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ABSTRACT: Aliposomal delivery system with a high efficiency Functional molecule

of accumulation in tumor tissue and then transportation of the
cargo into tumor cells was developed here and evaluated via
systemic administration. 1,2-Distearoyl-sn-glycero-3-phospho-
ethanolamine-poly(ethylene glycol),000 (DSPE-PEGyg00)-TAT
and protective DSPE-PEG;0o modified liposomes possessing
good stability in S0% FBS (fetal bovine serum) and good uptake
efficiency were used as the basic formulation (TAT-SL; SL =
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stealth liposome), and then longer cysteine (Cys)-cleavable PEGgo was incorporated to modulate the function of TAT. All of the
formulations to be used in vivo had sizes in a range of 80—100 nm and were stable in the presence of 50% FBS. Optical imaging
showed that the incorporation of cleavable PEGggoo into TAT-SL (i.e., C-TAT-SL) led to much more tumor accumulation and
much less liver distribution compared with TAT-SL. The in vivo delivery profiles of C-TAT-SL were investigated using DiD as a
fluorescent probe. Confocal laser scanning microscopy and flow cytometry showed that C-TAT-SL had a 48% higher (p < 0.001)
delivery efficiency in the absence of Cys and a 130% higher (p < 0.001) delivery efficiency in the presence of Cys than the control
(SL), indicating the successful targeted delivery of cargo was achieved by C-TAT-SL via systemic administration especially with a

subsequent administration of Cys.
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1. INTRODUCTION

Nowadays, cancer has become one of the greatest threats to
the health of human beings; thousands of people die of cancer
each year. Technology that could achieve tumor targeted delivery
of cargo from low molecular weight drugs to macromolecules
such as proteins and nucleic acids is in great need for its
application on the diagnosis and treatment of tumors.' > Various
nanocarriers such as liposomes, nanoparticles, dendrimers, and
micelles have been used to achieve this goal. Liposomes exhibited
obvious advantages for their natural components, good biocom-
patibility, and good protection for the contents and tunable
pharmacokinetics.*

In our previous study, the combination of a trans-activating
transcriptional activator (TAT) and cleavable poly(ethylene
glycol) (PEG) in the liposomes showed good delivery perfor-
mance in vitro and in vivo via the intratumoral injection.'® In this
research, the delivery system was further optimized before the
systemic use.

It is well-known that PEG coating could make the liposomes
become “stealth liposomes” (SLs), evading the trapping of the
reticuloendothelial system (RES) and endowing the liposomes
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with long circulating properties; thus there is a better chance for
liposomes to extravasate from the bloodstream into tumor tissue
via the enhanced permeability and retention (EPR) effect.'
However, PEG coating is not always favorable in the whole
process of tumor targeted delivery; it can hinder the direct
interaction between liposomes and tumor cells after accumula-
tion in tumor.'* To improve the cellular uptake, incorporation of
a “functional molecule”—TAT—on the distal end of a PEG
spacer is an efficient method.">™'® It was reported the uptake
efficiency was highly related to the density of TAT on the surface
ofliposomes, and the density of TAT could in turn affect the size,
aggregation characteristics in serum, and biodistribution profiles."”
Moreover, the exposed TAT could penetrate various cells
encountered without any specificity, and like other ligands it was
easy to bind to opsonin in the blood and was then trapped by the
liver, especially at high density, which was unfavorable for its
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Figure 1. Schematic illustrations of TAT-SL, TAT and cleavable PEG
comodified liposomal system (C-TAT-SL).

tumor targeting via systemic use.”® Its function needed to be
switched off during circulation; thus, any undesired uptake or
binding of opsonin could be minimized and switched on after
accumulation in tumor tissue, all of which could be achieved by
the incorporation of cleavable PEG.>' %

In this study, an optimized liposomal delivery system
(Figure 1) suitable for the systemic administration was designed
based on the above details: 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-poly(ethylene glycol),000 (DSPE-PEGy000)-
TAT as well as protective DSPE-PEG;00 was used to modify
liposomes: the former could enhance the ability of entering cells,
while the latter could improve the serum stability of liposomes.
Liposomes possessing both good stability in the presence of 50%
FBS and good uptake efficiency were used as the basic formula-
tion (TAT-SL), and then longer cysteine (Cys)-cleavable
PEGs000 (DSPE-S-S-PEGgsg00) Was incorporated into the basic
formulation to tune the function of TAT. It was reported the
concentration of a reducing agent such as Cys and glutathione
was low in the body,24 DSPE-S-S-PEGsg00 was stable enough to
endue liposomes with plenty of time to accumulate in the tumor.
In this optimized system, TAT could be shielded by the longer
cleavable PEG spacer during circulation,'> whose function was
switched off. After the tumor accumulation was achieved, a safe
reducing agent—Cys—was injected, and the longer cleavable
PEG spacer could dissociate from the surface of liposomes. The
function of TAT was switched on, and then efficient delivery of
liposomal cargo occurred.

2. MATERIALS AND METHODS

2.1. Materials. Soy phosphatidylcholine (SPC) was obtained
from Chengdu Kelong Chemical Company. 1,2-Distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE), 1,2-distearoyl-sn-glycero-3-pho-
sphoethanolamine-poly(ethylene glycol),000 (DSPE-PEGy000),
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene

glycol),g0o-maleimide (DSPE-PEG,g00-Mal), and 1,2-dimyris-
toyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl) (ammonium salt) (Rh-PE) were purchased from
Avanti Lipids. PEGsg0o-SH and PEG;000-NHS were obtained
from Jenkem Technology (Beijing, China). TAT peptide with a
terminal cysteine (Cys-AYGRKKRRQRRR) was provided by
Chengdu KaiJie Biopharmaceutical Co., Ltd. (Chengdu, China).
N-Succinimidyl-3-(2-pyridyldithio) propionate (SPDP) was pur-
chased from Sigma (China, mainland). 1,1’-Dioctadecyl-3,3,3’,
3'-tetramethylindotricarbocyanine iodide (DiR) and 1,1’-diocta-
decyl-3,3,3,3'-tetramethylindodicarbocyanine 4-chlorobenzene-
sulfonate salt (DiD) were purchased from Biotium. Collagenase
type IV and DNase I were purchased from Biosharp. Other
chemicals and reagents were of analytical grade and used without
further purification.

2.2. Synthesis of DSPE-PEG,00o-TAT. DSPE-PEG;00o-TAT
was synthesized in the aqueous phase as described previously
with some modification.'* Briefly, chloroform was removed from
DSPE-PEG,p00-Mal (1 equiv) solution by rotary evaporation,
and the obtained thin film was kept in vacuum over 4 h to remove
the residual solvent. Then the thin film was hydrated in phos-
phate-buffered saline (PBS; pH 7.4) in a bath-type sonicator for
about 1 min, and TAT peptide (3 equiv) in PBS (pH 7.4) was
added into the micelle solution. The mixture was allowed to react
at 4 °C under nitrogen for about 48 h. The excess TAT was
removed by passing through a Sephadex-GSO (Pharmacia)
column. The collected micelle solution was freeze-dried and
then extracted by chloroform twice to remove the inorganic salts.

2.3. Synthesis of DSPE-S-S-PEGsq00/DSPE-PEGsg00. The
synthesis of DSPE-S-S-PEGsggo was performed as described
previously with some modification.”'*** Briefly, DSPE (0.1
equiv) was added into chloroform (5S °C) containing triethyla-
mine (0.64S equiv), and then SPDP (0.08 equiv) was added. The
mixture was allowed to react freely at room temperature under
argon. After thin-layer chromatography (TLC) showed the dis-
appearance of SPDP, PEGs00-SH (0.035 equiv) was added, and the
mixture again was allowed to react for about 72 h. The product
was purified by chromatography on silica column before use.

DSPE-PEGsg0o was synthesized by reacting PEGsopo-NHS
(1 equiv) with DSPE (1.5 equiv) in chloroform. The excess
DSPE was precipitated by adding acetonitrile and then removed
by centrifugation. Each PEG lipid was stored at —20 °C until use.

2.4. Preparation of Liposomes. A thin lipid film was obtained
by rotary evaporation of chloroform from a lipid mixture
indicated in Tables 1 and 2. The basic composition was SPC/
Cho = 65:35, and the percentage of SPC decreased with the
addition of various PEG-lipid derivatives. For the cellular uptake
in vitro, 0.3% mol of Rh-PE was added; for the optical imaging of
tumor bearing mice, a near-infrared lipophilic fluorescent dye,
DiR, was added at a final concentration of 20 tg/mL to trace the
location of liposomes and to determine the cellular uptake in vivo
qualitatively and quantitatively, an analogue of DiR, lipophilic
DiD, was added at a final concentration of 20 ug/mL. The
obtained thin film was kept in vacuum over 4 h to remove the
residual chloroform then hydrated using PBS (pH 7.4) in a bath-
type sonicator for 2 min and intermittently sonicated by using a
probe sonicator at 60 W for 75 s.

2.5. Characterization of Liposomes. The size and zeta potential
of the liposomes in PBS (pH7.4) were measured by a Malvern
Zetasizer Nano ZS 90 instrument (Malvern Instruments Ltd., U.K.).

The aggregation characteristic of liposomes was performed as
reported by Oku et al.*® The liposomal solution (2 mg/mL
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Table 1. Compositions of Different Formulations of Liposomes and Their Size and Zeta Potential

composition SPC (umol) Cho (umol) DSPE-PEG,qo (#mol) DSPE-PEG;000-TAT (umol) size” (nm) zeta” (mV)
2% TAT + 0% PEGao00 6.30 3.50 0.00 0.20 98.04 + 4.84 78413
2% TAT + 1% PEGaoo 6.20 3.50 0.10 0.20 97.11 + 2.06 76+ 12
2% TAT + 2% PEGagoo 6.10 3.50 0.20 0.20 95.18 £ 5.56 74426
2% TAT + 3% PEGa000 6.00 3.50 0.30 0.20 96.77 + 2.43 64426
2% TAT + 4% PEGy000 5.90 3.50 0.40 0.20 95.37 + 1.33 35+ 16
2% TAT + $% PEGao00 5.80 3.50 0.50 0.20 92.00 + 3.68 364 1.0
19 TAT + 0% PEGao00 6.40 3.50 0.00 0.10 9922 + 0.21 36412
19% TAT + 1% PEGao00 6.30 3.50 0.10 0.10 95.47 + 0.64 34+ 14
1% TAT + 2% PEGyg00 6.20 3.50 0.20 0.10 95.11 + 1.48 25+12
1% TAT + 3% PEGy000 6.10 3.50 0.30 0.10 94.36 + 3.56 19+24
19 TAT + 4% PEGao00 6.00 3.50 0.40 0.10 9348 + 123 13421
19 TAT + 5% PEGaono 5.90 3.50 0.50 0.10 9117 + 175 09405
0.5% TAT + 0% PEGao00 645 3.50 0.00 0.05 98.64 + 1.92 01417
0.5% TAT + 1% PEGyg00 6.35 3.50 0.10 0.0 95.81 + 0.12 0.1£0.3
0.5% TAT + 2% PEGyg00 6.25 3.50 0.20 0.05 95.85 + 3.17 0.6 + 0.8
0.5% TAT + 3% PEGs000 6.15 3.50 0.30 0.05 96.18 + 0.75 1.0 £ 04
0.5% TAT + 4% PEGyg00 6.05 3.50 0.40 0.05 93.13 + 1.74 0.7 £ 0.6
0.5% TAT + 5% PEGao0o 5.95 3.50 0.50 0.05 92.76 + 5.38 03405

? Data represent mean =+ SD(n = 3).

Table 2. Compositions of Different Liposomes and Their
Abbreviations

corresponding compositions

abbreviations SPC Cho functional lipids composition

SL 62.0%  350% 3% PEGsooo

TAT-SL 61.5%  35.0%  0.5% TAT/3% PEGaooo

C-TAT-SL 53.5% 35.0% 8% DSPE-S-S-PEGs000/0.5% TAT/
3% PEGao00

N-TAT-SL  53.5%  350% 8% DSPE-PEGsg00/0.5% TAT/
3% PEGo000

C-SL 54.0%  35.0% 8% DSPE-S-S-PEGs000/3% PEGaooo

lipids) was incubated in the presence of 50% FBS at 37 °C for 24 h.
The turbidity (indicated by transmittance, T%) of the mixture
was measured at 750 nm. The relative turbidity indicated by the
transmittance of samples/transmittance of 50% FBS was used to
characterize the extent of aggregation.

2.6. Cell Culture. C26 cells (a murine colon tumor cell line)
were grown in RPMI-1640 medium (GIBCO) containing 10%
FBS, 100 (g/mL streptomycin, and 100 U/mL penicillin. The cells
were maintained at 37 °C in a humidified incubator with 5% CO,.

2.7. Cellular Uptake Characteristic in Vitro. The cellular
uptake characteristic measurement was performed as described
previously.”” Briefly, C26 cells were seeded on 24-well plates at a
density of 1.5 x 10° cells/well 24 h before use. Each formulation
of liposome was added at 50 uL/well in triplicate with PBS or
various amounts of L-Cys (2.5, S, 10, 20 mM) added at the same
time. After incubation at 37 °C under 5% CO, for 4 h, the cells
were washed by PBS and observed under fluorescence micro-
scopy (Axiovert 40 CFL, Carl Zeiss Shanghai Co., Ltd.). Then
the cells were added with 500 ¢«L/well of 1% Triton-X100 at 4 °C
over 2 h, and 100 uL of the lysate was used for the quantitative
determination of the total protein of cells using the BCA assay kit

2153

(pierce), and the rest was used to determine the cell-associated
fluorescence on a spectrofluorimeter (RF-5301 fluorospectro-
photometry, Shimadzu, Japan) at a wavelength of Ex = 560 nm
and Em = 578 nm. The uptake efficiency was indicated as
fluorescence intensity/ug protein.

2.8. Tumor-Bearing Mice Model. Male BALB/c weighing
about 20 g were purchased from the Experiment Animal Center
of Sichuan University (P.R. China). All of the animal experiments
adhered to the principles of care and use of laboratory animals
and were approved by the Experiment Animal Administrative
committee of Sichuan University.

Tumor-bearing mice were established as described pre-
viously.>* " Briefly, about 2 x 10° tumor cells were subcuta-
neously injected in the left flank of the mice. Tumors were
allowed to grow to an average size of about 10 mm in diameter
before the experiment.

2.9.In Vivo Biodistribution in Tumor Bearing Mice. On day
14 after tumor inoculation, the in vivo biodistribution experiment
was performed using a noninvasive optical imaging method.**~**
Mice were sheared thoroughly to exclude the interference of hair
before different formulations of DiR loaded liposomes (2 mg
lipids/mL) were injected at a dose of 20 mg lipids/kg via the tail
vein. At 6, 24, 48, and 72 h postinjection, the whole body optical
imaging was taken using a Kodak In-Vivo FX Professional
Imaging System (New Haven, CT) with a wavelength set at
Ex =770 nm, Em = 830 nm and an exposure time of 20 s. Before
each imaging the mice were anesthetized by an intra-abdominal
injection of 8% chloral hydrate (400 mg/kg). The imaging was
processed using Kodak MI software 5.0.1.

2.10. Qualitative and Quantitative Determination of De-
livery Efficiency in Vivo. To investigate the delivery efficiency of
different formulations of liposomes in vivo qualitatively, an
analogue of DiR, DiD, was encapsulated into different formula-
tions of liposomes (2 mg lipids/mL) as described above and
injected at a dose of 20 mg lipids/kg via the tail vein. About 24 h
later, PBS (pH 7.4) or Cys in PBS (30 mg/mL) was injected via
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Figure 2. Chemical structure of DSPE-PEG,00o-TAT (A), DSPE-S-S-
PEGs000 (B), and DSPE-PEGgq (C).

the tail vein at a dose of 4 mL/kg to evaluate the effect of Cys on
the delivery in vivo. Four hours later, mice were killed by cervical
dislocation, and tumors were excised and frozen sectioned (4 um
in thickness). Sections were stained with DAPI (2 #tg/mL), washed
three times with cold PBS, and then observed using a Leica TCS
SPS AOBS confocal microscopy system (Leica, Germany).

To reveal the delivery efliciency in the entire tumor in vivo,
the quantitative determination was performed as reported pre-
viously.>**" Briefly, tumors were excised and cut into small pieces
of 2—4 mm and then treated with dissociation solution [ collagenase
type IV (1 mg/mL) and DNase I(30 xg/mL) in PBS] for 30 min
at 37 °C with gentle shaking; then it was passed through 70-um
mesh. The obtained cell suspension was centrifuged at 4 °C, and cell
pellets were washed three times with PBS and finally resuspended
in PBS for flow cytometry measurement. Flow cytometry was
done using the APC channel for DiD, and tumor cells from
tumor-bearing mice receiving blank PBS served as blank. At least
10000 cells were collected per sample. The results were indi-
cated as the mean fluorescence intensity.

2.11. Statistical Analysis. Statistical comparisons were per-
formed by one-way ANOVA for multiple groups, and a p value
<0.05 was considered to be indicative of statistical significance.

3. RESULTS

3.1. Synthesis of DSPE-PEG;q00-TAT/DSPE-S-S-PEGs000/
DSPE-PEGs00. Time-of-flight electrospray mass spectrometry
(TOF MS ES+) confirmed the formation of DSPE-PEG,go-
TAT (M,, observed = 4570 Da). The chemical structure of
DSPE-S-S-PEGgs0p9 and DSPE-PEGsgg was confirmed by 'H
NMR (data not shown; structures shown in Figure 2) and TOF
MS ES+ (6010 Da for DSPE-S-S-PEG<gg and $907 Da for
DSPE-PEGsqo, respectively). Each PEG lipids had purity over
90% indicated by TLC.

3.2. Liposome Characterization. It was reported that the size
of liposomes, especially aggregation sizes in the presence of
serum, is one of the most important factors governing the fate of
liposomes in vivo.”® As shown in Table 1, liposomes containing
various amounts of DSPE-PEG,o99 and DSPE-PEG,4o-TAT
had sizes between 90 and 100 nm and zeta potentials mainly in
the range of 0—10 mV. The aggregation characteristics in PBS or
FBS were investigated subsequently. No increase in turbidity
(indicated by the decrease of transmittance, T%) was observed
after 24 h in PBS for all formulations (data not shown), but
turbidity did increase after 24 h in the presence of 50% FBS for
some formulations (Figure 3), especially for the formulation
containing 2% DSPE-PEG,00-TAT: T% was only about 40%,
and then T% increased from 40% to over 60% gradually with the
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Figure 3. Aggregation characteristic after incubation of different
amounts of PEG,gp9 and TAT modified TAT-SL in the presence of
50% FBS at 37 °C for 24 h. The turbidity was indicated by T% which was
recorded against blank 50% FBS (T% = 100%). *** = statistically
significant differences (p < 0.001); N.S. = no significant difference
(n = 3, mean + SD).

percentage of DPSE-PEG,qo increasing from 0% to 5%. When
the percentage of DSPE-PEG;,0o-TAT decreased to 1%, T%
increased compared with the percentage of 2% DSPE-PEG,0o-
TAT under all DSPE-PEG,o densities. When the percentage of
DSPE-PEG,00-TAT further decreased to 0.5%, T% could reach
a plateau at 3% DSPE-PEG;g0o, nearly 100%, indicating good
serum stability for this formulation.

3.3. Cellular Uptake Characteristic in Vitro. Efficient cellular
uptake plays an important role for the targeted delivery of cargo.
The cellular uptake characteristics of different formulations were
assessed on C26 cells. The uptake efficiency diminished with the
decrease of DSPE-PEG,0o-TAT; at the same DSPE-PEG,g0o-
TAT molar ratio, the uptake efficiency decreased with the increase
of DSPE-PEG,go (data not shown), which was opposite with the
aggregation trend. When the density of DSPE-PEG;,000-TAT and
DSPE-PEG,p00 Was 0.5% and 3%, respectively, no aggregation
occurred (T% was nearly 100%); in addition, this formulation has
ahigher uptake efficiency than liposomes containing 0.5% DSPE-
PEG,000-TAT /4% DSPE-PEG,00 or 0.5% DSPE-PEG,000-
TAT/5% DSPE-PEG;000;, therefore liposomes containing 0.5%
DSPE-PEG;(o-TAT /3% DSPE-PEG,0yo made a basic formulation
(TAT-SL) for the subsequent experiments.

To test the modulation effect of longer cleavable PEG DSPE-
S-S-PEGgpgp on TAT-SL, various amounts of DSPE-S-S-PEGso
were incorporated into the formulation of TAT-SL. Their uptake
characteristics were assessed on C26 in the presence of different
amounts of Cys. As shown in Figure 4, the uptake was highly
related to the DSPE-S-S-PEGgqgo density and the concentration
of Cys. Briefly, the uptake efficiency of C-TAT-SL diminished
from 100.0% to 13.1% of the TAT-SL with the increase of DSPE-
S-S-PEGs000 from 0% to 8%; at the same percentage of DSPE-S-
S-PEGS000, the uptake efficiency increased gradually with the
increase of the concentration of Cys. The uptake efliciency of
liposomes containing 8% DSPE-S-S-PEGgsqgo could reach a plateau
(equivalent to 59.2% of TAT-SL) when the concentration of Cys
was between 10 mM and 20 mM."°

Before the in vivo investigation, the performances of liposomes
with various chemical modifications were tested on C26 cells.

2154 dx.doi.org/10.1021/mp200100f |Mol. Pharmaceutics 2011, 8, 2151-2161
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Figure 4. Effects of different amounts of cleavable PEGsoo on the
uptake of C-TAT-SL (composed of different amounts of cleavable
PEGs000 and 0.5% TAT + 3% PEG,000) by C26 cells under different
concentrations of Cys. *** = statistically significant differences (p <
0.001; n = 3, mean =+ SD).

As shown in Figure SA,B, the incorporation of 0.5% DSPE-PEG,g00-
TAT into 3% DSPE-PEG;00o modified liposomes could greatly
enhance the cellular uptake: the uptake of TAT-SL was over 10
times higher than SL, indicating that the incorporation of TAT
was an efficient way to improve the uptake of SL. After the
incorporation of 8% DSPE-S-S-PEGgqq into the basic formula-
tion of TAT-SL, the uptake was inhibited to quite a low level, and
the uptake for liposomes of 8% noncleavable PEGsgo0 + 0.5%
TAT + 3% PEGy000 (N-TAT-SL) or 8% cleavable PEGsgo + 3%
PEG,000 (C-SL) was also low. After the addition of Cys, the
uptake efficiency of C-TAT-SL was over four times (p < 0.001) as
high as that in the absence of Cys, while no change on the uptake
of other formulations was observed, indicating all components of
the liposomes worked properly.

The aggregation characteristics of formulations to be used in
the in vivo experiment were also tested using the same method as
described above; no aggregation occurred for all of these formula-
tions even in the presence of Cys (data not shown), indicating these
liposomes were quite suitable for the in vivo experiments.

3.4. Biodistribution in Tumor-Bearing Mice. The biodistri-
bution of different formulations of liposomes in tumor bearing
mice was investigated using an in vivo imaging system. As shown
in Figure 6, SL accumulated in the tumor clearly. After incorpora-
tion of TAT into SL (i.e., TAT-SL), liposomes mainly accumu-
lated in liver with only a minimal distribution in tumor. When 8%
DSPE-S-S-PEGsg0 or 8% DSPE-PEGs0o was incorporated into
TAT-SL, tumor accumulation was enhanced greatly while liver
distribution was diminished and these two formulations had
similar biodistribution characteristics, indicating TAT could be
shielded by PEGsggo during circulation. Besides, through the
in vivo biodistribution experiments, the peak time range when
these liposomes accumulated in tumor was confirmed, that is,
between 24 and 48 h postinjection, which was consistent with
reported values.*****! TAT-SL was not used in the subsequent
experiments for its nonspecificity and massive liver distribution
with minimal tumor accumulation.

3.5. Qualitative and Quantitative Determination of Tar-
geted Delivery Efficiency in Vivo. The qualitative determina-
tion of targeted delivery efficiency in vivo was performed using

confocal laser scanning microscopy. As shown in Figure 7, the
tumor section from tumor-bearing mice receiving DiD loaded
SL, N-TAT-SL, and C-SL showed little red fluorescence (fluores-
cence of DiD) no matter whether Cys was intravenously adminis-
trated or not. C-TAT-SL too showed weak red fluorescence
without the intravenous injection of Cys, but with the injection of
Cys 24 h post DiD loaded C-TAT-SL injection, it showed strong
red fluorescence, indicating that efficient targeted delivery of DiD
was achieved by C-TAT-SL in the presence of Cys via systemic
administration.

Finally, the delivery efficiency in vivo was determined by flow
cytometric quantitation of fluorescent dye DiD encapsulated in
various formulations of liposomes. As shown in Figure 8, all of
the mean fluorescence intensity caused by SL, N-TAT-SL, and
C-SL was low both in the absence or presence of Cys, indicating
that Cys had no effect on these formulations, whereas the mean
fluorescence intensity caused by C-TAT-SL increased by about
48% (p < 0.001) compared with SL even in the absence of Cys.
After the intravenous injection of Cys, the mean fluorescence
intensity of C-TAT-SL was further improved—about 56% (p <
0.001) higher than that in the absence of Cys and 130% (p <
0.001) higher than other formulations—indicating that an
efficient targeted delivery of DiD could be achieved by the
combination of C-TAT-SL and Cys via systemic administration.

4. DISCUSSION

The study here aims to develop a liposomal drug delivery
system that could highly accumulate in tumor tissue and then
transport its cargo into tumor cells efficiently via systemic
administration. In our previous study, we confirmed that the
combination of TAT and cleavable PEG could exert a synergic
role and their in vivo performance was evaluated via intratumoral
administration.'® Here, their systemic administration was per-
formed. Before systemic use, the formulation was further opti-
mized to be more suitable for the intravenous injection.

The density of the “functional molecule” —TAT—is highly
related to the uptake efficiency and stability of liposomes especially
in the presence of high concentration of serum in vivo™® therefore,
the density of TAT and protective PEG;n0 was screened in terms of
the aggregation characteristics (indicated by the T%) in 50% FBS.
Although FBS could not provide a real environment encountered by
the liposomes in the blood (in FBS, the effect of blood cells was not
considered), this method has already been widely used to test the
aggregation characteristics of liposomes,”® because it might be not
the cells but various chemicals (such as proteins) that affected the
aggregation of liposmes, and we did observe no difference between
the aggregation trend in the absence and in the presence of cells
(observed in the cellular uptake experiment in the presence of FBS).

When the aggregation of liposomes occurs in the presence of
50% FBS, the turbidity would increase, and the absorbance
(called “A” in short) at 750 nm would also increase, while the
corresponding T% (in a range between 0 and 100%) would
decrease, and vice versa. We used T% rather than A to indicate
the turbidity because the former had a wide range and was
convenient to record. The transmittance of blank PBS or 50%
FBS was set at 100%, and the T% of liposomal suspension was
normalized by the T% of blank PBS or FBS: if the ratio was
approximately 100%, it indicated there was no aggregation; if the
ratio was far from 100%, it indicated aggregation occurred. We did
not use size distribution to measure the aggregation characteristic
because, when determining the size by the dynamic scattering
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Figure S. (A) Qualitative observation of uptake of liposomes with various modifications by C26 cells in the absence or presence of Cys in vitro. All of
these liposomes were labeled by Rh-PE. (B) Quantitative determination of uptake characteristics of liposomes with various modifications by C26 cells in

the absence or presence of Cys in vitro. ***

= statistically significant differences (p < 0.001); N.S. = no significant difference (n = 3, mean £ SD).

laser (DLS) method, we found the result was unreliable—the
average size determined would still be around 100 nm even if
severe aggregation occurred, which was contradicted with the
phenomenon we observed.

The aggregation became aggravated when the density of TAT
increased from 0.5% to 2%; at the same density of TAT, the
aggregation trend diminished with the increase of DSPE-PEGyq0o.
This may be caused by the positive charge of TAT peptide

(as shown in Table 1), which could interact with proteins in the
serum, and then aggregation occurred, while the incorporation of
protective DSPE-PEG,g could alleviate the aggregation due to
the hydrophilic properties and steric stabilization. Liposomes
containing 0.5% DSPE-PEG;0o-TAT and 3% DSPE-PEG;g00
were made as the basic formulation (TAT-SL) for the subse-
quent experiments because at this TAT density, T% could reach
plateau (nearly 100%) when 3% DSPE-PEG,y Was incorporated,
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Figure 6. Biodistribution of different formulations of DiR loaded
liposomes in C26 tumor-bearing mice at different time points. The
optical image was taken by Kodak In-Vivo FX Professional Imaging
System (New Haven, CT) with a wavelength set at Ex = 770 nm, Em =
830 nm and an exposure time of 20 s. A: SL, B: TAT-SL, C: C-TAT-SL,
D: N-TAT-SL.

as stable as the higher density of DSPE-PEG,g0 (4% and 5%)
modified liposomes, indicating no aggregation occurred, while
the uptake efliciency of liposomes containing 0.5% DSPE-PEG;ng0-
TAT + 3% DSPE-PEG,g00 was higher than that of liposomes
containing 0.5% DSPE-PEGy0o-TAT + 4% DSPE-PEG;ggo or
5% DSPE-PEG;qg0- Besides, it was reported that a PEG;qo density
higher than 2% could endue the liposomes with long circulating
properties in vivo,*> which could be used as control (stealth
liposomes) in the subsequent experiments.

The modulation effect of cleavable PEGspy, on the basic
formulation (TAT-SL) was evaluated with various amounts of
DSPE-S-S-PEGsgg incorporated. As a result, the uptake char-
acteristic was consistent with our previous research: the higher
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Figure 8. Cytometric quantitation of cell suspensions from tumor-
bearing mice receiving different formulations of DiD loaded liposomes
(n=3, mean £ SD). *** = statistically significant differences (p < 0.001);
N.S. = no significant difference.
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Figure 7. CLSM images of C26 tumor frozen sections from tumor-bearing mice receiving different formulations of DiD loaded liposomes. A: SL, B:
C-TAT-SL, C: N-TAT-SL, D: C-SL. In each set from left to right: bright field, DAPIL, DiD, merge.
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the density of DSPE-S-S-PEGggg incorporated, the lower uptake
efficiency it had; at the same density of DSPE-S-S-PEGg0, the
uptake efficiency increased with the increase of Cys concentra-
tion. These characteristics indicated that cleavable PEG was in
good response to the Cys.

Various formulations of liposomes to be used in vivo were
tested in vitro in advance in terms of uptake characteristics and
stability in the presence of 50% FBS. As a result SL, TAT-SL,
C-TAT-SL, N-TAT-SL, and C-SL showed good stability in the
presence of 50% FBS (no aggregation occurred), even in the
presence of Cys (data not shown). TAT-SL showed efficient
uptake compared with SL, while SL, N-TAT-SL, and C-SL
showed low uptake no matter in the absence or presence of
Cys, and C-TAT-SL too showed low uptake in the absence of
Cys, but in the presence of Cys, the uptake of C-TAT-SL was
over 4 times (p < 0.001) as high as that in the absence of Cys.
These characteristics indicated all of the functional materials
worked properly, which provided good assurance for the in vivo
experiments. The uptake characteristics of DiD loaded liposomes
were parallel with Rh-PE labeled liposomes (see Supporting
Information).

The in vivo experiments were performed on a murine solid
tumor/C26 tumor-bearing mice, which had good vascular ger—
meability within tumor tissue and a typical EPR effect.” A
noninvasive optical imaging system was used to investigate the
distribution of DiR loaded liposomes, and thus the fate of
liposomes in vivo could be monitored conveniently and con-
tinuously. DiR was used as the fluorescence probe because it
could be stably encapsulated into liposomes easily. In addition,
the excitation and emission wavelength of DiR was in a range of
700—900 nm belonging to the near-infrared (NIR) spectrum,
within which light could penetrate deeply into tissue, and back-
ground from tissue autofluorescence and absorption from in-
trinsic chromophore were low.>*

The distribution of liposomes between the tumor and the liver
was a competitive process. As shown in Figure 6, SL exhibited
obvious tumor accumulation when 0.5% DSPE-PEG,g0o-TAT
was incorporated into SL (i.e,, TAT-SL). Most of the liposomes
were distributed in the liver with only minimal tumor accumula-
tion; the reason for this might be that the positively charged TAT
readily bind to the opsonin in serum and then liposomes were
trapped by the liver. The incorporation of cleavable PEGsooo or
noncleavable PEG;goo into TAT-SL could diminish the liver
distribution and increase the tumor accumulation greatly as posi-
tively charged TAT could be shielded by longer PEGs00;"° thus
the binding of opsonin was inhibited. It is also reported that a high
density of PEG is favorable for the passive tumor accumulation,
because high density of PEG will be favorable for the RES escape
by shielding the surface of liposomes.”> Compared with SL
(containing 3% DSPE-PEG,n0), N-TAT-SL and C-TAT-SL
had a higher density of PEG (3% DSPE-PEG,00 + 8% PEGsg0)
which could shield the surface of the liposomes much better, thus
reducing the chance of being recognized by opsonin and uptaken
by liver and increasing the accumulation in tumor tissue.*’
Besides, C-TAT-SL and N-TAT-SL had similar distribution charac-
teristics, and the peak time of tumor accumulation was between
24 and 48 h, indicating the long circulating properties of DSPE-S-
S-PEGso indirectly.

Although the high density of surface PEG is unfavorable for
the stability of liposomes, the highest PEG density that could be
used in liposomes varied in different circumstances.*** When
C-TAT-SL (containing 3% DSPE-PEG;g00 + 8% PEGsoq0) Was

prepared, it was still stable. The reason for this might be that the
PEG material was added in the lipid film before hydration and the
PEG was randomly distributed both on both interior surface and
exterior surface of liposomes once they were formed, that is to say
the surface PEG density might be only about 5% or so, and
besides, cholesterol in the lipid bilayer could also help stabilize it.
However, to further increase the surface density of PEG special
technology may be needed such as charge—charge interaction
between the core and the lipid bilayer, which has been success-
fully used in the preparation of LPD by Li and Huang.**

For the intracellular delivery in vivo, an analogue of DiR, DiD,
was used for the fluorescence probe for its wavelength of Ex and
Em of 644 nm and 665 nm, respectively, which was much more
suitable than DiR for the detection by confocal laser scanning
microscopy and flow cytometry. DiD-loaded liposomes were
intravenously injected into tumor-bearing mice; after the max-
imal tumor accumulation was achieved, Cys in PBS was intrave-
nously injected at a safe dose to cleave PEG;ggo from liposomes
as reported previously,”* using blank PBS as a control. The time
point when Cys should be injected did play an important role. As
shown in Figure 6, the peak time for the accumulation was
between 24 and 48 h, which was consistent with the previous
report. If Cys was injected too early (less than 24 h), there would
not be enough liposomes in tumor region, and high nonspecific
uptake of C-TAT-SL by the liver would occur because of the
cleavage of PEG caused by the exogenous Cys in the blood-
stream; if Cys was injected too late (more than 48 h), most of
C-TAT-SL might have been cleared from the tumor region due
to the weak tumor—Iliposome association. Cys was injected at 24 h
rather than 48 h, because the accumulation of C-TAT-SL was
comparable between the two time points, and there would be
more time for C-TAT-SL to interact with the tumor cells in the
form of TAT-SL after it was activated at 24 h before being cleared
from the tumor region, which is helpful for the efficient delivery
of cargo into tumor cells. Although residual C-TAT-SL in the
bloodstream could also be activated and then interact with
normal cells nonspecifically, a considerable amount of injected
C-TAT-SL has been accumulated in tumor region at 24 h, and
most of the residual C-TAT-SL in the blood could be increas-
ingly eliminated by the liver after it was activated (see the
biodistribution of TAT-SL), thus reducing the side effects caused
by the excessive contact of liposomes with normal tissue.'>

The tumor frozen section showed that SL, N-TAT-SL, and
C-SL had little red fluorescence (fluorescence of DiD) no matter
in the presence of Cys or not. Although the tumor accumulation
of N-TAT-SL was considerable, the signal of DiD was not found
in the tumor section, which might be caused by the easy loss of
liposomes from the extracellular space within the tumor tissue
during the tumor section preparation (such as repeated PBS
wash). C-TAT-SL too showed weak red fluorescence in the
absence of Cys, but in the presence of Cys, C-TAT-SL exhibited
obvious red fluorescence, indicating the successful delivery of
DiD by the combination of C-TAT-SL and Cys.

It is hypothesized that the injection of Cys would increase the
retentoin of C-TAT-SL in the tumor region due to the increased
association between C-TAT-SL and tumor cells caused by the
cleavage of PEG. However, when following up the accumulation
of C-TAT-SL after injecting Cys at 24 h, we did not observe a
great increase of accumulation compared with the accumulation
in the absence of Cys (see the Supporting Information), although
a small increase could be observed. The reason might be the
difference caused by the fact that the injection of Cys could not
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be observed clearly by using the optical imaging system. It is
necessary to quantify the uptake of C-TAT-SL in the entire
tumor region to confirm its function, which may also make up for
the shortage of qualitative analysis such as a tumor section that
could only exhibit the local uptake within the tumor tissue.

To learn the uptake of liposomes in vivo quantitatively, the
entire tumor tissue was excised and dissipated into tumor cell
suspension using the dissociation solution, then determined by
the flow cytometry. Cells dissociated from tumor tissue contain-
ing both endothelial cells and tumor cells were not discriminated,
and the total uptake efficiency was determined because TAT
could penetrate both of these cells.*® As shown in Figure 8, the
delivery of SL, N-TAT-SL, and C-SL in vivo was weak no matter
with the injection of Cys or not, but the delivery of C-TAT-SL
showed an average increase of 48% (p < 0.001) compared with
the rest three formulations even in the absence of Cys. C-TAT-
SL with a subsequent injection of Cys further improved the
delivery efficiency—about 56% (p < 0.001) higher than C-TAT-
SL without the injection of Cys and 130% (p < 0.001) higher than
the three other formulations. The reason might be that the
gradual cleavage of DSPE-S-S-PEGgggo occurred during circula-
tion although the concentration of reducing agent in vivo was
always low (8 M cysteine and 2 uM glutathione),* and minimal
cleavage in the DSPE-S-S-PEGsooo density could lead to an
increase of uptake by cells (Figure S); besides, some reducing
substance such as surface-associated redox enzymes on the
membrane of tumor cells might also boost the cleavage of PEG
and facilitate the uptake of liposomes.** In spite of the probable
cleavage of DSPE-S-S-PEG in vivo, it could still endue the
liposome with long circulation properties, because residual
PEGs000 on the surface of C-TAT-SL was still considerable,
and that liposomes modified with DSPE-S-S-PEGgg0 had similar
distribution characteristics with DSPE-PEGsqgo (a noncleavable
PEGggqo in vivo) modified liposomes was an evidence.

The cleavage of PEG in vivo in a safe way has been reported
previously—that is, the intravenous injection of Cys. Unlike
other reducing agents such as DT'T which has some toxicity, Cys
itself is existent in human body, and 120 mg/kg Cys was reported
to be innocuous for the in vivo use.”* However, the accurate
concentration of Cys in the extracellular space within the tumor
tissue was hard to determine, but from the increase of delivery
efficiency in vivo with the administration of Cys, its presence in
the tumor tissue could be confirmed indirectly. Although Cys was
widely distributed in vivo after intravenous injection, C-TAT-SL
has been concentrated in tumor tissue in advance via the EPR
effect, and the delivery of liposomal cargo would still mainly
occur in tumor tissue. Thus side effects on other organs were
minimal. Cys as a small molecule might not stay too long in the
tumor region, but we had in vitro evidence that Cys could result in
adequate removal of PEG even in less than 4 h (see the
Supporting Information), which is also reported elsewhere.”*

So far, although the passive targeted liposomes such as Doxil
could accumulate in tumor tissue via the EPR effect, it had weak
association with tumor cells, therefore limiting its efficacy.'”
Besides, even though active targeting such as grafting ligand to
the surface of liposome could increase the uptake both in vitro
and in vivo, it also encounters a challenge, because the incorporation
of ligands to the liposome may compromise its long circulating
properties due to the recognization of opsonin, thus reducing its
passive accumulation in the tumor region.”** Compared with the
above targeting strategies, TAT and cleavable PEG comodified
liposomes had special advantages, because PEG could shield

TAT, thus reducing the chance of being recognized by opsonin
and increasing the passive accumulation in tumor region. When
the accumulation of liposomes have reached plateau, exogenous
Cys could cleave PEG, and then the exposed TAT could mediate
the internalization of liposomes with high efficiency. In this way,
maximal tumor accumulation and efficient uptake by tumor cells
can be achieved simultaneously.”

5. CONCLUSIONS

The TAT and cleavable PEG comodified liposomal delivery
system that has been optimized here was used in the systemic
administration successfully. The incorporation of TAT enhanced
the cellular uptake efficiency in vitro, but the distribution in the
tumor was greatly decreased with an obvious liver accumulation
in vivo. Simultaneous incorporation of cleavable PEGsg0o and
TAT (C-TAT-SL) could increase the tumor accumulation with a
low distribution in the liver, which had similar distribution
profiles with the noncleavable PEGsooo and TAT comodified
liposomes (N-TAT-SL). The delivery efficiency of C-TAT-SL
in vivo was also higher than other formulations, especially with
the intravenous injection of Cys at 24 h postliposome injection,
about 130% higher than SL. Such a combination of C-TAT-SL
and Cys could highly accumulate its cargo in tumor tissue and
then transport them into tumor cells efficiently, which is useful in
keeping the advantages of PEG and TAT and overcoming the
nonspecificity of TAT and shortages of PEG in hindering the
interaction between cells and liposomes, and is therefore quite a
promising drug delivery system in tumor diagnosis and treatment
in the future.
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