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ABSTRACT

Currently, it is unknown whether a receptor-associated protein will be affected when a ligand modified
delivery system interacts with its receptor. Besides, chlorotoxin (CITx)-modified liposomes can target to
glioma cells, but the target molecule is not clear: MMP-2, CIC-3 or both? Here a comparative study of
CITx-conjugated liposomes was conducted on two types of tumor cells: U87, a human glioma cell line
with high expression of both MMP-2 and CIC-3, and A549, a human lung cancer cell line with expression
of only MMP-2. CITx-modified liposomes behaved similarly in these two cancer cells in terms of in vitro
cell uptake, endocytosis pathway, intracellular trafficking and in vivo targeting efficacy, though the two
tested cell lines were very different in CIC-3 expression. These results revealed that the targeted delivery
of CITx modified liposomes to U87 tumor was MMP-2-mediated and not correlated with the chloride
channel CIC-3. On the other hand, CITx modified on the liposomes did activate the receptor-associated
protein CIC-3 via the binding with MMP-2, leading to the inhibition on cell migration and chloride
currents. This is significant because cell migration is a key step in tumor metastasis. Interestingly, higher
in vitro cellular uptake and lower in vivo tumor accumulation of liposomal systems was found in U87
compared to the A549 model, possibly due to the biological differences between in vitro and in vivo
models. In general, CITx-modified delivery systems may potentially target to tumors other than glioma

that express a high level of MMP-2, and its effect on CIC-3 may help prevent tumor metastasis.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cellular membranes consist of lipid and various types of mem-
brane proteins, including receptors and ion channels located in
special membrane domains. It is estimated that approximately 30%
of human genome encodes membrane proteins [1,2]. These mem-
brane proteins may play important roles in cell signaling cascades,
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membrane fusion, cell to cell communication, ion transport, cell
adhesion, cell volume regulation, and even drug discovery, because
the targets for over 70% of therapeutic drugs are membrane pro-
teins [3,4]. On the other hand, the active targeting system is usually
established by modification with antibodies, antibody fragments or
peptides generally called ligands [5]. With ligands interacting with
receptors over-expressed on the surface of tumor cells, the active
targeting nanomedicines increase the cellular uptake of drugs into
cancer cells on the basis of the EPR effect in vivo [6,7]. Many active
targeting systems present satisfying specificity, and some of them
are now in advanced phases of clinical trials [8]. Because some
membrane proteins are closely localized together, such as receptors
and receptor-associated proteins, when one such protein is acti-
vated, the function of other associated protein is probably affected.
However, most previous studies on active targeting only focus on
the interaction between the ligands and receptors. It is currently
unclear whether the receptor-associated proteins will also be
affected when the ligands modified on the nanomedicines interacts
with receptors on the cells.
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Chlorotoxin (CITx) purified from the venom of the scorpion
Leiurus quinquestriatus is a peptide containing 36 amino acids and 4
disulfide bonds at a relative molecular mass of 3996 [9]. A mem-
brane protein, matrix metalloproteinase-2 (MMP-2) has been
shown to be the receptor for CITx [10]. Additionally, it has been
found that CITx could inhibit a voltage gated chloride channel
specifically expressed on human astrocytoma and glioma cells as
well as acute slices of human gliomas [11,12]. This chloride channel
was then identified as CIC-3, a type of CI~ | H" exchanger mainly
expressed in endosomal/lysosomal compartments (>95%), and
nowadays, CITX is still considered as the only specific inhibitor of
CIC-3 [13—15]. Interestingly, it was supposed that CIC-3 and MMP-2
formed a protein complex located in the same membrane domain,
and the interaction of CITx with MMP-2 decreased the surface
expression of CIC-3 and obstructed the chloride currents [16],
revealing the effects of CITx on both receptor MMP-2 and the
receptor-associated protein CIC-3.

After the selective binding of CITx to glioma cells and other
tumors of neuroectodermal origin was verified, a few reports uti-
lized CITx as the targeting ligand to deliver drug, gene or diagnosis
agent [9,17—21]. However, the target molecule of ClITx-modified
nanomedicines is still unknown: MMP-2, CIC-3 or both mem-
brane proteins, though the chloride channel was supposed as the
delivery target in our previous study [21]. Further, the impact of any
interactions and the relationship between MMP-2 and CIC-3 during
the targeted delivery are also unclear currently, except the suppo-
sition that they formed a protein complex in a special membrane
domain [16].

To address these issues, a comparative study of chlorotoxin-
conjugated liposomes on both MMP-2 and the associated protein
CIC-3 in two types of tumor cells was conducted here. CITx modi-
fied liposomes were fabricated and characterized as a model of a
receptor-mediated delivery system. U87 MG (U87), a human glio-
blastoma cell line with high expression of both MMP-2 and CIC-3,
was selected as the experimental cell model, while A549, a hu-
man lung cancer cell line with high expression of only MMP-2, was
used as the control cell model. The co-localization between MMP-2
and CIC-3 in U87 cells was confirmed. Then, the in vitro cellular
uptake, endocytosis pathway, intracellular trafficking and in vivo
near-infrared imaging of CITx modified liposomes, as well as the
inhibition effect on migration and chloride currents by this modi-
fied system, were compared in these two cell types.

2. Materials

N-hydroxysuccinimidyl-PEG3p0o-DSPE and DSPE-PEG,p99 were purchased
from NOF Corporation (Tokyo, Japan). CITx was synthesized by ChinaPeptides Co.,
Ltd (Shanghai, China). Hydrogenated soybean phospholipids (HSPC) was pur-
chased from Lipoid GmbH (Ludwigshafen, Germany). Cholesterol, Sephadex G-
50, trichloroacetic acid (TCA), sulforhodamine B (SRB), anhydrous N, N-dime-
thylformamide (DMF), chlorpromazine, filipin, methyl-beta-cyclodextrin (MBCD)
and 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) were purchased from Sigma-—
Aldrich (St. Louis, MO, USA). Tris was purchased from Amresco (Solon, OH, USA).
Doxorubicin Hydrochloride (Dox) was kindly presented by Hisun Pharm (Zhe-
jiang, China). Dir, Hoechst 33258, Coumarin-6 (C6), LysoTracker Red and 6-
methoxy-N-ethylquinolinium iodide (MEQ) were purchased from Life Technol-
ogies (Eugene, USA). Cell counting kit-8 (CCK-8) was purchased from Dojido
Laboratories (Tokyo, Japan). Rabbit polyclonal to CIC-3 and mouse monoclonal to
MMP-2 were purchased from Abcam (Cambridge, UK). Secondary antibodies
labeled with Texas red or FITC were from Proteintech (Chicago, USA). ER-Tracker
Red was purchased from Beyotime (Jiangsu, China). Other reagents were all of
ACS grade or HPLC grade.

2.1. Cell culture and animals

The human glioblastoma cell line U87 MG (U87) and human lung carcinoma cell
line A549 were obtained from Cell Resource Center, Institute of Basic Medical Sci-
ences, Chinese Academy of Medical Sciences (Beijing, China). U87 cells were
cultured in MEM medium containing a final concentration of 10% (v/v) fetal bovine
serum (FBS), 1% nonessential amino acid and 1% antibiotics (penicillin, 100 U/mL
plus streptomycin). A549 cells were cultured in F12K medium plus 10% FBS and 1%

antibiotics. Both cell lines were cultured at 37 °C in humidified atmosphere with 5%
COy.

Female BALB/c nude mice of 6—8 weeks old were from Vital River Company
(Beijing, China) and kept under SPF condition with free access to standard food and
water during the experiment. All experiments of animals were performed under the
guidelines of the Ethics Committee of Peking University.

2.2. Synthesis of DSPE-PEG-CITx and preparation of liposomes

The synthesis method of targeting material DSPE-PEG-CITx and preparation of
liposomes were previously reported by our research group [21]. In brief, DSPE-PEG-
NHS and CITx (5:1; molar ratio) were reacting for 120 h in DMF adjusted to pH 8 with
triethylamine. The conjugation efficiency was monitored by reverse high perfor-
mance liquid chromatography (HPLC). After dialysis and freeze-drying, the targeting
material was confirmed by matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF; Bruker Daltonics, USA).

The Dox-loading liposomes modified with CITx (CITx-SSL-Dox) and non-
modified liposomes loading Dox (SSL-Dox) were prepared by thin film hydration
followed by the ammonium sulfate transmembrane gradient method [21]. The li-
posomes loaded with C6 or DiR (CITx-SSL-C6, SSL-C6 or CITx-SSL-DiR, SSL-DiR) were
directly prepared by thin film hydration.

2.3. Expression and localization of CIC-3 and MMP-2

2.3.1. Receptor expression of MMP-2 and CIC-3 in U87 and A549 cell lines

U87 or A549 cells were cultured on 12 mm glass cover slips for 24 h at 37 °C.
The cells were washed twice with PBS and fixed with 4% paraformaldehyde for
20 min. When the fixative was removed, the cells were washed three times with
PBS and then immersed in blocking buffer (5% BSA in PBS) for 1 h. The cells were
incubated overnight at 4 °C with primary antibodies against CIC-3 or MMP-2,
respectively, diluted in blocking buffer. Then, the cells were washed three
times with PBS, and incubated at 37 °C for 1 h with Texas red-labeled goat anti-
rabbit or FITC-labeled goat anti-mouse secondary antibodies, respectively.
Finally, the nuclei were stained with Hoechst 33258 for 15 min, and the fluo-
rescent signal was imaged with a laser scanning confocal microscope (Leica,
Heidelberg, Germany).

2.3.2. Co-localization of CIC-3 and MMP-2 in U87 cells

For immunofluorescence of CIC-3 and MMP-2 in U87 cells, after fixation with 4%
paraformaldehyde and blocked with 5% BSA, the cells were incubated in the primary
antibodies mixture diluted with blocking solution at 4 °C overnight. Then the cells
were stained with dye-labeled secondary antibodies, and the nuclei were stained
with Hoechst 33258. The co-localization of CIC-3 and MMP-2 was observed with
confocal microscopy (Leica, Heidelberg, Germany).

2.4. Demonstration of MMP-2 mediated targeting delivery for CITx-modified
liposomes

2.4.1. Invitro cellular uptake

U87 or A549 cells were seeded in 12-well cell culture clusters (Corning, NY, USA)
at a density of 3 x 10° cells per well. On the following day, the confluent cells were
incubated with Dox loaded liposomes including SSL-Dox and CITx-SSL-Dox (con-
taining Dox at 30 pg/mL) in serum-free medium at 37 °C in darkness for 3 h.
Meanwhile, the cells treated with medium were used as negative control. After
incubated, the cells were washed 3 times with cold PBS, trypsinized, harvested and
washed 3 times by centrifugation and resuspension in PBS. The mean fluorescence
intensity of Dox in cells was measured with a FACScan flow cytometer (Becton
Dickinson FACS Calibur, USA).

For confocal imaging, cells seeded on a 12-mm round glass cover slips were
treated with SSL-Dox and CITx-SSL-Dox (containing Dox 30 pg/mL) at 37 °C for 3 h.
Then, the cells were washed three times with cold PBS and fixed with 4% para-
formaldehyde for 15 min. After nucleus staining with Hoechst 33258, the fluorescent
signal was imaged with a laser scanning confocal microscope (Leica, Heidelberg,
Germany).

2.4.2. Competitive inhibition assay

Antibody competitive inhibition assay was used to confirm the receptor of
the CITx modified liposomes. The U87 or A549 cells were pre-treated with
antibody to CIC-3 and antibody to MMP-2 for 1 h, respectively, followed by in-
cubation with modified liposomes in serum-free medium containing the anti-
body, and the cells incubated with non-modified liposomes or modified
liposomes without antibody pre-treatment were the control group. Then, the
cellar uptake of liposomes was measured with a FACScan flow cytometer (Becton
Dickinson FACS Calibur, USA).

2.4.3. Cytotoxicity assay

Cytotoxicity of different Dox loaded liposomes against U87 or A548 cells was
evaluated to further investigate the CITx modification effect. U87 or A549 cells were
cultured in 96 well cell culture plate at a density of 5 x 10 cells per well for 24 h.
Then, the cells were treated with serial concentration of SSL-Dox, and CITx-SSL-Dox,
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respectively. After 48 h, the drug-containing medium was removed by aspiration
and each well was washed twice with PBS. The SRB assay was utilized to evaluate the
cytotoxicity of different liposomes [22]. In brief, after fixation with 10% TCA and air
dried, the fixed cells were stained with 0.4% SRB at room temperature for 30 min and
washed with 1% acetic acid. After the dye was dissolved in 10 mwm Tris base solution,
the absorbance of each well was measured in a Multiscan FC microplate reader
(ThermoFisher scientific, MA, USA) at the wavelength of 540 nm. The survival rates
of cells were calculated.

2.5. Intracellular fate investigation of CITx-modified liposomes

2.5.1. Endocytosis pathway detection by uptake inhibitors

The U87 or A549 cells were pre-treated with different inhibitors for 1 h, the
kinds of inhibiters and their concentrations were as follows: chlorpromazine, 30 pm;
filipin, 15 pm; MBCD, 10 mm, EIPA, 20 pm. Next, the inhibitors were removed, and the
cells were incubated with modified liposomes for 3 h. Then, the cellar uptake of
liposomes was measured by flow cytometry (Becton Dickinson FACS Calibur, USA).

Cytotoxicities of inhibitors on U87 and A549 cells were evaluated with the CCK-
8 cytotoxicity assay. Briefly, cells seeded in 96 well cell culture plate at a density of
5 x 107 cells per well were incubated with different inhibitors for 1 h using the
concentrations mentioned above, with cells incubated with FBS-free medium as
control. Then the medium containing inhibitors was removed and the cells were
treated with new FBS free medium followed by the addition of CCK-8 solution.
After 2 h, the Multiscan FC microplate reader (ThermoFisher scientific, MA, USA)
was used to record the absorbance at 450 nm and the survival rates of cells were
calculated.

2.5.2. Intracellular trafficking

A549 or U87 cells was seeded on 12-mm round glass cover slips and cultured for
24 h. The medium was removed, and the cells were incubated with medium con-
taining LysoTracker Red (100 nwm) for 2 h at 37 °C. Then the cells were treated with
liposomes loading C6 for 20 min or 60 min. Then the cells were washed with PBS and
nuclei were stained with Hoechst 33258 following fixation. The samples were
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imaged with a laser scanning confocal microscope and the co-localization correla-
tion and the co-localization rate were determined by software associated with the
confocal microscope (Leica, Heidelberg, Germany).

In the endoplasmic reticulum co-localization experiment, cells cultured for 24 h
were incubated with ER-Tracker Red (1 pm) for 30 min. The rest of the operation
procedure was the same as for the co-localization with lysosomes.

2.6. In vivo targeting efficiency

The BALB/c nude mice bearing two types of tumors were prepared. In detail,
1 x 107 U87 cells suspended in 100 pL culture medium without FBS were injected
into right subcutaneous dorsa of mice, and 1 x 107 A549 cells were injected into the
left subcutaneous dorsa. After 3 weeks, 200 pL of DiR-loading liposomes were
intravenously injected through the tail vein into mice bearing tumors at a dose of
40 pg/kg. Mice were anaesthetized with isoflurane and the distribution of liposomes
was imaged with an in vivo imaging system (Carestream Molecular Imaging, New
Haven, USA) at predetermined time intervals. After the final time point, the mice
were sacrificed, and the tumors and the major organs were excised for ex vivo
imaging.

2.7. The effect on CIC-3 of ClTx modified liposomes

2.7.1. Migration assay

The transwell migration assay was used to evaluate the migration inhibition of
free CITX, liposomes and modified liposomes. The inserts with polycarbonate
membranes containing 8 pm pores were washed with PBS, and incubated in 1%
bovine serum albumin (BSA) for 1 h. Then, the inserts were kept in serum-free
culture medium with 0.1 BSA until cell seeding. U887 and A549 cells were har-
vested and suspended in FBS-free culture medium at a concentration of 4 x 10°/mL,
and 100 pl cell suspensions was plated on the upper surface of the insert. The inserts
were kept in 24-well culture plates, and medium containing 10% FBS were added
outside the inserts as attractant. The free CITx and CITx modified liposomes were
added to make the final concentration of CITx at 1 um. An equal volume of non-
modified liposomes or PBS was added as a compared group and a negative

74872

1500 2000 2500 3000 3500

Mass/Charge

Size Distribution by Intensity

Intensity (%)

1 10 100 1000 10000

Size (d.nm)

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500

Size Distribution by Intensity

Intensity (%)

1000 10000

110

100
Size (d.nm)

Fig. 1. Characterization of the targeting material and the liposomes. A: MALDI-TOF results of the targeting material. B—C: Particle size distribution of SSL-Dox (average size,
d = 95.67 nm) and CITx-SSL-Dox (average size, d = 103.14 nm) by intensity. D: Cryo-TEM image of CITx-SSL-Dox.
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Fig. 2. Receptor expression of MMP-2 and CIC-3 in U87 and A549 cells with the method of immunofluorescence.

control group. The transwell plates were returned to the humidified incubator at
37 °C. After 24 h, the inserts were washed with PBS, and the cells on the upper
surface of inserts were scrubbed off with humid cotton buds, while the cells on the
bottom surface were fixed with methanol for 20 min and stained with 0.1% crystal
violet solution for 30 min. Nine visual fields of cells on the bottom of each insert
were counted with an optical microscope (Nikon, Kanagawa, Japan), and the inhi-
bition rate was calculated compared with blank control groups.

2.7.2. Measurement of chloride currents by MEQ

The chloride-sensitive dye 6-methoxy-N-ethylquinolinium iodide (MEQ) was
prepared as protocol of the manufacturer. Briefly, 1 mg of MEQ was dissolved in 20 pl
of distilled water in a glass test tube and then the MEQ was reduced with 20 pl of 12%
aqueous solution of sodium borohydride under continual flow of nitrogen gas for
30 min. Then, the 6-methoxy-N-ethyl-1, 2-dihydroquinoline (DiH-MEQ) was
extracted from the reaction mixture with ethyl ether. After the ethyl ether was
evaporated, 50 um of DiH-MEQ as a loading solution was prepared by dissolving the
yellow oil directly into an isotonic solution without Cl~, containing (in mM): sodium
gluconate 130, potassium gluconate 5.4, calcium gluconate 1.2, magnesium sulfate
0.8, sodium dihydrogen phosphate 1, glucose 5.5 and Tris 5. The cells cultured in 96-
well cell plates at a density of 2 x 10% cells per well for 24 h were incubated with the
loading solution for 10 min at 37 °C in dark, and then the cells were washed and
incubated with Cl™-free solution for 10 min to uniform the distribution of the dye in
the cytoplasm. The fluorescence intensity of the dye was measured every 2 min

using a fluorescence plate reader (Molecular Devices, CA, USA) with 340 nm exci-
tation and 440 emission filters. During the measurement, the isotonic solution was
replaced with hypotonic solution containing (in mM): sodium gluconate 80, po-
tassium gluconate 5.4, calcium gluconate 1.2, magnesium sulfate 0.8, sodium dihy-
drogen phosphate 1, glucose 5.5, sodium chloride 30 and Tris 5. As the test groups,
the cells were pre-incubated with free CITx (1 um), blank liposomes or CITx-modified
blank liposomes for 1 h.

2.8. Statistical analysis

All of the experiments were repeated at least three times. Data are shown as the
means + standard deviation (SD). Student’s t-test was used to identify significant
differences. P values less than 0.05 were considered statistically significant.

3. Results and discussions
3.1. Synthesis of DSPE-PEG-CITx and preparation of liposomes

The MALDI-TOF profile of the targeting material is shown in
Fig. 1A. In detail, the peak of 3996 (the original Mw of CITx) was

almost absent while the peak of 7000 Mw (DSPE-PEG-CITX) was
clear, indicating the synthesis of targeting material with high
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conjugation efficiency (>95% confirmed by HPLC assay). The dy-
namic light scattering analysis with a Malvern Zetasizer Nano ZS
(Malvern; Worcestershire, UK) and morphological observation with
a cryogenic transmission electron microscopy (cryo-TEM; Philips,
Netherlands) revealed that the particle size of the CITx modified
liposomes was about 100 nm, and the CITx modification did not
affect their size significantly (Fig. 1B—D).

3.2. Expression and localization of CIC-3 and MMP-2

3.2.1. Receptor expression of MMP-2 and CIC-3 in U87 and A549 cell
lines

CIC-3 and MMP-2 expression levels in U87 or A549 cells are
shown in Fig. 2. MMP-2 was expressed in both the U87 and A549
cells at similar levels. Meanwhile, the U87 cells expressed a
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significantly higher level of CIC-3 than A549 cells, which barely
expressed CIC-3. MMP-2 is a type of secreted MMPs and CIC-3 was
also expressed on the surface of intracellular vesicles and endo-
somes [23—25]. So in the Fig. 2, it is worth noting that MMP-2 and
CIC-3 receptors were not only expressed on the surface of the cells,
but were present in the cytoplasm.

3.2.2. Co-localization of CIC-3 and MMP-2 in U87 cells

Further evaluations of the co-localization of CIC-3 and MMP-2 in
U87 cells are illustrated in Fig. 3. Numerous yellow spots in merged
images were observed (white arrows), exhibiting significant co-
localization of CIC-3 and MMP-2. Interestingly, more obvious
merged signals were found in the cell membrane than in the
cytoplasm, indicating that more CIC-3 and MMP-2 on the cell
membrane simultaneously co-localized in a membrane domain,
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Fig. 6. Cytotoxicity of SSL-Dox and CITx-SSL-Dox against U87 (A) and A549 cells (B) at different concentration of Dox with SRB assay. The cells were treated with SSL-Dox or CITx-

SSL-Dox for 48 h (*p < 0.05).
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60 min. After treatment with Lyso-tracker (100 nm) for 2 h, the cells were incubated with SSL-C6 and CITx-SSL-C6 (C6, 100 ng/mL) for 20 min or 60 min. B: Co-localization analysis of
SSL-C6 or CITx-SSL-C6 with ER at 20 min and 60 min. After treatment with ER-tracker (1 um) for 0.5 h, the cells were incubated with SSL-C6 and CITx-SSL-C6 (C6, 100 ng/mL) for
20 min or 60 min. C, D: Quantitative co-localization analysis of SSL-C6 and CITx-SSL with lysosomes and ER. (*p < 0.05).



C. Qin et al. / Biomaterials 35 (2014) 5908—5920 5915

consistent with previous reports [10,16]. Generally, we confirmed
that CIC-3, as an associated protein, located next to MMP-2 in cell
membrane.

3.3. MMP-2 mediated specificity of CITx-modified liposomes in vitro

3.3.1. Endocytosis

The cellular uptake characteristics of CITx modified liposomes in
U87 and A549 cell lines monitored by flow cytometry are shown in
Fig. 4A and B. DOX loaded here in two liposome systems was as
used as a fluorescence marker. Notably, whether in U87 or A549
cells, the CITx modification increased the cellular uptake of DOX. As
shown in the statistical results in Fig. 4C, CITx-modified liposomes
exhibited significant endocytosis increases in endocytosis in com-
parison to non-modified liposomes, 2.1-fold in U87 cells and 2.5-
fold in A549 cells. Further, it was noteworthy that the U87 cells had
better uptake ability for both liposome systems than A549 cells,
likely due to the difference in cell types. The confocal images in
Fig. 4D further confirmed the data from flow cytometry, and the
fluorescent intensity of cells treated with CITx-modified liposomes
was stronger than that of non-modified ones, especially in the
nuclei.

Although there were differences in the expression level of CIC-3
protein between A549 and U87 cells, CITx modification enhanced
the cellular uptake of liposomes to a similar extent in both cell
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types, indicating that the targeting efficiency of ClTx-modified li-
posomes was not relevant with CIC-3. This revealed again that the
receptor of CITx was MMP-2 indeed [10], and that the expression
level of MMP-2 in both cell lines was similar, as found above.

3.3.2. Competitive inhibition assay

Fig. 5 shows the uptake of CITx-modified liposomes in U87 and
A549 cells pre-treated with antibody to MMP-2 was lower than
that in non-treated cells. However, the incubation of antibody to
CIC-3 hardly affected the cellular uptake. These findings directly
supported the conclusion that the CITx conjugation improved the
specific uptake of liposomes in both U87 and A549 cells via MMP-2
rather than CIC-3 mediation. Namely, MMP-2, but not CIC-3, was
the targeting receptor that directly interacted with the CITx
modified on the surface of liposomes.

3.4. Cytotoxicity assay

As shown in Fig. 6, compared to non-modified liposomes, the
CITx modification exhibited higher cytotoxicity against U87 and
A549 cells after 48 h incubation. Specifically, the targeting system
showed significantly stronger effects for the concentration range of
5.0—20 pg/mL of Dox in A549 cells and for 1.0—20 pg/mL in U87
cells, when compared to non-targeting one. Further, at the same
concentrations, both liposome formulations showed higher
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Fig. 9. Co-localization analysis of SSL-C6 or CITx-SSL-C6 with lysosome and ER in A549 cells. A: Co-localization analysis of SSL-C6 or CITx-SSL-C6 with lysosome at 20 min and
60 min. After treatment with Lyso-tracker (100 nm) for 2 h, the cells were incubated with SSL-C6 and CITx-SSL-C6 (C6, 100 ng/mL) for 20 min or 60 min. B: Co-localization analysis of
SSL-C6 or CITx-SSL-C6 with ER at 20 min and 60 min. After treatment with ER-tracker (1 um) for 0.5 h, the cells were incubated with SSL-C6 and CITx-SSL-C6 (C6, 100 ng/mL) for
20 min or 60 min. C, D: Quantitative co-localization analysis of SSL-C6 and CITx-SSL with lysosomes and ER. (*p < 0.05).
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nude mice were sacrificed at 72 h.

cytotoxicity in U87 than in A549 cells. This is probably because the
uptake of liposomes by A549 cells was lower than that by U87 cells,
as shown in Fig 4C, indicating the effect from the difference of cell
lines. Generally, no matter in U87 or A549 cells, the CITx modifi-
cation increased the cytotoxicity, and this consistent with the
cellular uptake.

3.5. Intracellular fate of CITx modified liposomes

3.5.1. Endocytosis pathway of CITx modified liposomes

The cellular endocytosis pathways of nanoparticles may differ
depending on the modification of various targeting ligand and cell
types such as cell origin, cell phenotype and so on [26,27]. Here, we
investigated the endocytosis pathway of ClITx-modified liposomes
in U87 and A549 cells by using different inhibitors (Fig. 7B). This
evaluation was validated by preliminary experiments to confirm
the cell viabilities higher than 80% with all inhibitors at the test
concentrations (Fig. 7A). Chlorpromazine, an inhibitor of clathrin-
mediated transport [28], induced a significant inhibitory effect on
both U87 and A549 cells. Filipin and MBCD are inhibitors of cav-
eolar dependent endocytosis through different mechanisms
[29,30]. In this study, no obvious caveolar dependent endocytosis
was found because both filipin and MBCD showed no inhibition
effect on the cellular uptake. Another main endocytosis pathway,
macropinocytosis, was investigated utilized EIPA, a derivative of
amiloride blocking sodium-proton exchange [31]. Here, macro-
pinocytosis was not involved in the endocytosis of modified lipo-
somes in either cell line. Even in the chlorpromazine treated group,
the inhibition rates were only 40.8% in U87 and 25.3% in A549,
revealing the possible involvement of a clathrin/caveolar/

macropinocytosis independent pathway in the endocytosis of
modified liposomes [32].

In general, the cellular endocytosis of CITx modified liposomes
might be mediated by clathrin dependent and clathrin/caveolar/
macropinocytosis independent pathways. Further, the endocytosis
pathways were similar in the two cell types. The results were
consistent with the previous report that the internalization of CITx
peptide in glioma cells was sensitive to chlorpromazine but not to
filipin or amiloride [33].

3.5.2. Intracellular trafficking

The intracellular distributions of coumarin-6 (C6) loaded in CITx
conjugated liposomes in lysosomes and endoplasmic reticulum
(ER) in two test cells are displayed qualitatively and quantitatively
in Fig. 8 and Fig. 9, respectively. The Pearson’s correlation (Pcc) was
used here for the quantitative evaluation of co-localization be-
tween C6 and the organelles [34,35]. Firstly in U87 cells, compared
to non-modified vehicles, the ClTx-modified liposomes showed
more distribution in both organelles at 60 min and in ER at 20 min,
without a significant difference in lysosomes at 20 min. This indi-
cated that targeting liposomes were transported into the ER more
quickly than the non-targeted group. Similarly, in A549 cells, the
CITx-modified liposomes accumulated more in both organelles at
60 min and in the ER at 20 min, without significant differences in
lysosome at 20 min. These observations generally revealed that
targeting liposomes enhanced the trafficking into both lysosomes
and ER, and accelerated the transport into ER in comparison with
non-modified ones. These characteristics of the intracellular traf-
ficking of CITx-modified liposomes in both cell lines were very
similar. However, the distribution of C6 loaded in CITx-conjugated
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liposomes in two organelles was high in U87 cells but low in A549
cells, again consistent with the better uptake capacity of U87 cells
confirmed by the study of cellular uptake (Fig. 4C). The high dis-
tribution of liposomes to lysosomes indicated that the clathrin
mediated pathway was involved in the endocytosis of liposomes
[36,37].

3.6. In vivo targeting efficiency in a double tumor-bearing model

With tumors grown on different sides of the subcutaneous dorsa
in the same mouse, the double tumor-bearing model provided
convenient and reliable comparability for the targeting efficiency of
the same drug delivery system to two different tumors with min-
imum individual differences [38]. We found that the fluorescent
signal of modified and non-modified liposomes in the A549 tumor
was much stronger than that in the U87 tumor as shown in Fig. 10
A. The difference might result from the dissimilar EPR effect based
on different vascular permeability and density between different

cell types [39—41]. In the same fluorescence intensity bar, the signal
in the A549 tumor was too strong to observe the signal in U87
tumor, thus, the signals of the two tumors were imaged with
different fluorescence intensity level as shown in Fig. 10B. CITx-
modified liposomes showed better targeting effect to both types
of tumors than non-modified liposomes. The signal from DiR
loaded in modified liposomes was higher in tumor site than that of
non-modified liposomes from 6 h until 72 h, whereas this effect in
U87 tumor only lasted from 6 h to 24 h. The ex vivo images of
excised organs and tumors at 72 h as seen in Fig. 10C also
demonstrated that CITx modification increased the accumulation of
liposomal DiR in A549 tumor. In U87 tumor, the signals of two
liposomal formulations were similar at the end of test. In addition,
high fluorescent signal was observed in liver and spleen, as ex-
pected due to the clearance of reticuloendothelial system (RES)
[42]. In general, CITx modification significantly increased the tar-
geting effect of the two liposome systems whether in the U87 or
A549 tumor.
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Fig. 12. Inhibition effect of CITx, SSL and CITx-SSL on CIC-3 by measurement of chloride current with MEQ on U87 (A) and A549 cells (B). Fy: the fluorescence intensity of dye at
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Until now, CITx-modified liposomes showed similar trends in
these two tumor cells in terms of in vitro cell uptake, endocytosis
pathway, intracellular trafficking and in vivo targeting efficacy,
though U87 and A549 cells were very different in CIC-3 expression.
This revealed that the targeted delivery of CITx-modified liposomes
to U87 tumor was actually mediated byMMP-2, therefore, this
targeting system might also target to other cancers which express
high level of MMP-2. Importantly, this study confirmed that the
targeting delivery of ClTx-modified liposomes to the tumors was
not relevant with the receptor-associated protein, chloride channel
CIC-3.

Interestingly, it was found that the in vitro uptake of CITx-
conjugated liposomes in cells or in two organelles was higher in
U87 cells but lower in A549 cells, whereas the in vivo accumulation
of this targeted system was lower in U87 tumor but higher in A549
tumor. This finding indicated a poor correlation between in vitro
and in vivo results, possibly due to biological differences between
in vitro and in vivo models, including different interstitial fluid
pressure, tumor microenvironment and so on, which need to be
further studied [43—46].

3.7. The effect on CIC-3 of ClTx-modified liposomes

3.7.1. Migration assay

The transwell assay was used to compare the inhibitory ef-
fects of free CITx, liposomes and CITx modified liposomes on the
migration of U87 and A549 cells, respectively. It can be clearly
seen in the Fig. 11 that the free CITx and CITx-modified liposomes
inhibited the migration of U87 cells compared to the control
group, whereas the non-modified liposomes did not produce
such an inhibitory effect. Interestingly, the free CITx, modified
liposomes as well as non-modified ones did not limit the
migration of A549 cells. It is known that CIC-3 is a type of
chloride channel that regulates the volume of cells. When the
cells migrate through the 8 pm pores in the transwell, the cells
have to shrink by releasing CI~ and K* through various ion
channels including CIC-3, and driving the water efflux through
water channel or aquaporins [15]. The study mentioned above
confirmed that the receptor for CITx was MMP-2, and that MMP-
2 co-localized with CIC-3 in cellular membrane domain as a
protein complex. Therefore, the inhibitory effect on cell

migration by CITx and modified liposomes was probably because
the protein complex was internalized into the cells, resulting in
decreased level of CIC-3 on the surface of cells when CITx binds
to MMP-2, and as a result, the cell migration was limited. The
differences in the migration inhibition by CITx and modified li-
posomes between the two cell lines were most likely due to the
different level of CIC-3 on the cell surface. In the cancer therapy,
this modified drug delivery system may inhibit tumor metastasis
based on the traditional targeting therapeutic effect because
migration is a necessary step in tumor metastasis [47].

3.7.2. Measurement of chloride currents by MEQ

To further determine the effect of CITx, SSL and CITx-SSL on the
CIC-3, MEQ, a chloride-sensitive dye was used to measure the
chloride fluxes. When cell-permeable DiH-MEQ moved across the
cellular membrane, it was oxidized to the positively charged and
chloride sensitive MEQ by intracellular oxidation. Fig. 12A shows
that the addition of a hypotonic solution with 30 mm CI~ triggered
the quenching of MEQ fluorescence in the U87 cells sharply in the
control and SSL groups. The U87 cells pretreated with CITx or CITx-
SSL showed less cell permeability for Cl-, indicating that CITx,
whether free or modified on liposomes, had inhibitory effect on
chloride channels, probably CIC-3. Specifically, compared with the
control group, the free CITx reduced the ClI~ currents by 40%, and
the CITx-SSL reduced the currents by 20%. The difference in the CI™
current inhibition effect between CITx and CITx-SSL was probably
because the free CITx bound the receptor more quickly and easily
than ClTx-modified liposomes. As expected, SSL did not show a
significant inhibitory effect on the CI~ currents. However, in the
case of A549 cells shown in Fig. 12B, CITx, SSL or CITx-SSL did not
affect the chloride current compared to the control group. This
indicated that the CITx and CITx-SSL had effect only on U87 cells,
consistent with the data from the migration assay, likely due to the
different expression levels of CIC-3 between the two cell lines.

Generally, it was demonstrated that CITx modification on the
liposomes affected the receptor-related protein CIC-3 via binding
with receptor MMP-2, leading to the inhibition of cell migration
and chloride currents through the internalization of the protein
complex containing MMP-2 and CIC-3 probably [16,48,49]. This is
also highly significant because cell migration is a key step in tumor
metastasis.
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4. Conclusions

In summary, CITx modification enhances the in vitro and in vivo
targeting ability of liposomes in both types of U87 and A549 cells
via MMP-2 mediation but independent of CIC-3. The endocytosis
pathways of the liposomes in both types of cells are clathrin
dependent and the CITx modification increases the transport of

liposomes to lysosomes and ER in both cell types. Further, in the
U87 cells, the CITx modification affects the CIC-3, a receptor-
associated protein located close to MMP-2. The schematic dia-
gram shown in Fig. 13 illustrates this process. In particular, when
the CITx attached to the surface of liposomes interacts with the
MMP-2 on the cells, the liposomes enter the cell through MMP-2
mediation. At the same time, the protein complex containing
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MMP-2 and CIC-3 is internalized, the chloride currents are blocked
indirectly and the cell migration is inhibited. This drug delivery
system with CITx modification may enhance the targeting to tu-
mors with high level of MMP-2 and induce the inhibitory effect on
tumor metastasis, because CIC-3 is a key factor in cell migration,
which is a necessary step in tumor metastasis.
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