articles pharmaceuics

1.1

An ideal tumor targeted drug delivery system should not

only
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Abstract: Recently, PEGylation has been extensively employed to increase the circulation time
of liposomes and enhance their accumulation in tumor tissue via the enhanced permeability
and retention (EPR) effect; however, poly(ethylene glycol) (PEG) is unfavorable for the uptake
of liposomes by tumor cells because of its steric hindrance. In this study, thiolytic cleavable
PEG modified liposomes were used to solve this dilemma. Before arrival at the tumor tissue,
PEG presents on the surface of liposomes, which is useful for passive accumulation in tumor
tissue. Upon reaching the tumor tissues, the PEG chain could be removed by a safe cleaving
reagent L-cysteine (L-Cys), and thus, the steric hindrance of PEG could be overcome
conveniently. To further improve the uptake of liposomes, a “functional molecule” cell-penetrating
peptide TAT was attached to the distal end of a shorter PEG spacer anchored to the surface of
the liposomes, which could be shielded by cleavable PEG during circulation; upon arriving at
tumor tissue, PEG was removed and thus the “functional molecule” TAT was exposed, and
then TAT could mediate the uptake of the liposomes with high efficiency. In this study, thiolytic
cleavable PEG was synthesized via a disulfide bridge, DOPE-PEGg0-TAT was synthesized
by sulfhydryl-maleimide reaction, and then Rh-PE labeled liposomes composed of 2% DOPE-
PEGie00-TAT and various amounts of cleavable PEGsg0 (2%, 4%, and 8%) were prepared,
with particle size around 100 nm and slightly negative charge. These liposomes showed good
stability in the presence of 10% serum. Their uptake by tumor cells HepG2 in vitro was assessed
qualitatively and quantitatively. Liposomes modified with 2% DOPE-PEGg00-TAT and 8% DOPE-
S-S-mPEGsn0 Were regarded as the optimal formulation. In this preparation, nearly no uptake
could be observed before addition of L-Cys, which meant undesired uptake during circulation
could be avoided, while the uptake upon addition of L-Cys was 4 times as high as that in the
absence of L-Cys. For the uptake in vivo, calcein loaded and Rh-PE labeled 8% cleavable PEG
+ 2% TAT modified liposomes were injected intratumorally into H22 tumor bearing mice. Confocal
laser scanning microscopy (CLSM) showed that the uptake of 8% cleavable PEG + 2% TAT
modified liposomes was much higher than that of 8% noncleavable PEG + 2% TAT modified
liposomes in the presence of L-Cys. Thus, tumor targeted delivery could be achieved efficiently
by the liposomal drug delivery system developed here in a controlled manner.
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drug carriers that have been extensively studied because of
their natural chemical composition, good protection for
encapsulated drugs, controllable pharmacokinetics, and other
desirable properties by various modification.**
PEGylation has been widely used to extend the circulation
time of liposomes, and thus, they have more chance to
accumulate in tumor via the EPR effect.’>~’ Nevertheless,
PEGylation seriously hinders the uptake of the liposomes
by tumor cells after they arrive at tumor tissues." To
overcome the dilemma, one ideal strategy is to keep the PEG
on the surface of liposomes during circulation but dissociate
PEG from liposomes after accumulation in tumor tissue; thus,
the hindrance effect of PEG on liposome uptake can be
avoided without sacrifice of long circulating properties.
Several ways have been reported for the cleavage of PEG
extracellularly after arrival at tumor tissue, including the
conjugation of PEG onto the surface of liposomes via pH
sensitive,>® MMP sensitive,'®” '3 esterase sensitive,'* or
reductive potential sensitive’> chemical bonds; among these
approaches, reductive potential sensitive chemical bonds such

(2) McNeeley, K.; Karathanasis, E.; Annapragada, A.; Bellamkonda,
R. Masking and triggered unmasking of targeting ligands on
nanocarriers to improve drug delivery to brain tumors. Biomate-
rials 2009, 30, 3986-3995.

(3) Maeda, T.; Fujimoto, K. A reduction-triggered delivery by a
liposomal carrier possessing membrane-permeable ligands and a
detachable coating. Colloids Surf., B 2006, 49, 15-21.
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ligand-mediated liposome distribution and targeting to EGFR
expressing tumor in vivo. Int. J. Pharm. 2008, 363, 155-161.
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selective targeting. J. Controlled Release 2006, 111, 333-342.
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as disulfide are easy to construct and can be cleaved precisely
by a safe cleaving agent L-cysteine (L-Cys). It is reported
that the concentration of reductive chemicals in the blood is
rather low, 10 M, which is not high enough to cleave PEG
anchored to the liposomes by disulfide.” After accumulation
of liposomes in tumor tissue, PEG can be cleaved by
exogenous L-Cys. To further enhance the uptake of lipo-
somes, a “‘functional molecule” TAT peptide (AY GRKKRRQR-
RR) is attached to the distal end of a shorter PEG spacer
(PEG ¢00) anchored to the surface of liposomes. TAT peptide
belongs to the family of cell penetrating peptide (CPP),'?
which is the basic region of the transactivating transcriptional
activator protein (TAT) from HIV-1, and it was proposed
as a potent CPP, capable of transporting different molecules
and even 200 nm liposomes into various cell lines.'®”' TAT
can be shielded by cleavable PEG during circulation and
exposed to function after dissociation of PEG from the
liposome surface, and then it can mediate uptake of lipo-
somes by tumor cells with high efficiency.

Moreover, TAT is a nonspecific functional molecule,
which can penetrate any cells upon encountering then; this
drawback limited the use of TAT in systemic administration.
Thanks to the cleavable PEG with disulfide as a linker, TAT
can be shielded by the steric hindrance of PEG during
circulation, cationic TAT could not interact with the anionic
charges of the cells of the blood vessels anymore, and
therefore nonspecific binding can be avoided.?® As TAT is
shielded by PEG during circulation, it is not so easy for
liposomes to bind with opsonin and other proteins in blood,
which is beneficial for RES evasion and stability of lipo-
somes. The combination of cleavable PEG and “functional
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Figure 1. Schematic illustration of TAT and cleavable
PEG co-modified liposomal drug delivery system.

molecule” TAT on liposomes provides an indirect but more
specific delivery system which works in a controlled manner.

In this study, a liposomal drug delivery system simulta-
neously modified with TAT and thiolytic cleavable PEG was
developed (see Figure 1), whose properties were also
assessed in vitro on HepG2 cells both qualitively and
quantitatively. For the in vivo study, we mainly focus on
the fate of liposomes after arrival at tumor tissue. Thus,
calcein loaded and Rh-PE labeled liposomes were injected
intratumorly to H22 tumor bearing mice to simulate the
accumulation in tumor tissue, and the uptake results are
presented qualitatively via confocal laser scanning microscopy.

2. Materials and Methods

2.1. Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphoeth-
anolamine-N-(lissamine rhodamine B sulfonyl) (ammonium
salt) (Rh-PE) and DOPE were purchased from Avanti lipids.
NHS-PEGlﬁoo-Mal, mPEG5000—SH, and mPEGSO()o-NHS were
all purchased from JENKEM TECHNOLOGY (Beijing,
China). TAT peptide with terminal cysteine (Cys-AYGRK-
KRRQRRR) was synthesized according to the standard solid
phase peptide synthesis by Chengdu Kailie Biopharmaceu-
tical Co., Ltd. (Chengdu, China). N-succinimidyl-3-(2-
pyridyldithio)propionate (SPDP) was purchased from Sigma
(China, mainland). Other chemicals and reagents were of
analytical grade and obtained commercially.

2.2. Synthesis of DOPE-PEG1600-TAT. DOPE—PEGIGO()—
TAT was synthesized as described previously®?!™2* with
some modification (see Figure 2). Brifely, 22 mg of DOPE
was reacted with 20 mg of NHS-PEGg0-Mal in dry

(21) Allen, T.; Brandeis, E.; Hansen, C.; Kao, G.; Zalipsky, S. A new
strategy for attachment of antibodies to sterically stabilized
liposomes resulting in efficient targeting to cancer cells. Biochim.
Biophys. Acta 1995, 1237, 285-285.

(22) Du, S.; Pan, H.; Lu, W.; Wang, J.; Wu, J.; Wang, J. Cyclic Arg-
Gly-Asp peptide-labeled liposomes for targeting drug therapy of
hepatic fibrosis in rats. J. Pharmacol. Exp. Ther. 2007, 322, 560—
568.

(23) Li, F.; Sun, J.; Wang, J.; Du, S.; Lu, W.; Liu, M.; Xie, C.; Shi,
J. Effect of hepatocyte growth factor encapsulated in targeted
liposomes on liver cirrhosis. J. Controlled Release 2008, 131, 77—
82.
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dichloromethane (DCM) at room temperature under argon
in the presence of 6 uL of triethylamine for about 5 h.
After thin-layer chromatography (TLC) (DCM/MeOH/H,0O
= 3:0.5:0.001) showed the disappearance of NHS-PEG;¢0-
Mal, the reaction mixture was filtered and the filtrate was
evaporated under vacuum. Excess DOPE was removed by
adding 5 mL of acetonitrile to precipitate it, and the mixture
was kept at 4 °C overnight. Then it was centrifuged at 5000
rpm for 10 min. After that, the supernatant was collected
and evaporated again under vacuum. The obtained DOPE-
PEG 400-Mal was used for the next reaction.

DOPE-PEG¢p0-Mal (20 mg) and Cys-TAT (22 mg) were
reacted in 9 mL of the mixture of CHCl;/MeOH (V:V =
2:1) with gentle stirring at room temperature for about 30 h.
After TLC (DCM/MeOH/H,O = 3:0.75:0.12) showed the
disappearance of DOPE-PEG 40 -Mal, the mixture was
evaporated under vacuum, the slight excess of Cys-TAT was
removed by adding a small volume of CHCl;, the insoluble
material was filtered, and the supernatant was evaporated
again under vacuum and stored at —20 °C until use.

2.3. Synthesis of DOPE-S-S-mPEGs;y. DOPE-S-S-
mPEGsoy was synthesized as described previously*® with
some modification (see Figure 3). Briefly, 63 mg of DOPE
and 25 mg of SPDP were dissolved in 4 mL of dry DCM,
and then 60 uL of triethylamine was added. The mixture
was reacted under argon in dark for about 5 h, and the
reaction progress was momitored by TLC under UV. After
TLC (DCM/MeOH/ H,0O = 65:25:4) showed the disappear-
ance of the starting material and the appearance of a faster
running spot with UV absorbance, DCM in the reaction
mixture was removed by rotary evaporation. The product
was purified on the silica gel column, which was eluted by
the following DCM/MeOH mixtures: 4:0.25, 4:0.5, and 4:1
(V/V). The obtained DOPE-PDP was then used for the next
reaction.

DOPE-PDP (61 mg) and mPEGs-SH (180 mg) were
dissolved in 6 mL of dry DCM, and then 5 uL of
triethylamine was added. The mixture was allowed to react
in dark under argon at room temperature for about 72 h.
After TLC (DCM/MeOH = 2:0.3) showed the reaction was
completed, the mixture was filtered and the supernatant was
evaporated under vacuum. The residue was recrystallized
twice from diethyl ether and then purified on silica column,
which was eluted by the following DCM/MeOH mixtures:
50:0.5, 50:1, 50:1.5, 50:2, 50:15 (V/V). The chemical
structure was verified by 'H NMR.

2.4. Synthesis of DOPE-mPEGs. DOPE (23 mg) and
mMPEG;000-NHS (100 mg) were dissolved in 4 mL of dry
DCM, and then 5.6 uL of triethylamine was added. The
mixture was allowed to react in dark under argon at room
temperature for about 8 h. After TLC (eluent DCM/MeOH/
H,0 = 5:0.5:0.03) showed the disappearance of mPEGsgno-
NHS, the mixture was filtered and the filtrate was dried by
rotary evaporation. Then 14 mL acetonitrile was added, the
obtained suspension was centrifuged at 10000 rpm for 5 min,
and the supernatant was condensed. The chemical structure
was verified by 'H NMR.
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Figure 2. Schematic of the synthesis of DOPE-PEGig-TAT. The synthesis was confirmed by 'H NMR, mass

spectroscopy, and thin-layer chromatography.

2.5. Cleavage of DOPE-S-S-mPEGs in Vitro. The
cleavage assay of DOPE-S-S-mPEGsy was conducted as
described previously.® Briefly, 5 mg of DOPE-S-S-mPEGsyy
was dissolved in CHCI; and then dried to a thin film by rotary
evaporation. Then 1 mL of phosphate-buffered saline (PBS,
pH 7.4) was added and the mixture dispersed in a bath-type
sonicator for 1 min. It was further homogenized by using a
probe sonicator at 60 W for 75 s. The obtained micelle was
divided into two parts: one was added PBS containing 30
mM L-Cys, the other was added blank PBS and then
incubated at 37 °C. At different time points, the degree of
the cleavage was monitored by TLC.

2.6. Preparation of Liposomes. Liposomes were prepared
by the thin film hydration methods as described previously.>
Various amounts of SPC/Cho/DOPE-PEG 4,-TAT/DOPE-
S-S-mPEGs5y00/DOPE-PEGsn/Rh-PE (see Table 1) were
dissolved in chloroform, and chloroform was then removed
by rotary evaporation. The obtained thin film was kept in
vacuum for over 6 h to completely remove the residual
organic solvent. The thin film was hydrated in Hepes buffer
(20 mM Hepes/140 mM NaCl, pH 7.4) in a bath-type
sonicator for about 2 min. Then it was further intermittently
sonicated by using a probe sonicator at 60 W for 75 s. To
prepare calcein loaded and Rh-PE labeled liposomes, 80 mM
calcein in Hepes buffer (pH7.4) was used to hydrate the thin

film.**~2® After being sonicated in a bath-type sonicator and
with a probe sonicator as described above, it was frozen in
liquid nitrogen (—196 °C) for 3 min and then thawed in a
45 °C water bath. After five cycles of freezing and thawing,
the liposome suspension was extruded through 400, 200, and
100 nm pore size polycarbonate membranes sequentially
using an AVESTIN extruder. The unencapsulated dye was
removed by passing through a Sephadex G50 (Pharmacia)
column, equilibrated with Hepes buffer (20 mM Hepes/140
mM NaCl, pH7.4). To verify the amount of calcein encap-

(24) Sudimack, J.; Guo, W.; Tjarks, W.; Lee, R. A novel pH-sensitive
liposome formulation containing oleyl alcohol. Biochim. Biophys.
Acta 2002, 1564, 31-37.
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size and lamellarity. Colloid Polym. Sci. 2004, 282, 753-760.

Momekova, D.; Rangelov, S.; Yanev, S.; Nikolova, E.; Konstan-

tinov, S.; Romberg, B.; Storm, G.; Lambov, N. Long-circulating,

pH-sensitive liposomes sterically stabilized by copolymers bearing

short blocks of lipid-mimetic units. Eur. J. Pharm. Sci. 2007, 32,

308-317.

Kessner, S.; Krause, A.; Rothe, U.; Bendas, G. Investigation of

the cellular uptake of E-Selectin-targeted immunoliposomes by

activated human endothelial cells. Biochim. Biophys. Acta 2001,
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Table 1. Various Formulations of Liposomes

types of liposomes SPC Cho DOPE-PEGe0-TAT DOPE-S-S-mPEGso0 DOPE-mPEGse Rh-PE calcein
2% cleavable PEG + 2% TAT 6.60 3.00 0.20 0.20 0.00 003 O
4% cleavable PEG + 2% TAT 6.40 3.00 0.20 0.40 0.00 003 O
8% cleavable PEG + 2% TAT 6.00 3.00 0.20 0.80 0.00 003 O
8% cleavable PEG 6.20 3.00 0.00 0.80 0.00 0.03 O
8% noncleavable PEG + 2% TAT 6.00 3.00 0.20 0.00 0.80 003 O
8% cleavable PEG + 2% TAT + 6.20 3.00 0.20 0.80 0.00 0.083 80 mM
calcein
8% |nohcleavable PEG + 2% TAT + 6.00 3.00 0.20 0.00 0.80 0.03 80 mM
calcein

sulated into the liposomes, calcein loaded liposomes were
added with 1% Triton-X 100 and then the fluorescence
intensity was determined at Ex = 490, Em = 520 on a
spectrofluorimeter (RF-5301 fluorospectrophotometry, Shi-
madzu, Japan).

2.7. Size and Zeta Potential Measurements. The size
and zeta potential of the liposomes were determined by using
a Malvern Zetasizer Nano ZS90 instrument (Malvern instru-
ments Ltd., U.K.). Prior to measurement, 100 uL of the
sample (lipid concentration 2.1 mg/mL) was diluted by using
the same buffer to 1 mL.

2.8. Stability of Liposome in the Presence of Fetal
Bovine Serum. Rh-PE labeled liposomes were prepared as
described above. A total of 50 uL of different formulations
of liposomes was added to 1 mL of culture medium
containing 10% fetal bovine serum (FBS) and incubated at

1820 MOLECULAR PHARMACEUTICS VOL. 7, NO. 5

37 °C, 5% CO, at different time points. The size change
was determined by using a Malvern Zetasizer Nano ZS90
instrument (Malvern instruments Ltd., U.K.) (Figure 4).

2.9. Cell Culture. HepG2 cells were grown in RPMI-1640
medium (GIBCO) containg 10% FBS, 100 ug/mL strepto-
mycin, and 100U/mL penicillin. The cells were maintained
at 37 °C in a humidified incubator with 5% CO,.

2.10. Effects of PEG Density and L-Cys Concentra-
tion on the Cellular Binding and Uptake of Rh-PE
Labeled Liposomes by HepG2 Cells. HepG2 cells were
plated on 24-well culture plates at a density of 1 x 10°cells/
well. After 24 h cultivation, different formulations of
liposomes were added to the plates at 50 uL/well. Each
formulation of liposome was treated with different concen-
trations of L-cys in Hepes buffer (pH 7.4), and the final
concentration of L-cys in each well was 0, 5, 10, and 20
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Figure 4. Stability of different formulations of liposomes
in the presence of 10% FBS. The particle size of each
formulation was measured at each time point by using a
Malvern Zetasizer Nano ZS90 instrument.

mM, respectively. After incubation at 37 °C under 5% CO,
for 4 h, the cells were washed three times with cold PBS
and observed under fluorescence microscopy (Axiovert 40
CFL, Carl Zeiss Shanghai Co. Ltd.). Then the cells were
incubated with 500 uL/well 1% Triton-X 100 at 4 °C over
2 h, and 100 uL of the lysate was used for determining the
total protein of cells using the BCA assay kit (Pierce).?’ The
rest of the lysate was added with 2.4 mL of 1% Triton-X
100 and used to determine the cell-associated fluorescence
at Ex = 560 nm, Em = 578 nm on a spectrofluorimeter (RF-
5301 fluorospectrophotometry, Shimadzu, Japan). The results
were expressed as fluorescence/mg of protein.

2.11. Confocal Laser Scanning Microscopy (CLSM).
In order to determine whether the liposomal delivery system
can be used to deliver drugs into tumor cells efficiently in a
controlled manner, a membrane impermeable and water-
soluble dye, calcein,?® was used as a model compound for
hydrophilic drugs to be encapsulated into the liposomes.
Calcein loaded and Rh-PE labeled liposomes were prepared
as described above. HepG2 cells were seeded on coverslips
at a density of 2.5 x 103 cells/well in 6-well plates. After
24 h cultivation, cells were incubated with calcein loaded
and Rh-PE labeled liposomes at 37 °C under 5% CO, for
4 h. Then the cells were washed three times with cold PBS
(pH 7.4) and fixed using 4% paraformaldehyde. Coverslips
were mounted cell-side down with slides and viewed using
a Leica TCS SP5 AOBS confocal microscopy system (Leica,
Germany).

2.12. Tumor Models. Kuming mice weighing 20—25 g
were purchased from Experiment Animal Center of Sichuan
University (P.R.C.). All the animal experiments adhered to
the principles of care and use of laboratory animals and were
approved by the Experiment Animal Administrative Com-
mittee of Sichuan University.

(29) Cryan, S.; Devocelle, M.; Moran, P.; Hickey, A.; Kelly, J.
Increased intracellular targeting to airway cells using octaarginine-
coated liposomes: In vitro assessment of their suitability for
inhalation. Mol. Pharmaceutics 2006, 3 (2), 104-112.

(30) Liu, J.; Stace-Naughton, A.; Jiang, X.; Brinker, C. Porous
Nanoparticle Supported Lipid Bilayers (Protocells) as Delivery
Vehicles. J. Am. Chem. Soc. 2009, 131, 1354-1355.

Mice bearing H22 tumor cells were established as de-
scribed previously®! with some modification. Briefly, H22
(conserved by our laboratory) was taken out from liquid
nitrogen and subjected to a water bath at 37 °C. The cells
were mixed with 3 mL of prewarmed 1640 culture medium
and centrifuged for 5 min at 1500 rpm. The cell pellet was
then washed once with sterile PBS and suspended in PBS.
The female Kuming mice were inoculated with 0.2 mL
(1 x 10° cells/mL) of H22 cell suspension intraperitoneally
to form ascites. A few days later, ascites were drawn and
diluted with PBS and then reinjected intraperitoneally to new
Kuming mice. Subcultivating in this way for about four
times, ascites were drawn and diluted with sterile PBS and
then injected subcutaneously into the left armpit of the female
Kuming mice. Tumors were allowed to grow to an average
size of about 10 mm in diameter before treatment.

2.13. Tumor Cell Uptake in Vivo. When the average
diameter of the tumors reached about 10 mm, cleavable PEG
and noncleavable PEG modified liposomes containing TAT
with calcein encapsulated as a membrane impermeable
hydrophilic drug were administrated via intratumor injection,
and Hepes buffer containg L-cys (pH 7.4) was administrated
intratumorly too. Mice were killed 4 h later by cervical
dislocation, and excised tumors were put in liquid nitrogen
immediately. Then tumors were frozen sectioned (4 um in
thickness). Sections were stained with DAPI (2 ug/mL) for
5 min, washed three times with cold PBS, and then observed
via CLSM.

2.14. Statistical Analysis. Student’s 7 test was used to
compare differences, and a p value < 0.001 was considered
to be indicative of statistical significance.

3. Results

3.1. Synthesis of DOPE-PEG4-TAT/DOPE-S-S-
MPEG;(/DOPE-mPEGs;y0. To construct the liposomal
drug delivery system, we first conjugated TAT to the distal
end of PEG ¢ anchored to DOPE. TLC showed the purity
of DOPE-PEG¢y-TAT as >75%, and TOF MS ES+
confirmed the formation of DOPE-PEG4,-TAT (M,, ob-
served = 3923, M,, calculated = 3941). Thiolytic cleavable
PEG was synthesized as described above via a disulfide
bridge. TLC showed the purity of DOPE-S-S-mPEGs as
>95%, and the chemical structure was verified by '"H NMR:
0 0.87 (t, CH;, 6H), 3.37 (s, 3H, CH30—), 3.65 (s, PEG
backbone 498H), 5.4 (m, 4H, double bond of DOPE).
Noncleavable PEG DOPE-mPEGs, with a purity of >95%
was confirmed by 'H NMR too (see the Supporting Informa-
tion).

3.2. Cleavage of DOPE-S-S-mPEGs in Vitro. The
cleavage of DOPE-S-S-mPEGsyy, was confirmed by TLC.
The DOPE-S-S-mPEGsy spot on the TLC plate decomposed
when PBS with L-Cys was added, but the DOPE-S-S-
mPEGs spot remained the same when PBS without L-Cys

(31) Dong, D.; Li, E.; Wang, J.; Wu, Y.; Shi, F.; Guo, J.; Wu, Y.;
Liu, J.; Liu, S.; Yang, G. Anti-angiogenesis and anti-tumor effects
of AdNT4-anginex. Cancer Lett. 2009, 285, 218-224.
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Table 2. Size and Zeta Potential of Different Formulations of Liposomes

a

type of liposomes size (nm) PDI zeta potential (mV)
2% cleavable PEG + 2% TAT 129.8 +20.9 0.223 + 0.052 —22+2.0
4% cleavable PEG + 2% TAT 1132+ 115 0.226 + 0.036 -02+1.9
8% cleavable PEG + 2% TAT 83.1+7.0 0.266 + 0.050 —1.4+42
8% cleavable PEG 77.1+3.2 0.232 £+ 0.042 —1.1+41
8% noncleavable PEG + 2% TAT 85.4+5.4 0.186 + 0.012 —1.3+4.2
8% cleavable PEG + 2% TAT + calcein 103.1 £ 11.3 0.169 £ 0.018 -49+13
8% noncleavable PEG + 2% TAT + calcein 100.9 + 18.2 0.187 £ 0.013 —4.8 £ 3.7

2 The data indicate the mean & SD.

2%cleavablePEG+2%TAT 4%cleavable PEG+2%TAT 8%cleavable PEG+2%TAT

Hepes

SmML-cys

10mM L-cys

20mM L-cys

Figure 5. Qualitative observation of the effect of different amounts of PEG (from left to right 2%, 4%, 8%) and different
concentrations of L-Cys (from the first line 0 mM to the last line 20 mM) on the uptake of Rh-PE labeled liposomes
containing 2% TAT by HepG2 cells under fluorescence microscopy.

was added (see the Supporting Information), which clearly
showed the cleavage of DOPE-S-S-mPEGs in the presence
of L-Cys.

3.3. Characteristics of Liposomes. Liposome size mea-
surements showed that the liposomes were mainly about 100
nm; the size decreased with the increase of amount of PEG in
the liposome formulation. The zeta potential was slightly
negative (see Table 2). The amount of calcein encapsulated into
the 8% cleavable PEG + 2% TAT or 8% noncleavable PEG
+ 2% TAT liposomes was comparable (data not shown), which
was determined by the fluorescence intensity determined via
spectrofluorimeter after adding 1% Triton-X 100.

All formulations of liposomes were quite stable in the
presence of 10% FBS even after 24 h (see Figure 1), which
may be attributed to slightly negative charge and the steric
stabilization of PEG.

3.4. Effect of PEG Density and L-Cys Concentration
on the Cellular Association and Uptake of Rh-PE
Labeled Liposomes by HepG2 Cells. The cell association
and uptake of 2% TAT with various amounts of cleavable

1822 MOLECULAR PHARMACEUTICS VOL. 7, NO. 5

PEG DOPE-S-S-mPEGs, modified liposomes were assessed
on HepG2 cells. On one hand, when the density of PEG in
liposomes increased from 2% to 8%, the cellular association
and uptake decreased drastically (Figure 6), which was
caused by the steric hindrance effect of PEG, as is reported
elsewhere.!" When the PEG density reached 8%, the cellular
uptake was significantly inhibited and nearly no liposomes
could be seen in HepG2 cells (Figure 5), which showed at
this PEG density (8%) that the “functional molecule” TAT
could be highly shielded.

On the other hand, at the same PEG density, the cellular
association and uptake increased significantly with the
increase of concentration of L-cys from 0 to 20 mM, which
might be attributed to the increased degree of cleavage of
PEG from the surface of liposomes, and thus the steric
hindrance effect of PEG was weakened and the “functional
molecule” TAT was exposed, allowing the liposomes to enter
tumor cells with high efficiency. Even when the density of
PEG reached 8%, L-cys could still cleave the disulfide bridge
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Figure 6. Quantitave determination of uptake after
incubation of 2% cleavable PEG + 2% TAT, 4%
cleavable PEG + 2% TAT, and 8% cleavable PEG +
2% TAT modified liposomes with HepG2 cells for 4 h in
the presence of different concentrations (0, 5, 10, 20
mM) of L-Cys (n = 3, mean + SD).

and expose “functional molecule” TAT to help liposomes
enter tumor cells efficiently. In other tumor cells such as
A2780, similar results were observed (see the Supporting
Information).

The cellular uptake of various amounts (2%, 4%, 8%) of
cleavable PEG + 2% TAT modified liposomes before and
after the addition of L-Cys was also compared with the
control of 2% TAT functionalized liposomes to learn the
extent of TAT being exposed indirectly. There was no
difference between the uptake efficiency of 2% TAT lipo-
somes in the absence or presence of L-Cys; to make the
comparison easier, the uptake efficiency of 2% TAT lipo-
somes (without L-Cys) was set at 100%, and the uptake
efficiency of others was divided by that of 2% TAT
liposomes (without L-Cys). Thus, the percentage obtained
could reflect the extent of TAT being exposed. The results
showed that L-Cys had great effect on the uptake of cleavable
PEG and TAT co-modified liposomes, and that upon the
addition of L-Cys the percentage of TAT exposed was about
99.74%, 75.16%, and 58.88% for 2%, 4%, and 8% DOPE-
S-S-mPEGs o, respectively, in terms of the cellular uptake
(see Figure 7).

The 8% cleavable PEG + 2% TAT modified liposomes
were used for the following experiments because this
formulation exhibited the least cellular uptake in the absence
of L-Cys, but the uptake upon addition of L-Cys was 4 times
as high as that in the absence of L-Cys (p < 0.001) (see Figure
8). Thus, the behavior of liposomes could be easily controlled
by L-Cys.

To further confirm whether the 8% cleavable PEG + 2%
TAT modified liposomes in the presence of 20 mM exog-
enous L-Cys could enter tumor cells efficiently was caused
simultaneously by the cleavage of PEG and the exposure of
“functional molecule” TAT, we prepared 8% cleavable PEG
without TAT and 8% noncleavable PEG + 2% TAT
modified liposomes as control. As a result, 8% cleavable PEG
without TAT modified liposomes exhibited only about one

percentage of TAT exposed after the treatment of L-Cys

120.000% -
100.000% -
80.000% -
60.000% - ’—I
40.000% ’_l Owithout L-Cys
20.000% W 20mM L-Cys
0.000%
0 2% 4% 8%

cleavable PEG density(mol%)

Figure 7. Cellular uptake of 2% TAT + 2%, 4%, and 8%
cleavable PEG modified liposome by HepG2 before and
after the treatment of L-Cys; 2% TAT modified liposome
was used as control. Relative fluorescence intensity
against 2% TAT liposomes (without L-Cys) is shown
with SD bars. (n = 3, mean + SD).

Relative fluorescence intensity%

7000 1 x % %k

1
6000 - O0mM L-Cys
B 20mM L-Cys
5000
4000 -+
3000 - * ¥ %
N.S.
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8%cleavable 8%cleavable PEG 8% non-cleavable
PEG+2%TAT PEG+2%TAT

Figure 8. Quantitative determination of uptake after
incubation of 8% cleavable PEG + 2% TAT, 8%
cleavable PEG without 2% TAT, and 8% noncleavable
PEG + 2% TAT modified liposomes with HepG2 cells
for 4 h in the absence or presence of 20 mM L-Cys
(n = 8, mean £ SD). * * *: Statistically significant
difference (P < 0.001). N.S.: No significant difference.

Fluorescence/mg protein

time higher (p < 0.001) uptake efficiency after addition of
L-Cys, as compared with the uptake in the absence of L-Cys,
far less than that of 8% cleavable PEG + 2% TAT modified
liposomes upon addition of L-Cys, which was 4 times as
high as that in the absence of L-Cys. While for 8%
noncleavable PEG + 2% TAT modified liposomes no
significant difference could be seen after addition of 20 mM
L-Cys (see Figure 8), which clearly showed that the cleavage
of PEG and exposure of TAT occurred simultaneously upon
addition of L-cys, TAT could increase the uptake of lipo-
somes efficiently.

3.5. Confocal Laser Scanning Microscopy. In order to
ascertain whether the liposomal drug delivery system de-
veloped here could deliver drugs into tumor cells, calcein
loaded and Rh-PE labeled 8% cleavable PEG + 2% TAT
modified liposomes were incubated with HepG2 cells, using
8% mnoncleavable PEG + 2% TAT modified liposomes as

VOL. 7, NO. 5 MOLECULAR PHARMACEUTICS 1823



articles

Kuai et al.

Brlght field

8%Non-cleavable
PEG+2%TAT without L-cys

8%Cleavable PEG+2%TAT
without L-cys

8%Non-cleavable
PEG+2%TAT with L-cys

8%Cleavable PEG+2%TAT
with L-cys

Rh-PE Calcein

merge

Figure 9. Incubation of calcein loaded and Rh-PE Iabeled 8% noncleavable PEG + 2% TAT or 8% cleavable PEG +
2% TAT modified liposomes with HepG2 cells for 4 h in the absence or presence of 20 mM L-Cys. In each set from

left to right: bright field, Rh-PE, calcein, merge.
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Figure 10. CLSM images of the H22 tumor sections from the tumors injected with calcein Ioaded and Rh-PE labeled
8% noncleavable PEG + 2% TAT or 8% cleavable PEG + 2% TAT modified liposomes. In each set from left to right:

bright field, DAPI stained nucleus, Rh-PE, calcein, merge.

control. The encapsulation efficiency of calcein in each
formulation was comparable as described above.

As a result, almost no green fluorescence or red fluores-
cence (the fluorescence of calcein and Rh-PE, respectively)
could be seen when 8% cleavable PEG + 2% TAT modified
liposomes or 8% noncleavable PEG + 2% TAT modified
liposomes were incubated with HepG2 cells in the absence
of L-Cys (see Figure 9). There was still no fluorescence when
8% noncleavable PEG + 2% TAT modified liposomes were
added to HepG2 cells in the presence of L-Cys. However,
when 8% cleavable PEG + 2% TAT modified liposomes
were incubated with HepG2 cells in the presence of L-Cys,
both green and red fluorescence could be seen, and green
fluorescence was mainly colocalized with red fluorescence,

1824 MOLECULAR PHARMACEUTICS VOL. 7, NO. 5

which showed calcein was mainly delivered by the liposomes
into the tumor cells with addition of L-Cys.

3.6. Tumor Cell Uptake irn Vivo. To assess the behavior
of the liposomal drug delivery system in vivo, calcein loaded
and Rh-PE labeled 8% cleavable PEG + 2% TAT or 8%
noncleavable PEG + 2% TAT modified liposomes were
administrated via intratumor injection to allow liposomes to
accumulate in the tumor tissue in advance, with exogenous
L-Cys administrated intratumorally too. The uptake of
liposomes by the tumor cells in vivo was shown in Figure
10. The 8% Noncleavable PEG + 2% TAT modified
liposomes showed weak red or green fluorescence in the
tumor section even in the presence of L-Cys, while 8%
cleavable PEG + 2% TAT liposomes showed strong red and
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green fluorescence in the tumor section and they were
colocalized in the tumor cells, indicating calcein was
delivered into the tumor cells efficiently by liposomes after
addition of L-Cys, which was consistent with the in vitro
result. This difference between two liposome formulations
could be explained by the steric hindrance effect of PEG on
the “functional molecule” TAT. The cleavage of PEG from
the liposomes could be achieved in 8% cleavable PEG +
2% TAT liposomes but not in 8% noncleavable PEG + 2%
TAT modified liposomes by using L-Cys, and thus, the
“functional molecule” TAT could be exposed and mediated
efficient uptake of liposomes and payload.

4. Discussion

This study aimed to develop a liposomal drug delivery
system that can highly accumulate encapsulated drugs in
tumor tissue and then deliver drugs into tumor cells ef-
ficiently. It is reported the biodistribution of liposomes in
vivo mainly depends on the EPR effect.>? PEGylation forms
an aqueous layer on the surface of liposomes, which can
reduce the protein interactions with the surface of liposomes
and prevent their binding to opsonins, and thus, in vivo
circulation time of liposomes can be increased, so PEGylation
provides more chance for liposomes to accumulate in tumor
tissue. However, the PEGylated surface can prevent not only
the interaction between the liposomes and opsonins but also
that between the liposomes and cell surface.! For example,
the stealth liposomes (Doxil) show little cellular uptake when
incubated with tumor cells for 24 h. So PEG is a double-
edged sword, which is favorable for accumulation of
liposomes in tumor tissue but unfavorable for the uptake of
liposomes by tumor cells. To solve the dilemma of PEG, a
thiolytic cleavable PEG here was used to modify liposomes,
which remained present on the surface of liposomes during
circulation while dissociating from the surface after the
arrival at tumor tissue by exogenous L-Cys. To further
improve the uptake efficiency, a “functional molecule” TAT
peptide was installed on the surface of the liposomes too.
To make sure TAT can only work after removal of cleavable
PEG, TAT was attached to the distal end of a shorter PEG
spacer (PEGj() than cleavable PEG (PEGs), which could
be shielded before arrival at tumor tissue.*

All the functional materials used were presynthesized, and
thus, the liposomal system could be constructed in one step
via the thin film hydration methods conveniently as described
before. The TAT peptide was terminated with cysteine in
order to introduce free sulfhydryl (—SH), and then TAT

(32) Kirpotin, D.; Drummond, D.; Shao, Y.; Shalaby, M.; Hong, K.;
Nielsen, U.; Marks, J.; Benz, C.; Park, J. Antibody targeting of
long-circulating lipidic nanoparticles does not increase tumor
localization but does increase internalization in animal models.
Cancer Res. 2006, 66 (13), 6732-6740.

(33) Torchilin, V.; Rammohan, R.; Weissig, V.; Levchenko, T. TAT
peptide on the surface of liposomes affords their efficient
intracellular delivery even at low temperature and in the presence
of metabolic inhibitors. Proc. Natl. Acad. Sci. U.S.A. 2001, 98
(15), 8786-8791.

could be conjugated to DOPE-PEG ¢y-Mal via the sulfhy-
dryl-maleimide reaction, which allowed TAT to be conju-
gated at a specific site (—SH). Once TAT was conjugated
to DOPE-PEG ¢y -Mal, the stable thiol ether was formed and
the free sulfhydryl which could cleave disulfide bonds no
longer existed, so the cleavable DOPE-S-S-mPEGsqy would
not be affected.

Exogenous L-Cys mediated cleavage of DOPE-S-S-
mPEGs;q0 used for the preparation of liposomes is the
primary step for success of the liposomal drug delivery
system developed here. We first confirmed the cleavage of
DOPE-S-S-mPEGs in vitro by TLC assay, which clearly
showed the cleavage of DOPE-S-S-mPEGs in the presence
of L-Cys, while it remained unchanged in the absence of
L-Cys (see the Supporting Information).

The PEG density which provides maximum shielding
effect on TAT and the optimal concentration of L-Cys used
for the cleavage of DOPE-S-S-mPEGs, were confirmed by
the uptake efficiency in vitro both qualitatively and quanti-
tatively. Liposomes with various amounts of cleavable PEG
2%, 4%, 8% DOPE-S-S-mPEGsy) + 2% TAT were
prepared. After incubation with HepG2 cells for 4 h with
different concentrations of L-Cys, 8% cleavable PEG + 2%
TAT modified liposomes exhibited the lowest uptake in the
absence of L-Cys compared with 2% and 4% cleavable PEG
+ 2% TAT modified liposomes, which indicated 8% PEG
could provide the highest mask effect on TAT, and a higher
PEG density than 8% was not used to modify liposomes here
for the failure in formation of stable liposomes as reported*
previously. TAT at 2% was used because this percentage is
widely used in TAT modified liposomes.'® The uptake
efficiency was enhanced with the increase of L-Cys concen-
tration, which indicated the cleavage of DOPE-S-S-mPEGs
indirectly, and the cleavage occurred in a L-Cys dependent
manner. A concentration of 20 mM L-Cys was used later,
as this concertration could cleave PEG quite efficiently in a
controlled manner. A L-Cys concentration higher than 20
mM was not suitable for this study because some potential
toxic side effects might be caused at higher concentration.
After the addition of 20 mM L-Cys, the percentage of TAT
exposed was about 99.74%, 75.16%, and 58.88% for 2%,
4%, and 8% DOPE-S-S-mPEGs, respectively.

Whether the “functional molecule” TAT could work after
removal of PEG is also crucial for the success of this specific
liposomal system. To confirm this, 8% cleavable PEG + 2%
TAT and 8% cleavable PEG without 2% TAT modified
liposomes were incubated with HepG2 cells in the presence
or absence of 20 mM L-Cys. The uptake of 8% cleavable
PEG + 2% TAT modified liposomes was significantly
increased (P < 0.001) after the addition of L-Cys, which was
4 times as high as that in the absence of L-Cys. While the
uptake of 8% cleavable PEG without 2% TAT modified
liposomes was only slightly increased compared with that

(34) Li, S.; Huang, L. Nanoparticles evading the reticuloendothelial
system: Role of the supported bilayer. Biochim. Biophys. Acta
2009, 1788, 2259-2266.
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of 8% cleavable PEG + 2% TAT, only about 1 time higher
in uptake efficiency was observed. The result showed the
“functional molecule” could work as expected after the
removal of PEG as the difference of uptake efficiency could
only be caused by TAT (all components were the same
except for TAT). The results also implied the liposome
fomulation process didn’t affect the stability of TAT. Besides,
8% noncleavable PEG + 2% TAT modified liposomes
exhibited little uptake, no matter with the addition of L-Cys
or not, indicating TAT could only work after the removal
of PEG.

After the cleavable PEG and “functional molecule” of the
liposomal system was confirmed to work properly, its ability
to deliver drugs into cells was assessed. A membrane
impermeable and water-soluble dye, calcein, was encapsu-
lated into the inner aqueous phase of Rh-PE labeled 8%
cleavable PEG + 2% TAT or Rh-PE labeled 8% noncleav-
able PEG + 2% TAT modified liposomes. Little red or green
fluorescence could be seen when 8% noncleavable PEG +
2% TAT was incubated with HepG?2 cells no matter with
the addition of L-Cys or not. Incubation of 8% cleavable
PEG + 2% TAT modified liposomes with HepG2 cells in
the absence of L-Cys also exhibited little red or green
fluorescence. Both red and green fluorescence could be seen
obviously when calcein loaded Rh-PE labeled 8% cleavable
PEG + 2% TAT modified liposomes were incubated with
HepG2 cells in the presence of L-Cys, and most of the red
and green fluorescence regions were overlapped, indicating
that hydrophilic drugs such as calcein mainly might be
delivered into tumor cells by the liposomal system under
the control of L-Cys.

As far as we know, the reducing source in the extracellular
space of tumors is as poor as that of other tissues in the
body, and PEG would not disassociate from liposomes itself
upon arriving at the tumor site.>** 3" However, disassocia-
tion of PEG could be precisely controlled by administration
of exogenous innocuous L-Cys at the desired time (after
liposomes accumulated in tumor tissue, i.e. about 24—48 h
post administration of liposomes).>*’

In fact, despite that gradual reduction of disulfide bonds
does occur gradually during the systemic circulation, the
concentration of reducing agents such as cysteine (~8 uM
in humans) and glutathione (~2 #M in humans) is quite low,
and most of the PEG would be present on the surface of
liposomes especially when 8% cleavable PEG was used. It

(35) Saito, G.; Swanson, J.; Lee, K. Drug delivery strategy utilizing
conjugation via reversible disulfide linkages: role and site of
cellular reducing activities. Adv. Drug Delivery Rev. 2003, 199—
215.

(36) Ganta, S.; Devalapally, H.; Shahiwala, A.; Amiji, M. A review
of stimuli-responsive nanocarriers for drug and gene delivery. J.
Controlled Release 2008, 187-204.

(37) Gabizon, A.; Goren, D.; Horowitz, A.; Tzemach, D.; Lossos, A.;
Siegal, T. Long-circulating liposomes for drug delivery in cancer
therapy: A review of biodistribution studies in tumor-bearing
animals. Adv. Drug Delivery Rev. 1997, 337-344.
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was reported that the half-life of 8% thiolytic cleavable PEG
modified liposomes in vivo was over 27 h,> which affords
sufficient time for liposomes to accumulate at the tumor site.
Then exogenous innocuous L-Cys could be administrated
intravenously to cleave PEG from liposomes that have
accumulated at the tumor site.*> >’

In this study, for the uptake by tumor cells in vivo, we
mainly focused on the fate of liposomes after the arrival at
tumor tissue; 8% cleavable PEG + 2% TAT or Rh-PE
labeled 8% noncleavable PEG + 2% TAT modified lipo-
somes were injected intratumoraly to simulate the accumula-
tion of liposomes in tumor tissue, and L-Cys was injected
intratumoraly too. As a result, 4 h after intratumor injection,
8% cleavable PEG + 2% TAT modified liposomes exhibited
stronger red and green fluorescence compared with 8%
noncleavable PEG + 2% TAT modified liposomes, indicat-
ing the liposomal system developed here could deliver drugs
into tumor cells efficiently under the control of L-Cys even
in the in vivo environment. Our further investigation would
focus on the systemic use of cleavable PEG and TAT co-
modified liposomes.

In conclusion, cleavable PEG and TAT comodified lipo-
somes developed here could deliver drugs into tumor cells
with high efficiency under the control of L-Cys. The
combination of cleavable PEG and “functional molecule”
TAT could overcome the dilemma of PEGylation, and it is
an alternative to overcome the nonspecificity of TAT, which
is quite promising in the application of tumor targeted drug
delivery systems in the future.
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