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Background: Integrins o, B, and o B,, both of which specifically recognize the Arg-Gly-Asp
(RGD) motif, are overexpressed on many solid tumors and in tumor neovasculature. Thus, cou-
pling the RGD motif to the liposomal surface for achieving active targeting can be a promising
strategy for the treatment of tumors.

Methods: Cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGD) was covalently coupled with the liposomal
membrane surface, followed by coating with poly(ethylene glycol) (PEG) using the post-insertion
technique. The coupling efficiency of cRGD was determined. Doxorubicin as a model anticancer
drug was loaded into liposomes using an ammonium sulfate gradient method to investigate the
encapsulation efficiency, cellular uptake by the integrin-overexpressing human glioma cell line
U87MG in vitro, and pharmacokinetic properties in Sprague-Dawley rats.

Results: cRGD was conjugated to the liposomal surface by a thiol-maleimide coupling reaction.
The coupling efficiency reached 98%. The encapsulation efficiency of doxorubicin in liposomes
was more than 98%. The flow cytometry test result showed that cRGD-modified liposomes
(RGD-DXRL-PEQG) had higher cell uptake by U887MG cells, compared with nontargeted
liposomes (DXRL-PEG). The cellular uptake was significantly inhibited in the presence of
excess free cCRGD. Both the targeted (t,, = 24.10 hours) and non-targeted (t,, = 25.32 hours)
liposomes showed long circulating properties in rat plasma. The area under the curve of the
targeted and nontargeted liposomes was 6.4-fold and 8.3-fold higher than that of doxorubicin
solution, respectively.

Conclusion: This study indicates preferential targeting and long circulating properties for
cRGD-modified liposomes in vivo, which could be used as a potential targeted liposomal drug
delivery system to treat human glioma.

Keywords: drug targeting, doxorubicin, covalent coupling, sterically stabilized liposomes,
human glioma, post-insertion

Introduction

Liposomes have been extensively investigated as potential drug carriers for cancer
chemotherapy. Drug-loaded liposomes typically have a prolonged circulation time
in vivo, enhancing the efficacy of chemotherapy agents. However, their action can be
limited by rapid clearance from the circulation via the reticuloendothelial system.'?
Incorporation of a poly(ethylene glycol) (PEG) coating on liposomes can avoid this
problem, in which case they are usually called “stealth liposomes” or “sterically stable
liposomes” (SSL), with Doxil®/Caelyx® being the first stealth liposomal anticancer
formulation on the market.* Stealth liposomes with a diameter of approximately 120 nm
can accumulate passively in tumor tissues via the “leaky” vasculature surrounding
tumors and the enhanced permeability and retention effect.>
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Passive accumulation can be enhanced by active target-
ing of such PEGylated liposomes. Active targeting can be
achieved by modification of sterically stable liposomes
with various ligands, such as antibodies, folic acid, or
transferrin.”'? There are two main ways of modifying the
liposomal membrane to display targeting ligands, ie, by direct
coupling with the surface or with the distal ends of PEG-
lipids.”!*! Liposomes modified in such ways show targeting
and long circulation times in vitro. However, MCC-465,
a PEGylated liposomal formulation containing doxorubicin
targeted with a F(ab’), fragment of human monoclonal anti-
body known as GAH, was the first targeted nanoparticle to
enter clinical trials."

Among the various ligands, the integrin ligands have
been widely studied.'®! The most studied integrin ligands
have been the Arg-Gly-Asp (RGD) motif and structurally
related compounds.?*?* The RGD motif can be specifically
recognized by integrins o, 3, and o B, which are overex-
pressed on many solid tumors and in tumor neovasculature,
such as in human glioma.?® Thus, modification of SSL with
the RGD motif to achieve targeted drug delivery to tumors
and the tumor neovasculature is a promising strategy in the
treatment of glioma.

In the present study, by covalently coupling a cyclic RGD,
cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGDfC, abbreviated as
cRGD) to the liposomal surface, we constructed PEGylated
liposomes with cRGD conjugated to the surface of the lipo-
somal membrane and loaded with doxorubicin, a widely used
anticancer drug. The cRGD-modified SSL as a liposomal drug
delivery system was characterized as providing enhanced
cellular delivery and an increased circulation time in vivo. Its
targeted effect in US7MG cells in vitro along with its pharma-
cokinetic properties were evaluated in Sprague-Dawley rats.

Materials and methods

Materials

Hydrogenated soybean phosphatidylcholine (HSPC),
N-(carbonyl-methoxypolyethylene glycol 2000)-1,
2-distearoyl-sn- glycero-3-phosphoethanolamine sodium salt
(DSPE-PEG2000), and dipalmitoylphosphatidylethanolamine
were purchased from Lipoid (Ludwigshafen, Germany).
Cholesterol (CHOL) and Sephadex G-50/Sepharose CL-4B
were obtained from Pharmacia Biotech (Piscataway, NJ).
Maleimidobenzoylphosphatidylethanolamine (MBPE), the
m-maleimidobenzoyl-N-hydroxysuccinimide derivative
of dipalmitoylphosphatidylethanolamine, was prepared
as previously described.?”-?® Doxorubicin hydrochloride
was gifted from Zhejiang Hisun Pharmaceutical Co, Ltd

(Taizhou Zhejiang, China). The amino acids, resin, and
reagents used in the synthesis of cRGD were purchased from
GL Biochem (Shanghai, China). Trypsin, fetal bovine serum,
and Dulbecco’s modified Eagle’s medium were purchased
from Gibco-BRL Life Technologies (Carlsbad, CA). All the
chemicals and solvents used in this study were of analytical
or high-performance liquid chromatography (HPLC) grade.

Cell culture

A human glioma cell line, U§7MG, was obtained from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). The cells were grown in Dulbecco’s modified Eagle’s
medium in a fully humidified atmosphere supplemented
with 10% fetal bovine serum, penicillin 100 U/mL, and
streptomycin 100 U/mL at 37°C with 5% CO,. Based on cell
density, the cells were subcultured regularly using trypsin-
ethylenediamine tetra-acetic acid (EDTA, Gibco-BRL Life
Technologies).

Synthesis of cRGD and MBPE

cRGD peptide (molecular weight 578.6) was synthesized
by a Fmoc solid phase peptide synthesis method.>3° The
fully protected linear pentapeptide obtained, ie, HO-Gly-
Asp(OtBu)-D-Phe-Cys(Trt)-Arg(Pbf)-H, was cyclized by
diphenylphosphorylazide and deprotected by trifluoroacetic
acid. The reaction product was then purified by preparative
HPLC and lyophilized. cRGD was obtained with a
purity > 95%, confirmed by analytical HPLC.

Preparation of liposomes

Liposomes were prepared by thin film hydration, fol-
lowed by polycarbonate membrane extrusion, as described
previously.’!? Doxorubicin was remote-loaded into the
liposomes by a transmembrane ammonium sulfate gradi-
ent with some modifications. The lipid composition of the
nontargeted (DXRL-PEG) and cRGD-modified targeted
liposomes (RGD-DXRL-PEG) were HSPC/CHOL/DSPE-
PEG2000 (57:38:5 molar ratio) and HSPC/CHOL/MBPE/
DSPE-PEG2000 (54.5:38:2.5:5 molar ratio), respectively.
Briefly, a lipid membrane was prepared from a mixture of
either HSPC/CHOL/DSPE-PEG2000 for DXRL-PEG or
HSPC/CHOL/MBPE for RGD-DXRL-PEG. The lipid film
was hydrated with 2 mL of 200 mM ammonium sulfate for
30 minutes at 60°C with occasional gentle mixing. The
suspensions of lipids were then extruded 15 times through
400 nm, 200 nm, and 100 nm pore size polycarbonate mem-
branes, using LF-1 Lipofast apparatus (Avestin, Ottawa,
Canada) to form small unilamellar liposomes, respectively.
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The resulting liposome suspensions were chromatographed
over a Sephadex G-50 packed column (1.6 X 20 cm)
equilibrated with phosphate-buffered saline (pH 7.4) to
establish a transmembrane NH,* gradient. Liposomes,
which were eluted in the void volume, were collected.
Doxorubicin hydrochloride 4 mg dissolved in 1 mL of
deionized water was mixed with the liposomes at a ratio of
1:15 (w/w) for doxorubicin-to-lipid, followed by incubation
for 30 minutes at 60°C. The residual free doxorubicin in
the liposomal suspensions was removed by size exclusion
chromatography on a Sephadex G-50 column. For prepa-
ration of RGD-DXRL-PEG, 1 umol of cRGD dissolved
in phosphate-buffered saline (pH 7.4) was incubated with
the liposome suspensions for 30 minutes at 37°C. Residual
free cRGD in the liposomal suspensions was removed by
size exclusion chromatography on a Sepharose CL-4B
column. For conjugation of DSPE-PEG2000, the post-
insertion approach for liposomes was adopted, as reported
elsewhere.* In brief, following incubation with an aqueous
micellar solution of DSPE-PEG2000 for 90 minutes at 60°C,
the RGD-DXRL-PEG was prepared (Figure 1). If necessary,
the liposomes were further concentrated by ultrafiltration
(molecular weight cutoff 10,000, Millipore, Billerica, MA).
The mean diameters and zeta potentials of the two kinds
of liposomes were determined by dynamic light scattering
using a Nicomp 380 ZLS (Particle Sizing Systems, Santa
Barbara, CA). The doxorubicin concentration in the lipo-
somes was determined by measuring absorption at 480 nm
on an ultraviolet-visible spectrometer (UV-1800, Shimadzu,
Tokyo, Japan) following liposome lysis with 2% (v/v)
Triton X-100. Doxorubicin encapsulation efficiency (EE),
as assessed by running samples through a Sephadex G-50
column, was calculated by the equation:

Weight of encapsulated DXR

EE x 100%

- Weight of encapsulated DXR + free DXR

HPLC analysis of cRGD coupling

with liposomes

The extent of coupling of cRGD with the liposomes was deter-
mined by an HPLC-ultraviolet method previously described
by Nallamothu et al, with some modification.** In brief, a C18
column (SinoChrom ODS-AP, 250 mm X 4.6 mm, Dalian
Elite, Dalian, China) was used with a mobile phase consisting
of acetonitrile/water/trifluoroacetic acid (20:80:0.1, v/v/v).
The flow rate was 1 mL per minute and the column tempera-
ture was 30°C. The free cRGD was determined by measuring
absorbance at 214 nm.

Flow cytometry analysis

The association of doxorubicin with U§7MG cells was deter-
mined by flow cytometry. U§7MG cells grown in a monolayer
were suspended by brief treatment with trypsin-EDTA. Aliquots
of US7MG cell suspensions were incubated with doxorubicin
solution, DXRL-PEG, or RGD-DXRL-PEG at a doxorubicin
concentration of 20 pg/mL diluted in culture medium for
2 hours at 37°C. In the competitive binding experiment, excess
free cRGD (3 mM) in culture medium was preincubated with
U87MG cells for 20 minutes, followed by continued coincuba-
tion with RGD-DXRL-PEG for another 2 hours at 37°C. The
cells were then washed three times with cold phosphate-buffered
saline (pH 7.4). The cells were then analyzed by flow cytometry
using a FACSCalibur system (Becton Dickinson, San Jose, CA).
Cell-associated doxorubicin was excited with an argon laser
(488 nm) and fluorescence was detected at 550 nm. A minimum
of 8000 gated events were collected and analyzed using the Cell
Quest software supplied by the manufacturer.

Pharmacokinetic studies

Male Sprague-Dawley rats (weighting 200-250 g) were
purchased from Shanghai SLAC Laboratory Animal Co, Ltd
(Shanghai, China). The protocols for animal use and care

Figure | Schematic representation for preparation of RGD-DXRL-PEG.

Notes: The preformed liposomes were prepared by thin film hydration and polycarbonate membrane extrusion. Doxorubicin was loaded using a transmembrane ammonium
sulfate gradient. cRGD was then covalently coupled to the liposomal surface via a chemical reaction between a thiol and maleimide group, followed by incubation with an
aqueous micellar solution of DSPE-PEG2000.

Abbreviations: HSPC, hydrogenated soybean phosphatidylcholine; CHOL, cholesterol; MBPE, maleimidobenzoylphosphatidylethanolamine; DSPE-PEG2000, N-(carbonyl-
methoxypolyethylene glycol 2000)-1, 2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt; DRUG, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes;
RGD-DXRL-PEG, cRGD-modified DXRL-PEG.
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were approved by the Institutional Animal Care and Use
Committee of Shanghai Institute of Pharmaceutical Industry.
The rats were housed at 25°C + 2°C with free access to
water and standard laboratory food. Rats (3—5 per group)
were given intravenous injections of doxorubicin solution,
RGD-DXRL-PEG, or DXRL-PEG at a doxorubicin dose
of 5 mg/kg via the tail vein. Blood was sampled from the
retro-orbital plexus at various predetermined time points,
and blood samples (500 uL) were collected in heparinized
tubes, followed by centrifugation at 3000 X g for 10 minutes
to obtain plasma. For 300 uL plasma samples, 10 uL of
daunorubicin (internal standard, 10 pg/mL) and 2 mL of
chloroform/methanol (4:1, v/v) were added. After vortex
mixing for 2 minutes, the mixture was centrifuged at 10,000 g
for 5 minutes, and the subnatant was then transferred and
evaporated to dryness under a stream of nitrogen at 40°C.
The residue was dissolved in 200 uL of methanol, and 20 pL
supernatant was injected into the HPLC system according to
the method described by Shinozawa et al.>* The pharmacoki-
netic parameters were calculated using Kinetica® software,
version 5.0, including area under the curve (AUC, ), plasma
half-lives for the elimination phase (t, /2[3), total body clearance
(CL), and mean residence time.

Statistical analysis

Results were expressed as the mean * standard deviation from
at least three separate samples analyzed unless otherwise
indicated. Graphing and statistical analysis was performed using
SigmaPlot 12.0 (SPSS Inc, Chicago, IL). The cellular uptake
efficiency and pharmacokinetic parameters for each liposomal
formulation were compared using one-way analysis of variance,
followed by Tukey’s test for post hoc comparison in order to
ascertain differences between groups. The difference was con-
sidered to be statistically significant at a level of P << 0.05.

Results
Preparation and characterization

of liposomal formulations

The RGD-DXRL-PEG was prepared by covalent coupling
of cRGD onto the liposomal surface as described earlier.
Nontargeted PEGylated liposomes, ie, DXRL-PEG, were
prepared according to the procedure used for Doxil®.3¢
For both kinds of liposomes, up to 2.0 mg/mL of lipo-
somal doxorubicin was achieved after concentration by
ultrafiltration, with more than 98% entrapment efficiency.
The mean diameter of the two types of liposomes was
100.7 nm for DXRL-PEG and 114.1 nm for RGD-DXRL-
PEG, as shown in Figure 2A and B. The zeta potentials for
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Figure 2 Size distribution of DXR-encapsulating liposomes determined by dynamic
light scattering using a NICOMP 380 ZLS: size distribution of DXRL-PEG (A), and
RGD-DXRL-PEG (B).

Abbreviations: DXR, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes;
RGD-DXRL-PEG, cRGD-modified DXRL-PEG.

DXRL-PEG and RGD-DXRL-PEG were —20.06 + 5.06 mV
and —24.85 £ 8.55 mV, respectively.

HPLC determination of cRGD coupling

to liposomes

Coupling of cRGD to the liposomal surface was based on
the chemical reaction between the maleimide and thiol
groups. The coupling efficiency of the cRGD peptide to the
maleimide groups on the liposomal surface was ascertained
indirectly by determining the noncoupled cRGD fraction with
an HPLC-ultraviolet method. cRGD dissolved in phosphate-
buffered saline (pH 7.4) was eluted at about 10 minutes, as
shown in Figure 3A. This peak was monitored for estima-
tion of free cRGD in the final liposome formulations. The
liposomal formulation sample was passed over a Sepharose
CL-4B column following the coupling step, and then the
free cRGD was collected and assayed. Figure 3B shows
that there was still free cRGD unreacted with the maleimide
group after excess free cRGD (1.25 pumol) was mixed with the
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Figure 3 High-performance liquid chromatography of cRGD coupling with the liposomes. (A) Free cRGD (500 pg/mL) eluted with a retention time of approximately
10 minutes. (B) Excess free cRGD after coupling with the liposomes gave the peak for free cRGD. (C) The liposome sample following the coupling step showed no significant

peak for free cRGD at around 10 minutes.
Abbreviations: DXR, doxorubicin; cRGD, cyclo(Arg-Gly-Asp-D-Phe-Cys).

liposome suspension. In Figure 3C, there was no significant
peak around 10 minutes, indicating that there was hardly
any free cRGD left unreacted in the formulation. Therefore,
more than 99% of the cRGD peptide added to the formulation
had been coupled with the liposomes. From the amount of
cRGD used, it was calculated that about 2200 cRGD peptides
might be present on the surface of each liposome, based on
the assumption that 144,000 phospholipid molecules form
one liposome vesicle of 120 nm.*’

Cellular uptake of doxorubicin

Flow cytometry was used to determine the total doxoru-
bicin uptake by U87MG cells. Figure 4A and B show the
cellular uptake of doxorubicin after US7MG cells were
incubated with the different doxorubicin formulations for
2 hours at 37°C. A low level of background fluorescence
was demonstrated. The cellular doxorubicin uptake for
RGD-DXRL-PEG was about 2.5-fold higher than that for
DXRL-PEG. The doxorubicin solution showed the high-
est cellular uptake of doxorubicin. The mean fluorescence
intensities for the doxorubicin solution were approximately
5.8-fold and 2.3-fold higher than those for DXRL-PEG
and RGD-DXRL-PEG, respectively. In addition, the mean
fluorescence intensity of RGD-DXRL-PEG showed an
intensity decrease of about 44% after incubation with
excess free cRGD.

Pharmacokinetic properties

The pharmacokinetic profiles of doxorubicin in plasma
after intravenous tail injection of a 5 mg/kg dose of doxo-
rubicin, RGD-DXRL-PEG, and DXRL-PEG are shown in
Figure 5. The plasma concentration profiles of the three
formulations were all best fitted by the two-compartment
model using Kinetica software, and the pharmacokinetic
parameters are summarized in Table 1. Both types of
liposomal doxorubicin formulation showed a much longer
systemic circulation time compared with the solution. The
mean residence time of either type of liposomal doxoru-
bicin formulation was significantly higher than that of
the solution. Rats treated with RGD-DXRL-PEG showed
a slightly lower plasma concentration than those treated
with DXRL-PEG.

Discussion

In this study, we developed a simple and efficient way of
attaching an cRGD peptide to a liposomal membrane. The
method is different from that used in most recent studies,
attaching peptide ligand to the distal ends of PEG-lipids.*'*
MCC-465, a PEGylated liposomal formulation containing
doxorubicin targeted with an F(ab’), fragment of the human
monoclonal antibody (GAH), was the first targeted nano-
particle to enter clinical trials.'® For MCC-465, GAH was
covalently coupled with the liposomal membrane surface.
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Figure 4 (A) Flow cytometry charts showing the cellular uptake of DXRL-
PEG, RGD-DXRL-PEG, RGD-DXRL-PEG + 3 mM cRGD, and DXR solution by
UB7MG cells. (B) Mean fluorescence intensity as determined by flow cytometry
experiments.

Notes: DXR solution served as a positive control while untreated cells were used as
a negative control. UB7MG cells were incubated with either free DXR, DXRL-PEG,
or RGD-DXRL-PEG for 2 hours at 37°C. In the competitive binding experiment,
excess free cRGD (3 mM) in culture medium was preincubated with U87MG cells
for 20 minutes, followed by continued coincubation with RGD-DXRL-PEG for
another 2 hours at 37°C. The cells were then washed with cold phosphate-buffered
saline (pH 7.4) and cell-associated DXR was evaluated using flow cytometry. Data
represent the mean * standard deviation (n = 3). **P < 0.001.

Abbreviations: DXR, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes;
RGD-DXRL-PEG, cRGD-modified DXRL-PEG.
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Figure 5 Plasma concentration versus time curves for DXR formulations in rats.
Notes: DXR formulations were administered via tail vein injection at a dose of
5 mg/kg. Each datum point is the average of 3-5 animals and the error bar is the
standard deviation.

Abbreviations: DXR, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes;
RGD-DXRL-PEG, cRGD-modified DXRL-PEG.

In consideration of feasibility, we attached cRGD to MBPE
on the liposome surface.

Covalent coupling of thiolated cRGD to the maleimide
terminus of MBPE was exploited to prepare RGD-DXRL-
PEG. We chose that method because the reaction between the
thiol and maleimide group has been reported to be one of the
most efficient reactions in bioconjugate chemistry.*

Due to the steric hindrance posed by PEGylation on the
liposomes, the coupling reaction might be hindered if PEGy-
lation was performed before the coupling of the cRGD to the
liposomal membrane surface. Therefore, DSPE-PEG2000
was inserted into the prepared liposomes using the post-
insertion procedure after coupling of cRGD, as previously
reported.* In addition, in consideration of the high phase
transition temperature of HSPC (55°C) in our study, loading
of doxorubicin was performed before covalent coupling of
cRGD with the preformed liposomes to avoid degradation
of cRGD at high temperature (60°C). The procedure for
loading doxorubicin in this study was the same as that used
in most studies.***!

In the cell uptake test, cRGD-modified liposomes
(RGD-DXRL-PEG) showed significantly higher uptake by
U87MG cells in vitro compared with nontargeted control
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Table | Pharmacokinetic parameters of doxorubicin formulations in Sprague-Dawley rats following intravenous bolus administration

Formulation AUC (ug h/mL) MRT (h) ti () CL (mL/h)
DXR solution 2637 1.90 £ 0.31 1.98 + 0.44 5.98 £ 0.0l
DXRL-PEG** 2183 + 460 26.96 £4.01 25.32 £ 4.89 0.69 + 0.07%
RGD-DXRL-PEG 1679 £ 189" 21.88 £ 0.97* 24.10 £ 2.42* I.10 £ 0.05*

Notes: The data represent the mean * standard deviation (n = 3-5 per group). **P < 0.001| (between DXRL-PEG and DXR solution); "P < 0.05 (between RGD-DXRL-PEG
and DXR solution); *P < 0.001 (between RGD-DXRL-PEG and DXR solution); #P < 0.001 (between DXRL-PEG and RGD-DXRL-PEG).

Abbreviations: h, hours; MRT, mean residence time; AUC, area under the plasma DXR concentration-time curve (0—48); tIIZIB' elimination half-life; CL, clearance;
DXR, doxorubicin; DXRL-PEG, DXR-loaded PEGylated liposomes; RGD-DXRL-PEG, cRGD-modified DXRL-PEG.

liposomes (DXRL-PEG). The uptake could be blocked by
excess free cRGD, suggesting that the observed uptake of
RGD-DXRL-PEG was cRGD-mediated. In addition, the
integrin receptors (o 3, and o, B,) are overexpressed in U87
MG cells,? so might be closely involved in uptake by these
cells, but this needs further investigation.

Pharmacokinetic studies of liposomal doxorubicin
formulations demonstrated significantly longer systemic
circulation times compared with doxorubicin solution. This
result implies greater in vivo stability of both liposomal
formulations following intravenous administration compared
with doxorubicin solution. Further, it suggests that PEG
chains were attached to the surface of liposomes by the post-
insertion procedure. The area under the curve for either type
of liposomal formulation was much greater than that for the
doxorubicin solution. However, the cRGD-targeted formula-
tion had faster clearance than the nontargeted liposomes. This
is consistent with studies of RGD-SSL-DXR and SSL-DXR,
as previous reported,” and this phenomenon is shared by
other ligand-modified liposomes.*** As the published studies
have explained, the liver and spleen might be responsible for
the rapid clearance of ligand-modified liposomes.* Further
studies are needed to define the impact of clearance on anti-
tumor activity in vivo in the future.

Conclusion

In summary, cRGD was covalently coupled to the lipo-
some surface via a chemical reaction between thiol and a
maleimide functional group. Doxorubicin was loaded into
the liposomes using an ammonium sulfate gradient method,
followed by insertion of DSPE-PEG2000 into the membrane
of the liposomes using the post-insertion procedure. The
prepared RGD-DXRL-PEG liposomes had a negative charge
(—24.85 £ 8.55 mV), a mean diameter of 114.1 nm, and an
encapsulation efficiency > 98%. The flow cytometry test
result showed a higher cell binding ability for RGD-DXRL-
PEG than for DXRL-PEG. Furthermore, a competitive
binding experiment indicated that integrin receptor-mediated

endocytosis had been involved in the cell uptake. A phar-
macokinetic study in Sprague-Dawley rats confirmed long
circulating properties for the cRGD-modified liposomes. The
results of the present study indicate that RGD-DXRL-PEG
could be used as a potential targeted liposomal drug delivery
system to treat human glioma.
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