservations.

The location of intracellular fluorescence was validated using
onfocal laser scanning microscope (Olympus FluoView FV100).
everal fluorescent molecules were used and observed at several
xcitation wavelengths: DAPI at 405 nm,  calcein and 25-NBD-CHOL
t 488 nm,  Alexa Fluor 555 at 561 nm.

All optical sections were recorded with the same settings (in
articular the laser power and the photomultiplier voltage) for each
olour detected. Kalman collection filter 3-frame was used for each
cquired image and for each colour.
.5.4. Flow cytometry analysis
Flow cytometry analysis was conducted on liposomes con-

aining calcein or NBD-CHOL and on empty liposomes without
al stealth liposomes incorporating NBD-CHOL (A–C) or with pH-sensitive stealth
d E) green staining of liposomes incorporating NBD-CHOL; (C and F) merge of DAPI

olour in this figure legend, the reader is referred to the web version of the article.)

any fluorescent markers (negative controls). Fluorescence inten-
sities and lipid content determination were used as lipo-
some quality control before application on cells. Fluorescence
intensities were measured using the SpectraMax Gemini XS;
excitation and emission wavelengths were 490 and 520 nm,
respectively. Lipid concentration was  measured using the phos-
pholipids C test (Wako Chemicals, LabAssay Phospholipid, choline
oxidase—DAOS method, Wako Chemicals, Neuss, Germany) or
the Cholesterol FS test (Dyasis Diagnostic Systems, Holzheim,
Germany). Difference between pH-sensitive and classical formu-
lations was  less than 10% in terms of fluorescence and lipid
concentration.
Cells were treated for 2.5 h with blank liposomes, liposomes
containing NBD-CHOL or liposomes encapsulating calcein. After
incubation at 37 ◦C, cells were washed twice with PBS and dis-
sociated with 0.05% trypsin/EDTA. After a centrifugation step at
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Fig. 5. Flow cytometry analysis of Hs578t or MDA-MB-231 cells treated for 2.5 h with classical or pH-sensitive PEGylated liposomes incorporating NBD-CHOL. (A) Represen-
t NBD-C
( r pH-

1
p
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s
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s
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ative  FACS normalized histogram of liposomes without NBD-CHOL (doted lines) or 

arbitrary unit) in Hs578t cells or MDA-MB-231 cells treated with classical (black) o

200 rpm for 5 min  at 4 ◦C, supernatants were discarded and cell
ellets were washed with cold PBS. Cells were then fixed in
araformaldehyde (4%, v/v) at 4 ◦C for 10 min  and washed twice
ith cold PBS. Finally, cells were resuspended in 250 �l of cold PBS

nd kept on ice in the dark.
Analyses were performed using the flow cytometer FACS Canto

I (Becton Dickinson, San Jose, CA, USA). The autofluorescence of
ach cell line was determined with non fluorescent blank lipo-

omes. For calcein-loaded liposomes experiments (n = 3), a total
f 10,000 events were recorded. For pH-sensitive (n = 3) and clas-
ical (n = 2) formulations of liposomes incorporating NBD-CHOL,

 total of respectively 10,000 and 5000 events were recorded.
HOL-incorporating liposomes (plain lines). (B) NBD-CHOL-associated fluorescence
sensitive (white) liposomes incorporating NBD-CHOL.

Cell-associated calcein or NBD-CHOL was excited with 488-nm
solid state laser (20 mW)  and fluorescence was  detected using
502LP and 530/30 filters. Data were analysed using FACSDiva and
FlowJo software programs.

2.6. Statistical analysis

Assuming Gaussian distribution and homoscedasticity, the sta-

tistical significance of the results in the liposome integrity section
was tested using the student’s t-test. Values are presented as
mean ± standard deviation. For the measurements of calcein leak-
age in the stability study, multiple comparisons were performed
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Fig. 6. Confocal laser microscopy analysis of Hs578t cells treated for 2.5 h with classical stealth liposomes (A–C) or with pH-sensitive stealth liposomes (D–F) encapsulating
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alcein. (A and D) Nuclei blue staining with DAPI; (B and E) green staining of lipos
0  �m.  (For interpretation of the references to colour in this figure legend, the read

sing a one-way ANOVA. A p value of less than 0.05 was  considered
o be statistically significant.

. Results and discussion

.1. Liposome characterization
Unilamellar liposomes were first characterized using the PCS
echnique. Data on size and zeta potentials of both formula-
ions of empty liposomes, liposomes loaded with calcein and
 containing calcein; (C and F) merge of DAPI and calcein channels. Bars represent
eferred to the web  version of the article.)

liposomes encapsulating Print3G are presented in Table 1. Sizes
of 172.6 ± 14.7 nm were obtained for blank liposomes of classi-
cal composition while pH-sensitive liposomes gave sizes around
150.4 ± 14.1 nm,  with a PDI always lower than 0.2 (Table 1). Blank
stealth pH-sensitive liposomes are significantly smaller than the
classical formulation (p < 0.01). Loaded-liposomes were compara-
ble in size regardless of the type of formulation (p > 0.05). These

sizes were acceptable for the following experiments and were
consistent with the concept of passive accumulation in tumor tis-
sues by the EPR effect. Zeta potentials of −8.0 ± 3.9 mV  and of
−16.3 ± 5.1 mV  were respectively obtained for blank classical and
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Fig. 7. Flow cytometry analysis of Hs578t or MDA-MB-231 cells treated for 2.5 h with classical or pH-sensitive stealth liposomes encapsulating calcein. (A) Representative
FACS  normalized histograms of empty (dotted line) or calcein-loaded (plain line) liposome-treated cells. (B) Calcein-associated fluorescence (arbitrary unit) in Hs578t or
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DA-MB-231 cells treated with classical (black) or pH-sensitive (white) calcein-loa

lank pH-sensitive stealth liposomes. Liposomes containing cal-
ein or Print3G follow the same tendency. The relatively negative
et charge obtained for pH-sensitive liposomes is conferred by the
mphiphilic stabilizer (CHEMS), not completely masked by the pro-
ective layer constituted by PEGs.

Freeze-fracture electron microscopy allowed the visualization
f the shape of the two types of liposomes. Unilamellar vesicles of
lassical or pH-sensitive stealth liposomes are shown in Fig. 1.

These experiments allowed the visualization of the round shape

f vesicles, sometimes elongated, their relatively close size distri-
ution width and their size, close to 130 �m in diameter. PCS gives
ydrodynamic diameters, resulting in higher sizes than those given
y freeze-fracture electron microscopy.
posomes. Results represent mean values (±S.D.) of 3 independent experiments.

3.2. Encapsulation efficiency

Print3G is a hydrophilic peptide freely soluble in water, as such
it is encapsulated in the inner aqueous cavity of liposomes. In order
to encapsulate Print3G into the formulation of classical stealth
liposomes, blank liposomes were mixed with a Print3G solution,
then freeze-thawed to promote the entry of the peptide into the
vesicles. The encapsulation efficiency with this first formulation
amounted to 62.68 ± 2.93% (n = 3). This encapsulation technique

had been described in a previous study by Ducat et al. (2010),  using
the experimental design to improve peptide entrapment.

This method could not be used to encapsulate Print3G into pH-
sensitive PEGylated liposomes because liposome destruction after
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ig. 8. Confocal laser microscopy analysis of Hs578t cells treated for 5 h with free b
taining; (C) merge of blue and red channels. Bars represent 10 �m. (For interpret
ersion of the article.)

reeze-thawing cycles was observed by PCS measurements. High
ncapsulation efficiency for pH-sensitive liposomes was  obtained
sing the hydration of lipid film method associated with pre-
aturation of the extruder by a Print3G solution. The encapsulation
fficiency amounted to 90.69 ± 5.65% (n = 4). Both formulations
ossess comparable sizes and shapes and good encapsulation
fficiencies of Print3G. Even if two protocols are used, the final for-
ulations are similar. The encapsulation efficiency of Print3G in the

H-sensitive formulation was found to be significantly better than
n the classical one (p < 0.05). This could be explained by the pres-
nce of more negative charges in pH-sensitive liposomes, which
ould promote the entrapment of Print3G, presenting a theoretical
ositive charge of +6.1.

.3. Stability

A one month stability following the leakage of calcein from the
wo types of liposomes was conducted at physiological tempera-
ure and at 4 ◦C. As shown in Fig. 2, a significantly higher leakage of
he encapsulated material was observed at 37 ◦C than at 4 ◦C after
0 days (p < 0.05). No significant difference was  observed between
he two formulations. The leakage of calcein did not exceed 3% after
ne month at 4 ◦C.

For the study of the influence of pH on stability (Fig. 3), lipo-
omes containing pH-sensitive lipids showed a leakage of calcein
ignificantly higher at pH 5 (ANOVA-1, p < 0.05).

However, there was no significant difference between results
t pH 6 and pH 7 (p > 0.05). Moreover, compared to classical lipo-
omes, the leakage of calcein after 6 h at pH 5 was significantly
igher (p < 0.05). These results are linked to the composition of

iposomes. Long circulating pH-sensitive liposomes contain DOPE
hich exhibits a conical shape and which is associated with a com-
ound used as a stabilizer of the liposomal membrane: CHEMS. This
olecule possesses an inverted cone shape at physiological pH, but,

nder acidic conditions, the carboxylic acid group becomes proto-
ated and loses this particular shape. The pH decrease destabilizes
he liposomal membrane, transiting from a lamellar to a hexago-
al phase. The actual data could not be compared with the results

ound in other studies in the literature because various protocols
ere followed in those cases to evaluate the pH sensitivity of lipo-

omes. Nevertheless, our results are consistent with those reported
y Simoes et al. (2001).  We  can hypothesize that the pH-sensitivity
f this formulation is partially hampered because pH-sensitive lipo-

omes made of only DOPE and CHEMS release almost 85% of their
alcein content at pH 5 (Simoes et al., 2001, 2004). Johnsson and
dwards (2001) showed in their studies that adding PEG-lipids to

 system made of DOPE alone, could stabilize the lamellar phase.
lated Print3G. (A) Nuclei blue staining with DAPI; (B) free biotinylated Print3G red
of the references to colour in this figure legend, the reader is referred to the web

Despite these observations, we  measured a significant increase of
calcein release by pH-sensitive formulation compared to the clas-
sical one. The use of PEG of lower molecular weight than those
usually used to obtain long circulating pH-sensitive liposomes, such
as PEG2000, could explain why pH-sensitive liposomes containing
DSPE-PEG750 keep a significant sensitivity at low pH.

So as a compromise must be found between intracellular deliv-
ery and protection against opsonization, this pH-sensitivity study
allows us expecting a better efficacy of transfection for pH-sensitive
formulation than for the classical one, enabling a leakage of the drug
into the cytoplasm and avoiding enzymatic degradation.

3.4. Cellular uptake of liposomes and of their encapsulated
material

The confocal laser scanning microscopy (CLSM) study allowed
evaluating the intracellular fate of liposomes themselves and of
their encapsulated material as a function of time and in various cell
lines. CLSM offers the major benefit of optically sectioning the cell.
Simple fluorescence microscopy can distort the reality and possi-
bly confuse fluorescent compounds in the cytoplasm/nucleus with
those adsorbed on the cellular surface. CLSM ensures that lipo-
somes and/or their content have actually penetrated the cell (Mady
et al., 2009). Note that all the pictures used to compare formulations
were acquired at the same settings (PMT and %laser).

CLSM is frequently associated with Fluorescence Activated Cell
Sorting (FACS) to provide quantitative results related to the trans-
fection of vectors in cells. FACS produces simultaneously multiple
optical measurements on individual cells at high rates, allowing
sorting of cells that meet specific criteria. Herein, FACS study was
conducted on Hs578t and MDA-MB-231 cell lines to compare the
internalization of classical and pH-sensitive stealth liposomes.

3.4.1. Liposomes containing NBD-CHOL
The penetration of liposomes themselves was  studied using

NBD-CHOL as a fluorescent marker of the phospholipid membrane.
Indeed, cholesterol is the only common compound of both formu-
lations that is inserted in the phospholipids bilayer of classical and
pH-sensitive liposomes. NBD-CHOL was added at the same molar
ratio in the two  formulations. Therefore, it was  a suitable compound
to label fluorescently the phospholipids membrane of liposomes in
order to follow their intracellular fate.

Results obtained using CLSM to evaluate the cellular uptake of

NBD-CHOL liposomes by Hs578t cells are presented in Fig. 4. Fig. 4E
shows a strong green fluorescence in the cytoplasm of Hs578t
cells with a brighter area near the nucleus, following the appli-
cation of stealth pH-sensitive liposomes. When cells were treated
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lue  staining with DAPI; (B) NBD-CHOL green staining of liposomes; (C) biotinylate
For  interpretation of the references to colour in this figure legend, the reader is ref

ith the classical formulation of stealth liposomes (Fig. 4B), the
ytoplasmic fluorescence was weaker and no brighter area was
bserved near the nucleus. Results obtained for penetration of
uorescent-labelled liposomes within WI-26 cells were similar to
hose obtained with Hs578t cells while difference between the two
ormulations was not discernible in MDA-MB-231 cells (data not
hown).

To support these CLSM results, FACS study was  car-
ied out on Hs578t cells and MDA-MB-231 cells (Fig. 5).
esults obtained with Hs578t cells showed that long circu-
ating pH-sensitive liposomes gave fluorescence intensities
f 5804 ± 73, higher than those obtained for classical stealth
iposomes (4705 ± 109). When liposomes were applied on MDA-

B-231 cells, fluorescence intensities of 2966 ± 12 were obtained
ting pH-sensitive NBD-CHOL liposomes containing biotinylated Print3G. (A) Nuclei
t3G red staining; (D) merge of blue, green and red channels. Bars represent 20 �m.
to the web  version of the article.)

using long circulating pH-sensitive liposomes and of 2496 ± 45
for the classical formulation of stealth liposomes. These results
confirmed those obtained by confocal microscopy. CLSM and
FACS results indicate that long circulating pH-sensitive liposomes
penetrate in a higher quantity in Hs578t cells.

This difference could be explained by the fact that the lipids
employed in this formulation should allow a better interaction
with the cellular membrane (Huth et al., 2006). DOPE is a non
bilayer, fusion-promoting lipid, because it can adopt inverted lipid
phases and then promote the fusion of lipid bilayers while the pres-

ence of PEG could decrease this DOPE capacity (Hafez and Cullis,
2001). Indeed, such a fusion process requires a very close contact
between the two  membrane structures (cell and liposome). Dos
Santos et al. explained that PEG750 do not cover completely the
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Fig. 10. Confocal laser microscopy analysis of Hs578t cells treated for 15 min  (A–D), 5 h (E–H) and 15 h (I–L) with classical stealth liposomes incorporating NBD-CHOL and
encapsulating the biotinylated Print3G. (A, E, and I) Nuclei blue staining with DAPI; (B, F, and J) NBD-CHOL green staining of liposomes; (C, G, and K) biotinylated Print3G red
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taining;  (D, H, and L) merge of blue, green and red channels. Bars represent 10 �m.
o  the web version of the article.)

iposome surface, in opposition to PEG2000 (Dos Santos et al., 2007).
oreover, their results suggest that a complete surface coverage is

ot required for PEG to cause increased circulation time. If PEG750
oes not cover totally the surface of pH-sensitive liposomes, it
ould remain some regions of interactions between DOPE and cellu-
ar/endosomal membrane, but also a significant pH-sensitivity. The
se of DSPE-PEG750, of lower molecular weight, could allow keep-

ng an effective interaction of DOPE with the cellular membrane,
xplaining the better internalization of the pH-sensitive formula-
ion.
.4.2. Calcein-loaded liposomes
The penetration of calcein-loaded liposomes was studied in

rder to better understand the intracellular delivery mechanism
f an encapsulated material in classical or pH-sensitive stealth
nterpretation of the references to colour in this figure legend, the reader is referred

liposomes. Hydrophilic model molecule calcein (M.W. = 376;
log P = −5.219; 492/517 nm)  was entrapped at a self-quenched con-
centration within the two  formulations. The use of calcein as
a model molecule could be justified by two ways. Firstly, cal-
cein is encapsulated in the inner cavity of liposomes because
of its hydrophilicity. Print3G, which is also water-soluble, is
entrapped in the same liposome compartment. Secondly, calcein
is a self-quenching fluorescent dye, often used to study the endo-
somal escape of hydrophilic compounds triggered by pH-sensitive
liposomes. Concentration quenching of calcein is a complex phe-
nomenon, based on dimerization and energy transfer to dimer

(Chen and Knutson, 1988; Weinstein et al., 1977; Duzgunes et al.,
2003). Calcein, encapsulated at high concentration, is virtually non-
fluorescent, owing to the formation of ground state dimers. Any
fluorescence measured will be due to the leakage of calcein out
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Fig. 11. Confocal laser microscopy analysis of Hs578t cells treated for 15 min  (A–D), 5 h (E–H) and 15 h (I–L) with pH-sensitive stealth liposomes incorporating NBD-CHOL
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nd  encapsulating the biotinylated Print3G. (A, E, and I) Nuclei blue staining with DA
ed  staining; (D, H, and L) merge of blue, green and red channels. Bars represent 1
eferred  to the web  version of the article.)

f vesicles and dilution in the exterior aqueous media. Regain of
uorescence happens when liposomes are taken up by cells and

ysed.
Fig. 6 shows CLSM images illustrating the cellular uptake of

alcein-loaded liposomes by Hs578t cells. As shown in Fig. 6B,
alcein fluorescence is weak when using classical liposomes. By
ontrast, the majority of cells were found to be fluorescent when
alcein-loaded pH-sensitive liposomes were applied onto cells
Fig. 6). Song et al. (2009) observed this fact using a classical for-

ulation of doxorubicin in PEGylated liposomes. They evoked the
ossibility of self-quenched doxorubicin presenting a low fluores-
ence, not discernible in cells. In our study, calcein is encapsulated

t a self-quenched concentration and may  not be distinguished in
he picture. Due to the lowering of the pH, a significant fraction
f calcein is delivered from pH-sensitive stealth liposomes, from
ndosomes to cytoplasm, allowing observing a bright fluorescence.
, F, and J) NBD-CHOL green staining of liposomes; (C, G, and K) biotinylated Print3G
.  (For interpretation of the references to colour in this figure legend, the reader is

As it can be also observed in Fig. 6E, fluorescence is sometimes
doted, which might suggest that it remains some calcein entrapped
in endosomes. But we can conclude that a significant amount of the
dye is delivered in cytoplasm because of the bright fluorescence
observed. If calcein remained totally in endosomes, the fluores-
cence should be significantly lower and pictures should be like
Fig. 6B, obtained with the classical formulation.

FACS study was  conducted on Hs578t cells and MDA-MB-231
cells to confirm results obtained by CLSM study (Fig. 7). Flu-
orescence intensities in positive Hs578t cells were respectively
of 15,973 ± 333 for cells treated with pH-sensitive stealth lipo-
somes and of 4217 ± 243 for cells treated with classical stealth

liposomes. In positive MDA-MB-231 cells, fluorescence intensities
amounted to 17,357 ± 716 for pH-sensitive stealth liposomes and
to 4663 ± 96 for the classical formulation. Fluorescence intensity
obtained for the pH-sensitive formulation was significantly higher
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p < 0.001) comparing to the classical one, regardless of the type of
ell observed. These results confirmed those obtained using CLSM,
he calcein delivery is more efficient using the pH-sensitive for-

ulation. Therefore, calcein is not released in the cytoplasm but
emains sequestrated in classical stealth liposomes. On the con-
rary, pH-sensitive stealth liposomes escape from the endosome
y disruption of their membrane, according to their mechanism of
ction, and then release their encapsulating material in the cyto-
lasm of cells. Then, calcein could be diluted in the cytoplasm and
resent a significant fluorescence on confocal pictures.

.4.3. Liposomes encapsulating Print3G
The two first studies using both CLSM and FACS techniques

llowed us to expect a better efficacy of PEGylated pH-sensitive
iposomes as Print3G vectors than the classical formulation. How-
ver, calcein is not the perfect model molecule to predict the
ntracellular fate of the peptide and the next step of our study was to
nvestigate the intracellular fate of the peptide, which has to reach
he nucleus in order to interact with its target. Biotin was cova-
ently grafted on Print3G in order to follow it to the cell nucleus
sing streptavidin conjugate Alexa Fluor 555.

.4.3.1. Free Print3G. Firstly, the penetration of the free biotiny-
ated peptide was evaluated at a concentration equivalent to that
resent in liposomes used for further experiments. Results are
hown in Fig. 8, revealing the weak penetration of the unencap-
ulated biotinylated peptide.

.4.3.2. Encapsulated Print3G. Long circulating pH-sensitive NBD-
HOL liposomes encapsulating biotinylated Print3G were then
pplied onto Hs578t cells for 2.5 h. Results are shown in Fig. 9. As
t has been observed in our previous confocal experiments Fig. 9B
hows a small region near the nucleus with a brighter fluorescence,
ndicating an accumulation of NBD-CHOL liposomes at this posi-
ion. In Fig. 9C, an accumulation of the peptide clearly appears in
ome nuclei. The use of pH-sensitive liposomes allows to observe a
ignificant amount of peptide escaping from the endosome by dis-
uption of the liposomal membrane. The peptide can then diffuse
reely from the cytoplasm to the nucleus of cells.

In order to discern a difference between classical and pH-
ensitive long circulating liposomes in terms of sequestrated
eptide delivery from the endosome to the cytoplasm and to inves-
igate this phenomenon kinetic, Hs578t cells were incubated with
lassical or pH-sensitive liposomes for a period of 15 min, 5 h and
5 h. Confocal images obtained with the classical formulation of

ong circulating liposomes, incorporating NBD-CHOL in the phos-
holipid bilayer and the biotinylated peptide in their aqueous
avity, are shown in Fig. 10.  Comparing Fig. 10B, F and J, the incur-
ion of liposomes by themselves can be followed in the cytoplasm,
eaking after 5 h then decreasing, providing an image compara-
le to those obtained in the first experiments with NBD-CHOL and
lassical liposomes. Penetration of the peptide (Fig. 10C, G and
) increases slightly but no fluorescence was observed in the cell
uclei.

These experiments were also performed with a formulation
f stealth pH-sensitive liposomes. Results are shown in Fig. 11.
ig. 11B, F and J shows an increasing uptake of pH-sensitive lipo-
omes as a function of time with a high fluorescence that remains
ntense for at least 15 h. The penetration of the peptide is also
ifferent from the one observed with classical liposomes: the pep-
ide can enter the cell and reach the nucleus (Fig. 11C, G and K).
he presence of Print3G in the nucleus of cells treated with pH-

ensitive liposomes and its absence in cell nuclei when treated
ith the classical formulation still emphasize our arguments. So

s for calcein experiments (see Sections 3.3 and 3.4.2), this dif-
erence could be explained by the particular mechanism of action
harmaceutics 420 (2011) 319– 332 331

of pH-sensitive liposomes, which is efficient to deliver the pep-
tide, avoiding its degradation. While calcein or Print3G remain
entrapped in endosome compartment when encapsulated in the
classical formulation – observed respectively by a minimal fluo-
rescence for calcein experiments and by a cytoplasm localization
for peptide experiments – the pH-sensitive formulation allow the
delivery of its encapsulated material in the cytoplasm, resulting
respectively in a detectable fluorescence and in a nuclear local-
ization of Print3G. The nucleus localization of the peptide after
treatment with pH-sensitive formulation cannot be explained by
the polysorbate permeabilization step. Indeed, the same perme-
abilization step was used when cells were treated with classical
formulation but no peptide was  observed in the nuclei even 15 h
after liposomes delivery.

When experiments were conducted on MDA-MB-231 cell line,
the presence of peptide in cells was  observed after treatment with
pH-sensitive stealth liposomes encapsulating Print3G (data not
shown). The peptide was  detected in the nucleus of the two can-
cerous cell lines.

4. Conclusion

Classical and pH-sensitive stealth liposomes possess acceptable
size, shape, encapsulation efficiency and stability to be poten-
tial vectors for Print3G delivery. However, the use of CLSM and
FACS in this study highlights the important benefit of pH-sensitive
liposomes over classical ones. Indeed, stealth pH-sensitive lipo-
somes can penetrate by themselves all the cell lines tested and
deliver more efficiently hydrophilic materials to the cytoplasm
of cancerous cells. This better efficacy could be explained by the
particular composition of liposomes allowing a better interaction
with cellular membrane and an endosomal escape of entrapped
materials. The use of PEG750 replacing the widely used PEG2000 to
formulate long-circulating liposomes is probably the key for the
maintenance of a sufficient interaction with cellular membrane
and pH-sensitivity. Most importantly, the better capacity of long
circulating pH-sensitive liposomes to mediate intracellular deliv-
ery allow observing the delivery of the therapeutic peptide to the
nucleus of tumorigenic and non tumorigenic breast cancer cells,
something not observed with classical liposomes encapsulating
Print3G. These results were obtained using liposomes formulated
to maintain a long circulation lifetime and our study proved that
the penetration of stealth pH-sensitive liposomes remains efficient
in spite of their PEGylation. This study proves the benefit of devel-
oping stealth pH-sensitive formulations for peptide delivery.
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