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a  b  s  t  r  a  c  t

By  inserting  l-arginine  lauril  ester  (AL)  into  nanostructure  lipid  carriers  (NLCs)  and  then  coating  with
bovine  serum  albumin  (BSA),  pH-sensitive  membranolytic  and  lysosomolytic  nanocarriers  (BSA-AL-NLCs)
were  developed.  Hemolysis  assay  demonstrated  the  pH-sensitive  biomembrane  disruptional  capability
of  AL  and  BSA-AL-NLCs.  BSA-AL-NLCs  did  not  disrupt  biomembrane  at pH  7.4 even  at high  concentration,
exhibited  ideal  feasibility  as  lysosomolytic  drug  delivery  nanoparticles  without  cytotoxicity.  Confocal
Laser Scanning  Microscope  (CLSM)  images  confirmed  the lysosomolytic  capability  of BSA-AL-NLCs  after
internalized  into  MCF-7  (human  breast  cancer  cell)  via  endosome–lysosome  path  in  vitro.  Paclitaxel  (PTX)
loaded  BSA-AL-NLCs  displayed  pH-dependent  release  in vitro.  In MCF-7  viability  test with  MTT  assays,
both  the  blank  NLCs  did  not  exhibit  cellular  toxicity.  Of  particular  interest,  the in  vitro  cell  experiments
anostructure lipid carriers
ovine serum albumin
aclitaxel

demonstrated  that the  anti-tumor  effect  of  PTX-loaded  BSA-AL-NLCs  was  preferable  to BSA-NLCs,  even
comparable  with  PTX  solution,  which  indicated  that  AL  served  to facilitate  lysosomal  escape  of BSA-AL-
NLCs so  as to  improve  the  anti-cancer  effect.  Biodistribution  and  anti-cancer  activity  in  vivo  confirmed  the
improved  tumor  targeting  and  anti-cancer  efficacy  of BSA-AL-NLCs.  The  study  suggested  that  the  simple
and small  molecule  of  AL may  render  more  nanocarriers  lysosomolytic  capability  with  lower  cytotoxicity,
as well  as improved  therapeutic  index  of loaded  active  agents.
. Introduction

As nano-drug delivery systems (NDDSs) have been widely
esearched, more and more attentions were paid to their
ntracellular fate. Amounts of NDDSs internalize cells via
ndosome–lysosome path (Sahay et al., 2010), while lysosome, an
rganelle encapsulates acidic cytoplasm containing many types of
nzymes, may  induce degradation of NDDSs and its loaded active
rugs. Unfortunately nanocarriers without special function lack
he ability to escape from endosome–lysosome timely, resulting
n poor therapeutic index of the loaded active agents (Singh et al.,
008; Van den Bossche et al., 2011). Therefore, endo/lysosomal
scape is fundamental for drugs sensitive to lysosomal degrada-

ion or that needs to reach extra endo/lysosomal targets (Paillard
t al., 2010).
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Many endo/lysosomal escape approaches depending on the
weak acidic environment have been reported, which could be sum-
marized in three aspects. The first strategy was  using cationic
polymers with the characterization named “Proton Sponge Effect”.
When nanocarriers composed of these cationic polymers entered
lysosome, amounts of proton were adsorbed and induced Cl−

influxing and accumulation, resulting osmotic swelling and final
lysosome leak/lysis (Kichler et al., 2001). Among these cationic
polymers, such as polyethylenimine (PEI) (Boussif et al., 1995),
polylysine (Meyer et al., 2007), poly(�-amino esters) (Tzeng et al.,
2011), PEI was  the most efficient agent for lysosomal escaping.
However, these cationic polymers caused high cytotoxicity to cells
for strong positive charge and nondegradable in vivo (Fischer et al.,
1999). Some modification, such as conjugating branches to these
polymers, could reduce the cytotoxicity, while the lysosomolytic
capability was  decreased (Kim et al., 2004; Masotti et al., 2007).

The second strategy was  adding fusogenic lipid or fusogenic
peptide, called “helper lipid”, in liposomes formulation to facilitate

their endo/lysosomal escape (Wang et al., 2010). Fusogenic lipid
or fusogenic peptide mimicked the fusion of viral envelopes with
host cell endosome membranes during viral infections (Martin and
Rice, 2007). Dioleoyl-phosphatidylethanolamine (DOPE) was  the
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Fig. 1. Chemical structure of AL.

epresentative “helper lipid”. It has been suggested that
nder mild acidic environment of endosome–lysosome, DOPE
ight induce fusion between DOPE composed liposome and

ndosome–lysosome membrane, resulting the leakage of
ntrapped agents to cytoplasm (Mui  et al., 2000; Vanić et al.,
011). However, the high cost or complex synthesis procedure

imited the application of fusogenic lipid or fusogenic peptide.
The third strategy was to prepare nanoparticles using pH-

ensitive membranolytic materials to acquire endo/lysosomolytic
apability (Yessine and Leroux, 2004). Following cell uptake and
rafficking to endo/lysosome, these materials could be triggered
y endo/lysosomal pH and undergo a change from hydrophilic
o hydrophobic form, which was membrane-disruptive. This
orm induced endo/lysosome membrane disruption and pro-

oted endo/lysosomal escape of these nanocarriers (Yessine
nd Leroux, 2004). pH-responsive membranolytic polyanions,
ncluding polymalic acid (Ding et al., 2011), Poly(alkylacrylic
cid) (Jones et al., 2003), poly(l-lysine iso-phthalamide) (Chen
t al., 2008; Eccleston et al., 2000; Khormaee et al., 2010),
ere widely used to prepare endo/lysosomolytic nanocarriers.

tructural optimization of these polyanions improved their pH-
ensitive membranolytic activity and drug loading capability. For
xample, grafting hydrophobic amino acid chain to poly(l-lysine
so-phthalamide) enhanced its membrane disruption activity
Chen et al., 2009a,b; Ho et al., 2011). Charge neutralization
f polymalic acid by substituting pendent carboxylates with
ydrophobic amino acid derivatives, improved its affinity with
embranes and acquired membranolytic activity of hydropho-

ic residues (Ding et al., 2011). Recently, some pH-sensitive
embranolytic surfactants were used to form self-assembled

ysosomolytic micelles. N-(1-aminoethyl)iminobis [N-(oleicyl-
ysteinyl-histinyl-1-amino-ethyl)propionamide] (EHCO) and its
ptimized derivatives, amphiphilic surfactants with pH-sensitive
emolytic ability, were synthesized and used to prepare micelles
hich could disrupt lysosome and diffuse to cytoplasm rapidly

Wang et al., 2007, 2009; Xu et al., 2010a).  Hemolytic assay demon-
trated its high hemolytic activity at endo/lysosomal pH, which
aused endo/lysosomolysis. These endo/lysosomolytic materials
ere able to facilitate the transportation from endo/lysosome to

ytoplasm, but are still suffered from some disadvantages. Net neg-
tive charged polyanions showed decreased cellular binding due to
he electrostatic repulsion with anionic cell membrane (Ding et al.,
011). EHCO and its derivatives were difficult to gain for complex
ynthesis procedures were required (Wang et al., 2007).

Except the disadvantages mentioned above, these materials
ere only used to form self-assembling nanocarriers or pre-
are liposomes, which meant their applicability in lysosomolytic
esearch was very limited. While endo/lysosomes induce damage to
ll nanocarriers that entry cells through endosome–lysosome path
Yessine and Leroux, 2004), endo/lysosomal escape is necessary for
hese nanocarriers to protect nanocarriers and loaded cargos. To
ddress those concerns, we planned to find a pH-sensitive membra-
olytic substance which could be readily incorporate into various

anocarriers and render them lysosomolytic capability.
l-Arginine lauril ester (AL, Fig. 1), an arginine derivant, was

rst synthesized as a relaxant inhibitor (Wang et al., 2004). It
ontains a hydrophobic chain and a hydrophilic head group with
maceutics 436 (2012) 248– 257 249

protonatable amino groups, including the primary and secondary
amines which would be protonated at acidic and neutral pH,
respectively. This special structure attracted us to confirm whether
it was pH-sensitive biomembranolytive. Herein we report the pH-
sensitive membrane disruptional capability of AL and its composed
nanocarriers that can be used for lysosomolytic drug delivery.
Bovine serum albumin (BSA) coated nano-structure lipid carriers
containing AL, BSA-AL-NLCs, were prepared according to our early
research (Xu et al., 2010b),  where BSA was  used as the model
protein to mimic  the shell of lipoproteins and can be modified
with ligand group to target cancer cells. Here, BSA was  coated on
the nanocarriers to shield the strong positive charge and reduce
the potential cytotoxicity and prolong resistance time in blood.
Hemolysis assay was taken to certify pH-sensitive membranolytic
capability both of AL and BSA-AL-NLCs. We have character-
ized these NLCs by dynamic light scattering (DLS), atomic force
microscopy (AFM), transmission electron microscopy (TEM), and
surface charge (zeta potential) measurements. Lysosomolytic activ-
ity of BSA-AL-NLCs in MCF-7 cells was  confirmed by Confocal Laser
Scanning Microscope (CLSM), and the in vitro anti-tumor effects
of paclitaxel-loaded nanocarriers were studied using MTT  assay.
Biodistribution and in vivo anti-tumor research were employed
to confirm the tumor targeting and cancer inhibition efficacy of
BSA-AL-NLCs.

2. Materials and methods

2.1. Materials

l-Arginine was a kind donation from Ajinomoto Amino Acid
Co. Ltd. (Shanghai, China). Laurinol was supplied by Yonghua Co.
(Jiangsu, China). Medium chain triglycerides (LIPOID MCT) were
purchased from Lipoid GMBH. Phosphatidylcholine (LIPOID S100)
was obtained from Toshisun Co. BSA was purchased from Sunshine
Biotech Co. Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s
medium (high glucose) cell culture medium (DMEM-HG) was
obtained from Gibco (Life Technologies, Switzerland). All other
chemicals, reagents, and solvents were analytical grade otherwise
stated.

2.2. Synthesis of AL

AL was  synthesized through a simple one-step chemical reaction
according to procedures previously reported with some adjustment
(Wang et al., 2004). Briefly, l-arginine (1.0 g) was suspended in lau-
rinol (hydrogen chloride saturated, 15 mL). The mixture was heated
up to 100–110 ◦C (oil bath) for 15 min  and filtrated to remove the
unreacted Arginine. Unreacted laurinol was  washed away using
dichloromethane as eluant on SiO2 column chromatography, then
washed AL down using methanol as eluant and collected. Methanol
was removed by vacuuming and AL was finally obtained.

2.3. Preparation of blank or calcein/PTX-loaded BSA-NLCs and
BSA-AL-NLCs

BSA-NLCs and BSA-AL-NLCs were prepared as previously
described by our group with some adjustment (Xu et al., 2010b).
PC, MCT  with or without AL were dissolved in methanol and dried
under reduced pressure at 30 ◦C to remove the solvent. The dried
film was  redispersed in BSA solution. The suspension was soni-
cated under 200 W at 4 ◦C for 5 min, followed by extruding through
0.22 �m filters multiple times to obtain the final BSA-NLCs or BSA-

AL-NLCs. Calcein/PTX-loaded NLCs were prepared using the same
method by adding calcein/PTX to the lipid mixture solution. The
loading efficiencies of PTX or calcein in both NLCs were similar,
about 4% and 0.1%, respectively.
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Although BSA did not adsorb to NLCs without AL, BSA was added
n the hydrate solution to certify hemolysis and lysosomolytic abil-
ty of BSA-AL-NLCs was offered by AL but not BSA. The obtained
LCs were named BSA-NLCs even without BSA layer on the surface.

.4. Hemolysis assay of AL and NLCs

Blood from rat was centrifuged at 1000 × g for 5 min  to isolate
rythrocytes (RBC). The cell pellets were resuspended into a 2%
w/v) RBC solution with isotonic phosphate buffered saline (PBS)
t appropriate pH (pH 5.4, 6.5 or 7.4) and then seeded (100 �L)
nto a 96-well plate. 100 �L of AL solution (different pH PBS was
sed as solvents) was added to RBC solutions in triplicates and the
late was incubated for 1 h at 37 ◦C. Triton X-100 (2%, w/v) and

sotonic PBS of different pH were used as positive and negative
ontrol, respectively. The absorbance of the supernatant from each
ample was measured at 570 nm using a micro-plate reader. The
elative hemolytic activity of AL was calculated by

Abssample − Absbuffer

AbsTriton − Absbuffer
× 100% (1)

here Abssample, Absbuffer and AbsTriton stand for the absorbance
ntensity of RBC treated with NLCs, PBS and Triton X-100, respec-
ively.

The hemolysis assay of NLCs was similar to AL with some
dditional operation: the supernatant from each sample after
ncubation should be treated with 100 �L 2% Triton X-100 and
entrifuged again to avoid absorption of nanoparticles in the super-
atant at determine wavelength.

.5. Size and zeta potential measurement of NLCs

100 �L of NLCs was diluted to 4 mL  using deionized water, and
hen particle size and zeta potential were measured by using Zeta-
lus (Brookhaven Instruments, UK) at 25 ◦C.

.6. TEM and AFM imaging

Morphological examination of PTX-loaded NLCs was performed
nder transmission electron microscopy (TEM, H-7650, Hitachi
igh-Technologies Corporation) and Atomic Force Microscopy
ith tapping model (AFM, Nanoscope V BioscopeTM, Veeco Instru-
ents).

.7. In vitro release of PTX from NLCs

Release experiments of PTX from the nanoparticles in vitro were
erformed by dialysis of the PTX-loaded NLCs in PBS of differ-
nt pH containing 0.1% Tween 80. PTX-loaded NLCs suspension
as diluted 10 times by adding 4.5 mL  PBS at appropriate pH to

.5 mL  NLCs. Then, 0.5 mL  diluted NLCs were placed in dialysis
ags (10,000 Da molecular weight cut-off). Next, dialysis bags were

ncubated in 100 mL  of PBS at 37 ◦C and shaken at 100 rpm. Sam-
les (1.0 mL)  were withdrawn at fixed time and fresh buffer was
dded. Samples were centrifuged at 12,000 rpm for 5 min  and the
upernatant was determined by HPLC method.

Release experiments of PTX in dialysis medium with changed pH
ere carried out to evaluate the release of PTX under Intracellular

nvironments. The operation was similar with the method above
xcept replace PBS of pH 5.4 with PBS of pH 7.4 at 1 h.

.8. Ablation of BSA from BSA-AL-NLCs at different pH
1 mL  BSA-AL-NLCs was added to 4 mL  PBS of pH 5.4, pH 6.5 and
H 7.4 and incubated for 30 min  under slight stirring at room tem-
erature. Then, 1 mL  sample was taken out to separate free BSA
maceutics 436 (2012) 248– 257

from NLCs and the concentration of free BSA was detected by BCA
method (Smith et al., 1985). The ablate ration (AR) of BSA from
BSA-AL-NLCs was  calculated by

AR = BSAfree

BSAtot
× 100% (2)

where BSAfree and BSAtot stand for the amount of free and total BSA
in the NLCs suspension, respectively.

2.9. Cell culture

MCF-7 (human breast cancer) cell was cultured in DMEM-HG
supplemented with 10% inactivated fetal bovine serum (FBS), peni-
cillin (100 U/mL) and streptomycin (100 �g/mL) at 37 ◦C in an
incubator (Thermo Electron Corporation) with 5% CO2. The cells
were harvested with 0.025% trypsin and rinsed. The resulted cell
suspension was used in the following experiments.

2.10. CLSM imaging

Calcein-loaded AL-NLCs was prepared according to Section 2.3
using distilled water instead of BSA solution to hydrate the AL-
contained lipid film. Its particle size, zeta potential and calcein
loading efficiency were 69.9 nm,  +12.5 mV  and about 0.1%, similar
to that of BSA-NLCs and BSA-AL-NLCs.

MCF-7 cells were seeded in cell culture dish (Costar, USA)
at a density of 10,000 cells/dish and incubated in 1 mL  com-
plete medium for 24 h. After incubated with DMEM-HG (without
FBS, pH 7.4) for 20 min, 500 �L BSA-NLCs, BSA-AL-NLCs or
AL-NLCs were added to replace DMEM-HG and incubated for
another 1 h. The sample was replaced with 500 �L DMEM-HG
and incubated for another 0 h, 1 h and 3 h respectively. After
the culture medium was removed and the dishes were rinsed
with PBS (pH = 7.4), Lyso-tracker red was added to stain the
lysosomes and culture media were replaced with PBS. A con-
focal laser scanning microscope (CLSM, Olympus FV300-BXCarl
Zeiss LSM-410, Tokyo, Japan) was used to exam the cells after
incubation.

2.11. Cytotoxicity

The cytotoxicity of prepared NLCs was evaluated by determin-
ing the cell viability using MTT  assays. The cells (MCF-7 cells) were
seeded in 96-well plates at a density of 5 × 103 cells/well and incu-
bated in 200 �L complete medium for 24 h. Then, the medium was
replaced by BSA-NLCs or BSA-AL-NLCs samples diluted in DMEM-
HG (without FBS, pH 7.4) and incubated for another 24 h. At given
time intervals, 10 �L of MTT  (5 mg/mL  in pH 7.4 PBS) was  added
and incubated for 4 h in incubator. 150 �L DMSO was  added to
replace the medium in order to solubilize the formazan crystals.
The UV absorbance intensity was measured by Microplate Reader
(Thermo Electron Corporation) at � = 570 nm.  Each point was per-
formed in triplicates. Cell viability was calculated by the following
equation

Cell viability = ODs

ODcontrol
× 100% (3)

where ODs stands for the absorbance intensity of the cells treated
with NLCs, while ODcontrol stands for the absorbance intensity of
the cells incubated with culture medium.

2.12. In vitro anti-tumor assay
MCF-7 cells (5 × 103 cells/mL) were harvested and seeded in
96-well plates with 200 �L of DMEM-HG medium for 24 h. PTX
solution and PTX-loaded NLCs in DMEM-HG were added to the
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Fig. 2. Hemolytic activity of AL in the PBS media of pH 5.4, pH 6.5 and pH 7.4.
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riton X-100 and PBS of different pH were used as positive and negative control,
espectively. Mean and S.D. are shown (n = 3).

edium-removed 96-well plates with different PTX concentrations
nd incubated for 48 h. 10 �L of MTT  (5 mg/mL in pH 7.4 PBS) was
dded after the wells were rinsed with PBS (pH7.4). After incubated
or additional 4 h, 150 �L DMSO was added to replace the medium
n order to solubilize the formazan crystals. The absorbance was

easured by Microplate Reader at � = 570 nm.  Cell viability was
alculated according to Eq. (3).
.13. Biodistribution

All experiments involving animals were approved by the Uni-
ersity Ethics Committee for the use of experimental animals and

ig. 3. (A) TEM and (C) AFM images of BSA-NLCs; (B) TEM and (D) AFM images of BSA-AL
maceutics 436 (2012) 248– 257 251

carried out according to the National Institute of Health Guide for
the Care and Use of Laboratory.

Male Kunming mice were inoculated subcutaneously in the
right armpits with 0.1 mL  S-180 cell suspension (4 × 106) to estab-
lish tumor-bearing mice. Once the tumor volume reached about
200 mm3, the mice received intravenous injection, via the tail vein,
of BSA-AL-NLCs, BSA-NLCs or Taxol at a PTX dose of 15 mg/kg. Mice
were exsanguinated through femoral artery at 10 min, 30 min, 1 h,
2 h, 6 h and 12 h post-injection (3 mice for each time point). The
heart, liver, spleen, lung, kidney and tumor were collected and
weighted. Blood and tissue samples were placed separately in vials
and stored at −20 ◦C.

0.1 mL  blood samples or and 0.8 mL  tissue homogenate was
mixed with 10 �L of internal standard (Diazepam, 27 �g/mL) and
extracted with 4 mL  of tetra-butyl methyl ether. The clear super-
natant was  removed after centrifugation at 4000 rpm for 10 min
and evaporated under reduced pressure. The residue was then dis-
solved by 200 �L of mobile phase and centrifuged at 12,000 rpm for
5 min  before HPLC analysis.

2.14. In vivo anti-tumor activity

Male Kunming mice were inoculated subcutaneously in the
right armpits with 0.1 mL  S-180 cell suspension (4 × 106) to estab-
lish tumor-bearing mice. On day 2 (the day of tumor inoculated was
assigned as day 0), the mice were weighed and randomly divided
into four groups (n = 5). The control saline or preparations (Taxol,
BSA-AL-NLCs, BSA-NLCs) were intravenously administered via the
tail vein at a dose of 15 mg/kg every 2 days for 5 times. The body
weight of mice was weighed everyday. At day 11, all mice were

sacrificed and the tumor mass was removed, photographed and
weighted. Change ratio of body weight was calculated by divid-
ing by the weight at day 1. Anti-tumor efficacy was evaluated by
tumor inhibition rate (TIR), which was calculated according to the

-NLCs. Both of the particles were prepared with similar loading efficiencies of PTX.
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ollowing equation.

IR

= tumor weight of saline group−tumor weight of treated group
tumor weight of saline group

× 100% (4)

.15. Statistical analysis

Both ANOVA and Student’s two-sample t-test were utilized for
tatistical evaluation. P < 0.05 was considered significant.

. Results

.1. Hemolysis assay of AL

Hemolysis assay was employed to evaluate the pH-sensitive
embranolytic capability of AL. Fig. 2 showed the hemoly-

is activity of AL in PBS of different pH. AL exhibited both
oncentration-dependant and pH-dependant hemolysis activity.
t the concentration around 0.025 mg/mL, AL showed negligible
emolysis at pH 7.4 (physiological pH), about 40% hemolysis ability
t pH 6.5 (endosomal pH), and almost complete hemolysis ability
t pH 5.4 (lysosomal pH). It could be drawn from the results that
round this concentration, AL was membranolytic only at lysoso-
al  pH.

.2. Size and zeta potential of BSA-NLCs and BSA-AL-NLCs

It should be declared that 2.5 mg/mL  BSA solution was used to
ydrate the lipid film based on our previous study.

The size of BSA-NLCs prepared without AL was 72.2 nm.
ompared with BSA-NLCs, BSA-AL-NLCs showed increased mean
iameter, about 80 nm,  due to BSA coated efficiently on the surface
f AL-NLCs. Both the NLCs with or without BSA coating layer were
maller than 100 nm that difference of size would not affect their
nternalization and fate in cell.

BSA-NLCs exhibited a weak negative zeta potential around
2 mV,  while BSA-AL-NLCs was positive charged, judging from its

eta potential of +5.02 mV.  Without BSA coating layer, the zeta
otential of AL-NLCs was stronger (about +12.5 mV). In this study,
SA was added to shield the strong positive potential partly to

ncrease the stability and prolong the resistance time in blood.

ig. 5. Release profiles of PTX from BSA-NLCs (A) and BSA-AL-NLCs (B) at 37 ◦C in PBS wit
LCs  at pH 7.4 after dialyzed in PBS of pH 5.4 for the first 1 h. Mean and S.D. are shown (n 

eferred to the web  version of the article.)
and PBS of different pH were used as positive and negative control, respectively.
Mean and S.D. are shown (n = 3).

3.3. TEM and AFM imaging

TEM of BSA-NLCs and BSA-AL-NLCs were shown in Fig. 3 and
most of them showed regular, spherical morphous shape. Fig. 3A
showed smooth appearance of NLCs, while Fig. 3B clearly displayed
the BSA layer on BSA-AL-NLCs. In AFM images Fig. 3C and D, BSA-
AL-NLCs looked brighter at the central of particles than BSA-NLCs,
standing for higher height of BSA-AL-NLCs in comparison with BSA-
NLCs. The apparent size of TEM and AFM images were slightly larger
than measured size using DLS analyzer.

3.4. Hemolysis assay of NLCs

Hemolysis assay was also done to evaluate the pH-sensitive
membranolytic activity and predict the lysosomolytic capability
of BSA-AL-NLCs. As Fig. 4 showed, BSA-NLCs exhibited negligible
hemolytic capability at the whole concentration and pH range. BSA-
AL-NLCs displayed negligible hemolytic activity at pH 7.4 even at
the highest concentration. When pH decreased to 6.5, hemolytic
capability of BSA-AL-NLCs increased along with the raise of AL
concentration. At pH 5.4, BSA-AL-NLCs showed stronger hemolytic
capability than pH 7.4 and 6.5 (P < 0.05), while complete hemolysis

was achieved when the AL concentration was above 0.025 mg/mL.
This result indicated BSA-AL-NLCs were membranolytic only at
acidic pH even at high concentration.

h different pH. The yellow curve displayed the release profile of PTX from BSA-AL-
= 3). (For interpretation of the references to color in this figure legend, the reader is
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.5. In vitro release of PTX from NLCs

The entrapment efficiency of PTX in BSA-NLCs and BSA-AL-NLCs
ere 97.2 ± 2.3% and 97.6 ± 1.5%, respectively. Fig. 5 displayed the

elease profiles of PTX from BSA-NLCs and BSA-AL-NLCs in PBS
f different pH. There was no significant difference between the
elease of PTX from BSA-NLCs at different pH (P > 0.05), Fig. 5A.
n contrast, the release from BSA-AL-NLCs increased when pH
ecreased from 7.4 to 5.4, as shown in Fig. 5B. The release of PTX
rom BSA-AL-NLCs was rather slow at pH 7.4, reached a cumulative
elease of 28.9% for 1 day and 37.4% for 2 days. However, at pH 5.4,

 noticeably increased release of PTX was observed with about 40%
ithin 8 h and 65.3% after 2 days.

Further study of the release properties under changed pH was
arried out to simulate intracellular process after endocytosis. As
ig. 5B (yellow curve) showed, BSA-AL-NLCs displayed greatly
ncreased release at pH 7.4 after dialyzed at pH 5.4 for the first

 h. The total cumulative release achieved 59.3%, close to the total
umulative release at pH 5.4 (65.3%). The temporary retention at
H 5.4 raised the release of PTX from BSA-AL-NLCs at pH 7.4 signif-

cantly.

.6. Ablation of BSA from BSA-AL-NLCs at different pH

The ablate ratio of BSA from BSA-AL-NLCs at pH 7.4, pH 6.5
nd pH 5.4 was 6.75 ± 3.17%, 14.60 ± 5.74% and 86.62 ± 14.35%,
espectively. This result indicated that more BSA ablated from BSA-
L-NLCs with the decrease of pH. Amounts of BSA ablated at pH 5.4
ven after only 30 min  incubation.

.7. CLSM imaging

Calcein, a pH-responsive fluorescent probe emerges green flu-
rescence at natural pH and undergo self-quenching in acid
nvironment (Ho et al., 2011; Jones et al., 2003), was  chosen to
race the locus of NLCs in cells. Lysosomolytic ability of AL-NLCs was
lso studied to verify BSA layer on BSA-AL-NLCs did not contribute
o lysosome escape, as well as did not reduce lysosomal disrupt
ctivity. Fig. 6 clearly displayed the cytoplasmic locus of calcein
abeled NLCs (green) in MCF-7. Amounts of lysosomes appeared in
ells after incubate with NLCs for 1 h due to the internalization of
SA-NLCs, BSA-AL-NLCs or AL-NLCs via endosome–lysosome path.

In cells administrated with BSA-NLCs, lysosomes did not
ecrease as time proceeded, meanwhile, green fluorescence of
alcein did not increase. These indicated that lysosomes were
nbroken and calcein-loaded BSA-NLCs were still entrapped in

ysosomes. When incubated with BSA-AL-NLCs or AL-NLCs, red
uorescence of lysosomes decreased continually and green fluo-
escence of calcein in cytoplasm increased expressly, indicating the
nassailable lysosomolytic activity induced by BSA-AL-NLCs/AL-
LCs and the diffusion of BSA-AL-NLCs/AL-NLCs into cytoplasm.

.8. Cytotoxicity and in vitro anti-tumor assay

As shown in Fig. 7A, blank NLCs either with or without AL, did
ot exhibit cellular toxicity as determined by MTT  assay. This is
specially beneficial for the NLCs to be used as Intracellular drug
elivery nanoparticles without nonspecific cytotoxicity.

As shown in Fig. 7B, PTX-loaded BSA-AL-NLCs exerted higher
ytotoxicity compared with BSA-NLCs. For example, at the con-
entration of 5 �g/mL, PTX-loaded BSA-NLCs and BSA-AL-NLCs

educed the cell viability with very significant difference (P < 0.001),
y 47.7% and 81.4%, respectively. However, both NLCs showed

ower cytotoxicity than PTX solution, which enabled 94.6% reduc-
ion in cell viability at this concentration. Conclusion could be made

Fig. 6. Confocal images of MCF-7 at 0 h, 1 h, 3 h after incubated with calcein loaded
BSA-NLCs (a–c), BSA-AL-NLCs (d–f) and AL-NLCs (g–i) for 1 h at first. Lysosomes
(red) was stained with lyso-tracker red, green fluorescence stood for calcein loaded
NLCs. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)
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Fig. 7. The cell cytotoxicity (MCF-7) of blank NLCs (24 h, A) and in vitro anti-tumor effect of PTX loaded NLCs with different concentrations (B, 48 h). Mean and S.D. are shown
(n  = 3).
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As shown in Fig. 9A, body weight of mice treated with BSA-
NLCs and BSA-AL-NLCs increased more than that of Taxol group
though without significant distinction, suggested less influence on

Table 1
AUC0–t (�g/(g h)) in various tissues after i.v. injection of Taxol, BSA-NLCs, and BSA-
AL-NLCs at a dose of 15 mg/kg PTX into S180 tumor-bearing mice. Results are shown
as  mean ± S.D (n = 3).

Tissue Taxol BSA-NLCs BSA-AL-NLCs

Plasma 33.25 ± 4.32 18.72 ± 0.94* 46.73 ± 4.21**

Heart 56.51 ± 5.48 11.44 ± 1.92* 15.05 ± 1.99*

Liver 229.90 ± 28.39 484.80 ± 86.78* 173.73 ± 19.98
Spleen 79.14 ± 16.62 155.55 ± 31.27* 61.63 ± 12.14
Lung 69.48 ± 11.33 18.02 ± 3.57* 19.11 ± 0.76*
Fig. 8. Biodistribution profile of Taxol and PTX-loade

hat BSA-AL-NLCs was more effective to inhibit the proliferation of
umor cells than BSA-NLCs.

.9. Biodistribution

Fig. 8 presented the mean concentrations of PTX in tissues of
umor-bearing mice after intravenous injection. From this data,
t appeared that Taxol was cleared rapidly in plasma and tis-
ues, while PTX-loaded NLCs showed prolonged residence time
n blood and tissues. It was obviously that most of Taxol and
TX-loaded NLCs accumulated at liver. BSA-NLCs showed better
argeting ability to liver and spleen compared with BSA-AL-NLCs.
fter injection of Taxol and BSA-NLCs, the highest concentration of
TX in tumor tissue appeared at 10 min  and decreased to 0.19 �g/g
nd 0.65 �g/g at 12 h, respectively. In comparison, PTX achieved the
ighest concentration at 2 h post-injection of BSA-AL-NLCs due to
he accumulation of NLCs caused by EPR effect. PTX concentration
as about 1.56 �g/g even 12 h after injection, much higher than

hat of Taxol and BSA-NLCs. This indicated the accumulation and
rolonged residence of PTX-loaded BSA-AL-NLCs in tumor in com-
arison with Taxol and BSA-NLCs. Table 1 displayed the AUC0–t of
TX in blood and other tissues after intravenous injection. It was

bviously that the AUC0–t of BSA-AL-NLCs in blood was 1.39-fold
nd 2.50-fold higher than that of Taxol and BSA-NLCs, while in
umor was 2.95-fold and 2.33-fold higher, respectively. However,
SA-NLCs exhibited the best targeting ability in liver and spleen,
s after intravenous injection at the dose of 15 mg/kg.

judging from the 2.11-fold and 2.79-fold higher AUC0–t in liver and
1.97-fold and 2.52-fold higherAUC0–t in spleen than that of Taxol
and BSA-AL-NLCs, respectively. BSA-AL-NLCs displayed prolonged
retention in blood, enhanced tumor targeting ability but reduced
accumulation in liver and spleen.

3.10. In vivo anti-tumor activity
Kidney 73.11 ± 8.85 51.11 ± 6.64* 46.81 ± 10.39*

Tumor 15.92 ± 3.66 20.18 ± 4.26 46.96 ± 5.49**

* P < 0.05, versus Taxol.
** P < 0.05, versus Taxol and BSA-NLCs.
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ig. 9. Change ratio of body weight (A), tumor graph (B) and tumor weight (C)
f  tumor-bearing mice after i.v. application of different PTX preparation (*P < 0.05,
ersus Saline group; **P  < 0.05, versus Saline, Taxol and BSA-NLCs group).

ody weight. The final tumor images and weight were exhibited in
ig. 9B and C. Judging from Fig. 9B, the tumor inhibition efficacy in

 descending order was BSA-AL-NLCs > Taxol > BSA-NLCs > Saline.
he tumor weight of mice treated with Saline, Taxol, BSA-NLCs
nd BSA-AL-NLCs was 3.88 ± 1.19 g, 1.70 ± 0.56 g, 2.09 ± 0.34 g and
.15 ± 0.22 g, respectively. It could be drawn that BSA-AL-NLCs

nhibited tumor growth more effectively than Taxol and BSA-NLCs
P < 0.05), with the TIR of 70.31%. While, Taxol exhibited slightly
etter tumor inhibition efficacy than BSA-NLCs without statistically
ignificant (P > 0.05), with the TIR of 56.05% compared to 46.04%.

. Discussion

The pH-sensitive protonatable hydrophilic head and hydropho-
ic chain of AL seemed a unique combination for its pH-sensitive
embranolysis (Chen et al., 2009a,b; Ho et al., 2011). The

ptimization of polyanions suggested that hydrophobic modifi-
ation improved their membranolytic activities, confirmed the

mportance of hydrophobic residues in their membranolysis.
ther researchers found that pH-dependent protonation of the
ydrophilic residues played an important role in pH-sensitive
embrane disruption of polymalic acid peptide, suggested that
maceutics 436 (2012) 248– 257 255

the improved affinity with membrane at lower pH was  vital to
induce pH-sensitive lysis of membrane (Ding et al., 2011). At
neutral pH, AL burdened little H+ and only exhibited weak mem-
branolysis even at high concentration due to its weaker affinity
with membranes. At lower pH, AL adsorbed more H+ and became
more positive charged. So the electrostatic affinity with negative
charged biomembrane became stronger at lower pH, facilitating
the insertion of its hydrophobic chain into biomembranes and
the disturbance of membrane and the final disruption. There-
fore, AL exhibited particular interest to develop endo/lysosomolytic
nanocarriers.

It was widely accepted that nanoparticles with strong positive
charge suffered from opsonin binding and RES recognition, resulted
fast clearance from blood by RES (Li et al., 1999; Zelphati et al.,
1998). In this study, BSA, a negative charged protein at neutral pH,
was added to coat on AL-NLCs and shield its strong net positive
charge (Jung et al., 2010) to increase the stability in blood and pro-
long the resistance time for the following study. Of course, other
materials which can shield the positive charge of AL-NLCs can also
be chosen to replace BSA.

According to the conclusions previously reported, nanoparticles
smaller than 200 nm preferred to accumulated in tumor tissues due
to the enhanced permeability and retention (EPR) effect (Duncan
et al., 1996), and nanoparticles smaller than 100 nm could avoid
the recognition of reticuloendothelial system and exhibited longer
blood circulation effect (Gaur et al., 2000). The slight difference of
size in this study would not induce distinction of their fate in vivo
and in cells. The CLSM images also displayed amounts of lysosomes
in cells after incubated with either of the NLCs for 1 h, indicating all
the NLCs entered cells via endosome–lysosome path. In addition,
all the prepared particles meet the widely accepted requirement of
size to avoid the opsonin binding and RES recognition and facilitate
tumor targeting.

BSA-AL-NLCs unsurprisingly acquired pH-sensitive membra-
nolytic activity via insertion of AL. What is more, in contrast to AL,
BSA-AL-NLCs showed almost negligible hemolytic activity at pH 7.4
even at high concentration, indicating the safety of BSA-AL-NLCs to
biomembranes at neutral pH. BSA-AL-NLCs were membranolytic
only at acidic pH typical of lysosomes, thus devoid of cytotoxic-
ity and are expectable used as lysosomolytic drug delivery system.
The details and mechanism of its pH-sensitive membranolysis are
under research.

In contrast to pH-independent release of PTX from BSA-NLCs,
BSA-AL-NLCs released PTX pH-dependently, which was ascribed
to the BSA layer of BSA-AL-NLCs and the pH-dependent BSA abla-
tion from BSA-AL-NLCs. BSA was  water-soluble protein and formed
a hydrophilic battle for the diffusion of hydrophobic PTX from
NLCs. At pH milieu of endo/lysosome, BSA ablated from BSA-
AL-NLCs for the decreased electrostatic attraction between less
negative charged BSA and AL-NLCs, resulted the removement of
the diffusion battle and the increased release. Of particular interest,
pre-treatment of BSA-AL-NLCs with PBS of pH 5.4 for 1 h increased
the total cumulative release amount of PTX at pH 7.4, suggesting the
temporary entrapment in lysosomal pH could promote the release
of PTX from BSA-AL-NLCs. This pH-dependent release profiles was
attracted for the lysosomolytic drug delivery.

Calcein undergo self-quenching in lysosomal acid environ-
ment. This quenching effect could be reduced when released from
lysosome and dispersed in the cytoplasm, and thus exhibited
green fluorescence when excited with laser (Ho et al., 2011). In
contrast to BSA-NLCs, AL-NLCs and BSA-AL-NLCs disrupted lyso-
some and diffused into cytoplasm timely, indicating both AL-NLCs

and BSA-AL-NLCs acquired lysosomolytic capability by inserting
pH-sensitive membranolytic AL. This proved that AL could be
used to prepare lysosomolytic nanoparticles via convenient inser-
tion, and the BSA layer did not affect the lysosomolytic activity
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ompared with AL-NLCs. This may  provide a convenient method to
uild more nanoparticles with lysosomolytic capability and used
s extra lysosomal drug delivery systems. The lysosome disrup-
ion and cytoplasmic trafficking mechanism will be studied in our
ollowing research.

Compared with BSA-NLCs, BSA-AL-NLCs did not present obvious
oxic effect on MCF-7 cells even at the highest concentration, indi-
ating the weak positive charge of BSA-AL-NLCs had no influence
n cell viability. As expected, PTX-loaded BSA-AL-NLCs inhibited
he proliferation more effective in comparison with BSA-NLCs.
SA-AL-NLCs disrupted the membrane of lysosome and diffused
o cytoplasm quickly after endocytosis, facilitated drug targeting
nd inhibited the proliferation. While BSA-NLCs was entrapped in
ysosome for lacking the ability of lysosomolysis, resulting little
ytoplasmic diffusion of PTX and the final low anti-tumor effect in
itro. It is obviously that the lysosomolytic activity facilitated lyso-
omal escape of BSA-AL-NLCs and cytoplasmic release of PTX to
nhibit the proliferation of cancer cells.

Without BSA layer on the surface, BSA-NLCs would be recog-
ized and cleared by reticuloendothelial system (RES) and resulted
hort residence time in blood. BSA-NLCs phagotrophic by RES were
ransferred to and accumulated in RES-rich organs (Kweon et al.,
010; Xiao et al., 2011), liver and spleen, but less in tumor for
he reduced passive target ability caused by the rapid clearance
rom blood. Coating BSA on nanoparticles could increase the sta-
ility in plasma and prolong the residence time in vivo (Furumoto
t al., 2007; Quan et al., 2011). BSA-AL-NLCs exhibited more effec-
ive tumor targeting capability than BSA-NLCs, for the BSA layer of
SA-AL-NLCs prolonged the residence time in blood and increased
he opportunity of BSA-AL-NLCs accumulated in tumor due to EPR
ffect. Besides, the accumulation ability of BSA in tumor (Felix,
008; Stehle et al., 1997) may  also contribute to the increased tumor
argeting ability of BSA-AL-NLCs than BSA-NLCs.

In vivo anti-tumor activity confirmed the better tumor inhibi-
ion efficacy of BSA-AL-NLCs. This improved anti-tumor efficacy
as due to the combination of increased PTX accumulation and

ffective lysosomal escape capability of BSA-AL-NLCs. BSA-NLCs
resented less effective anti-tumor activity than Taxol even PTX
oncentration was higher after 2 h of injection, for BSA-NLCs were
till entrapped in lysosomes and PTX could not release to cyto-
lasm. Overall, lysosomolytic BSA-AL-NLCs displayed expectable
erspective to be used as tumor targeting and extra lysosomal anti-
ancer drug delivery system.

. Conclusions

Herein, AL, a pH-sensitive membrane disruptional agent,
as successfully synthesized and used to prepare its composed
anoparticles (BSA-AL-NLCs) via convenient method. BSA-AL-NLCs
ossessed regular, spherical morphous, favorable particle size
nd zeta potential. BSA-AL-NLCs acquired pH-sensitive membra-
olytic activity of AL and were membranolytic only at acidic pH
ypical of lysosomes, thus devoid of cytotoxicity under physio-
ogical environment. The release of PTX from BSA-AL-NLCs was
H-dependent. BSA-AL-NLCs exhibited lysosomolytic capability in
ells after endocytosis, promoting lysosomal escape of the delivery
ystems and drug release in cytoplasm. PTX-loaded BSA-AL-NLCs
howed increased cytotoxicity than BSA-NLCs, due to its effective
ysosomolytic capability. BSA-AL-NLCs presented better tumor tar-
eting and In vivo anti-cancer activity.

Furthermore, this described method may  provide an available

nd flexible platform to design and prepare more nanoparti-
les with lysosomolytic capability and used as extra lysosomal
rug delivery systems (such as liposomes, micelles) to improve
he therapeutical efficiency of loaded active agents, without
maceutics 436 (2012) 248– 257

unspecific plasma membrane permeation or membrane damage
induced by free lysosomolytic agents. The details and mechanism
of pH-sensitive membranolysis and lysosomolysis of BSA-AL-NLCs
are under research and will be described in the following study.
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