
Research Paper

Tumor Endothelial Cell Targeted Cyclic RGD-modified Heparin Derivative:
Inhibition of Angiogenesis and Tumor Growth
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Purpose. We prepared tumor endothelium targeted cRGD-modified heparin derivative (cRGD-HL) by
coupling heparin-lithocholic acid (HL) with cRGDyK, and evaluated inhibition effects of cRGD-HL on
angiogenesis and tumor growth.
Methods. To evaluate antiangiogenic activity of cRGD-HL, we performed tests on endothelial cell
adhesion and migration to vitronectin, tube formation, binding affinity to purified αvβ3 integrin, and in
vivo Matrigel plug assay. The antitumor activity of cRGD-HL was also evaluated by monitoring tumor
growth and microvessel formation in squamous cell carcinoma (SCC7) tumor.
Results. The cRGD-HL significantly inhibited adhesion andmigration of endothelial cells to vitronectin, and
tubular structures of endothelial cells. Compared to cRGDyK andHL, cRGD-HLhas high binding affinity to
purifiedαvβ3 integrin. The enhanced antiangiogenic effect of cRGD-HL was confirmed in Matrigel assay by
showing the significant inhibition of bFGF-driven angiogenesis and blood vessel formation. It was thought
that potent antiangiogenic effect of cRGD-HL was probably due to the interference of αvβ3-mediated
interaction, resulting in the enhanced antitumoral activity against SCC7 tumor.
Conclusion. These results demonstrated that cRGD-modified heparin derivative enhanced anti-
angiotherapeutic effects against solid tumor, and therefore, it could be applied to treat various cancers
and angiogenic diseases as a potent angiogenesis inhibitor.
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INTRODUCTION

New blood vessel formation from preexisting vasculature
(angiogenesis) is a fundamental process for tumor growth,
metastasis and other angiogenic diseases (1–3). Angiogenic
microvascular endothelial cells present a central challenge for

therapeutic intervention because they are easily accessible
(4,5). Because tumors cannot further grow without blood-
supplied oxygen and nutrients, targeting of angiogenic
endothelial cells could thus be a good strategy for tumor
therapy. Therefore, many researchers have sought to develop
antiangiogenic peptide drugs or angiogenesis inhibitors which
target angiogenic endothelial cells for tumor therapy.

In the past several decades, researchers have demon-
strated that dividing endothelial cells in the angiogenic
vessels express several markers, whereas such would be
either barely detectable or entirely absent in normal blood
vessels (6–9). Of the markers, αvβ3 integrin is found to be
over-expressed in the tumor vasculature, and thus drug
targeting to αvβ3 integrin may provide the opportunity to
destroy tumor vessels without affecting the microvessels of
normal tissues. Targeting tumor vasculature by peptides
containing RGD (Arg–Gly–Asp) sequence is a promising
way for both tumor therapy and imaging because RGD
sequence recognizes αvβ3 integrin over-expressed on tumor
microvessels. For example, the RGD peptide analogues
have been used in tumor imaging with fluorophores (10–12)
or radionucleotides (13), and in tumor therapy with peptide
conjugated chemotherapeutic drugs (14,15). To further
improve therapeutic efficiency and tumor selectivity, various
functionalized therapeutic systems such as gene delivery
carriers (16–19), micelles (20) and protein carriers (21,22)
have been developed to actively target tumors through
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molecular recognition of αvβ3 integrin on angiogenic
endothelial cells (23).

Recently, we have developed low anticoagulant bile acid
acylated heparin derivatives (24–27) to overcome side effects
such as hemorrhage, HIT (heparin-induced thrombocytope-
nia) (28) and osteoporosis (29) that are caused by the strong
anticoagulant activity of heparin when heparin is used at high
dosages and for extended periods of time. Other research
groups have also developed chemically modified heparin
derivatives including carboxyl-reduced heparin, N-O-desulph-
ated/N-resulphated heparin, N-desulphated/N-reacetylated
heparin (30), heparin-steroid conjugate (31), heparin-carrying
polystyrene (32), and neoheparin (33). These chemically
modified heparin derivatives have advantages that reduce
the risk of hemorrhage, and prevent metastasis, angiogenesis,
and tumor growth. Among them, bile acid-acylated heparin
derivatives effectively prevented proliferation of tumor and
endothelial cells (25), and further showed potent antiangio-
genic effect in vitro and in vivo (26,27), thereby exerting
similar or superior antitumor effect at much lower doses than
heparin or other heparin derivatives. In addition, bile acid
heparin derivatives are safe with respect to long-term
treatment in a mouse model (25).

It has been reported that systemically injected
heparin has high binding affinity, and also can be taken
up by dividing vascular endothelial cells, which are
abundant in tumors (34–36): this suggests that heparin or
heparin derivatives might target susceptible dividing tumor
endothelial cells. In the present study, to enhance targeting
efficiency to dividing endothelial cells within tumor, we
introduced a cyclic RGD peptide to heparin-lithocholic acid
(HL) to produce RGD peptide conjugated HL derivative
(cRGD-HL). Due to low anticoagulant activity, it is thought
that cRGD-HL will minimize heparin’s side effects. At the
same time, by introducing cRGDyK peptides, cRGD-HL
will enhance binding selectivity to dividing tumor endothe-
lial cells, thereby exerting potent antiangiogenic and anti-
tumoral effects. Herein, we evaluated the functionalized
cRGD-HL as a potent angiogenesis inhibitor by performing
tests on endothelial cell adhesion, migration, αvβ3 integrin
binding affinity, Matrigel plug assays, and antitumoral
effect.

MATERIALS AND METHODS

Chemicals

Unfractionated heparin (UFH, 167 IU/mg) of average
molecular weight approximately 12,000 Da was purchased
from Pharmacia Hepar Co. (Franklin, OH, USA). Anhydrous
formamide, and 1-ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide (EDAC) were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). N-(2-aminoethyl)-lithocholylamide (LCA-
NH2) was prepared as described in the previous report
(24,27). RGD-bearing synthetic peptide (cRGDyK, cyclic
Arg–Gly–Asp–D–Tyr–Lys) was the product of FutureChem
Co. Ltd. (Seoul, Korea). Acetone was obtained from Merck
(Darmstadt, Germany), and all reagents were of analytical
grade and were used without further purification.

Preparation and Characterization of the Heparin-Lithocholic
Acid

The HL conjugate was synthesized by coupling hepa-
rin with N-(2-aminoethyl)lithocholylamide (LCA-NH2) as
described in the previous report (24,27). In brief, heparin
(100 mg) was dissolved in anhydrous formamide (5 ml) by
gentle heating. EDAC (96 mg) was added to this heparin
solution while mixing, followed by the addition of LCA-NH2

(543 mg), which was dissolved in anhydrous DMF (10 ml).
After 24 h, the mixture was precipitated in excess cold
acetone, and the precipitate was carefully washed three
times with cold acetone to remove excess LCA-NH2. The
dried HL conjugate was suspended in water, and then
freeze-dried for 2 to 3 days. The anti-coagulant activity of
the HL conjugate was evaluated using anti-FXa chromogen-
ic assay (37).

Preparation of cRGDyK-Conjugated Heparin-Lithocholic
Acid

The cRGD-HL conjugate was manufactured as follows
(Fig. 1); HL (100 mg) was dissolved in anhydrous formamide
(5 ml), followed by the addition of EDAC (9.2 mg). After
10 h, cRGDyK (35.6 mg) was added to the solution, which
was further allowed to proceed for 12 h. Then, the mixture
was precipitated in excess cold acetone, and the precipitate
was carefully washed three times with DMSO and cold
acetone to remove excess EDAC and cRGDyK, respectively.
The dried cRGD-HL conjugate was suspended in water, and
then freeze-dried for 2 to 3 days. The cRGD-HL was
analyzed by 1H NMR (JEOL JNM-LA 300 WB FT-NMR,
Tokyo, Japan) to confirm the coupling of cRGDyK to HL.
The contents of cRGDyK bound to the HL conjugate were
determined using a Lambda Vis 7 spectrophotometer
(Perkin-Elmer, CT). Lyophilized cRGD-HL (1 mg) was
dissolved in 1 ml of formamide to obtain clear solutions,
and cRGDyK contents were quantified by a UV-vis
spectrometer.

Cell Adhesion and Migration Assays

HUVECs were isolated from human umbilical cord veins
by collagenase treatment and used in passages 2–7 (38). The
cells were grown in M199 medium (Invitrogen, Carlsbad, CA,
USA), supplemented with 20% fetal bovine serum (FBS),
100 U/ml penicillin, 100 μg/ml streptomycin, 3 ng/ml bFGF
(Upstate Biotechnology, Lake Placid, NY, USA), and 5 U/ml
heparin at 37°C under a humidified atmosphere of 5% CO2

and 95% O2.
The cell adhesion assay was carried out as follows. In

brief, as a positive control, a flat-bottomed 96-well plate
(Corning, NY, USA) was coated overnight at 4°C with
vitronectin (5 μg/ml in PBS, pH 7.4) and then blocked for
1 h at room temperature with 2% BSA. HUVECs were
suspended at a density of 3×105 cells per milliliter in the
presence or absence of heparin, cRGDyK, HL, or cRGD-HL.
As a negative control, a flat-bottomed 96-well plate was only
coated overnight at 4°C with 2% BSA. The cell suspension
(0.1 ml) was added onto the plates pre-coated with vitronectin
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protein and incubated for 30 min at 37°C; unattached cells
were removed by rinsing with PBS. Attached cells were then
incubated for 1 h at 37°C in 50 mM citrate buffer (pH 5.0),
containing 3.75 mM p-nitrophenyl-N-acetyl-D-glycosaminide
and 0.25% Triton X-100. Enzyme activity was blocked by
treating with 50 mM glycine buffer (pH 10.4), containing
5 mM EDTA. The amount of attached cells was estimated by
measuring the absorbance at 405 nm using a microplate
reader (Model 550, Bio-Rad Laboratories).

The cell migration assay was performed in transwell
plates (8 μm in pore size, Corning, NY, USA). As a
positive control, the undersurface of the membrane was
coated overnight at 4°C with vitronectin (5 μg/ml in PBS,
pH 7.4) and then blocked for 1 h at room temperature with
2% BSA. The HUVEC suspension (0.1 ml) was added to
the upper compartment of the plate with or without
heparin, cRGDyK, HL, or cRGD-HL. As a negative
control, the undersurface of the membrane was only coated

overnight at 4°C with 2% BSA. The cells were allowed to
migrate for 8 h at 37°C, which was terminated by removing
the cells from the upper compartment of the plate with a
cotton swab. The migrated cells throughout the membrane
were fixed with 8% glutaraldehyde and stained with crystal
violet. Thereafter, the number of migrated cells was
determined using an optical microscope (Nikon Diapot
300, Japan) under high power field (hpf) from ten
representative areas per well.

Tubular Formation of Human Umbilical Endothelial Cells

In vitro endothelial tube formation was performed as
described in the literature (26). Matrigel (100 μl, BD
Bioscience, San Jose, CA, USA) was added to each well of
a 96-well plate and allowed to polymerize for 30 min at 37°C.
HUVECs were suspended in the medium at the density of 4×
105 cells per milliliter, and 0.1 ml of the cell suspension was
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Fig. 1. Synthetic scheme for the preparation of cRGD-HL. The cRGD-HL was synthesized by reaction
between the carboxylic groups of heparin-lithocholic acid (HL) with cRGDyK in the presence EDAC.
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added to each well coated with Matrigel in the presence of
heparin, cRGDyK, HL, or cRGD-HL. Cells were incubated
at 37°C, and then photographed. The branch points were
counted and averaged.

Integrin αvβ3 Binding Assay

The standard assay was performed as described
previously (11). Microtiter-2 96-well plates were coated with
αvβ3 integrin (100 μl per well, 500 ng/ml) in coating buffer
[25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM CaCl2,
0.5 mM MgCl2, and 1 mM MnCl2] for 16 h at 4°C, and the
wells were blocked with 200 μl blocking buffer (coating
buffer in the presence of 1% radioimmunoassay grade
bovine serum albumin) for 2 h. The plate was washed twice
with binding buffer (coating buffer in the presence of 0.1%
bovine serum albumin) and then was incubated with 125I-
labeled echistatin (0.06 nM) in the presence of different
concentrations of cRGDyK, HL, or cRGD-HL at room
temperature for 3 h. After incubation, the plate was washed
thrice with binding buffer, and the radioactivity was
solubilized with 2 M boiling NaOH and was subjected to
gamma-counting. Nonspecific binding of 125I-labeled
echistatin to αvβ3 was determined in the presence of
100 nM echistatin. The IC50 values were calculated by
nonlinear regression analysis with the Sigma Plot 10.0
version program.

In Vivo Assessment of Angiogenesis Using Matrigel Plug
Assay

To assess the antiangiogenic properties of cRGD-HL,
Matrigel plug assays were performed as described in the
literature (26). Briefly, 0.67 ml of liquid Matrigel–PBS
mixture was injected subcutaneously into the backs of male
C57BL/6 mice at 4°C; once inside the animals, the liquid
Matrigel–PBS mixture was solidified. The Matrigel
contained bFGF (R & D systems, Inc., McKinley, NE,
USA) at the final concentration of 500 ng/ml to stimulate
angiogenesis; heparin, cRGDyK, HL, or cRGD-HL were
also loaded in the Matrigel, respectively. All of the
treatment groups consisted of five mice. After 10 days, mice
were sacrificed, Matrigel plugs were removed, and photo-
graphed. To evaluate the development of angiogenesis, the
hemoglobin (Hb) content was measured using Drabkin’s
reagent kit (Sigma, St. Louis, MO, USA). The Matrigel
plugs were homogenized in 50 μl of double-distilled water
using disposable pellet pestles for microtubes. Homogenates
were incubated in 0.5 ml of Drabkin’s solution for 15 min at
room temperature. Samples were centrifuged to cuvettes,
and the absorbance was measured at 540 nm. Drabkin’s
solution was used as a blank. The absorption was propor-
tional to the total hemoglobin concentration. Microvessels
within Matrigel were also assessed by CD31 immunostaining
on frozen sections with 8 μm. After rinsing and blocking, the
sections were incubated with a rat anti-mouse CD31
monoclonal antibody (PharMingen, San Diego, CA, USA)
at 1:30 dilution, followed by Rhodamine-conjugated second-
ary goat anti-rat IgG (Santa Cruz, CA, USA) at 1:200
dilution, and with 4’,6-diamidino-2-phenylindole (DAPI)
counterstain. The images were taken with fluorescent

microscope (CARL-ZEISS), and the number of blood
vessels were counted and averaged under the five high-
power fields.

Antitumor Effect of cRGD-HL and Immunohistochemistry

SCC7 cells were originally obtained from the American
Type Culture Collection (Rockville, MD, USA) and cultured
in RPMI 1640 medium (Gibco, Grand Island, NY, USA)
containing 10% FBS (Gibco, Grand Island, NY, USA) and
1% penicillin–streptomycin at 37°C in a humidified 5% CO2–
95% O2 atmosphere.

Male C3H/HeN mice (8-weeks old, Institute of Med-
ical Science, Tokyo, Japan) were used for animal experi-
ments. Subcutaneous tumors were established by
inoculating 1×106 SCC7 cells into the backs of mice. The
care and maintenance of animals were undertaken in
accordance with the institutional guidelines of the
Institutional Animal Care and Use Committee (IACUC)
of Seoul National University. Mice were allocated into six
groups according to the treatments as follows: (1) normal
saline (control group); (2) heparin 5 mg/kg; (3) cRGDyK
0.35 mg/kg; (4) HL 5 mg/kg; (5) cRGD-HL (0.5 mg/kg); (6)
cRGD-HL (5 mg/kg). When tumors grew to approximately
50 to 100 mm3, each animal received drugs in the indicated
doses at every three day over a period of 12 days (a total of
five injections) via lateral tail vein. The doses, dosing
frequency and duration of therapy in this study were
determined based on the previous study (27). Tumor
volume was measured daily using a caliper. At 14th day,
mice were sacrificed and tumor tissues in each group were
isolated. The excised tumors were fixed with 4% (v/v)
formaldehyde in PBS (pH 7.4), and sectioned into slices of

Fig. 2. Adhesion inhibition of HUVEC on vitronectin surface by
heparin, cRGDyK, HL, and cRGD-HL. The cRGD-HL significantly
decreased the adhesion of HUVECs to vitronectin surface compared
to other agents. These experiments were repeated thrice. The error
bar represents SE. *, P<0.01 versus + control, and **, P<0.001 versus
+ control. The inset P values in the figure indicate the significance
between groups.
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8 μm thickness. Microvessels in tumor tissues were then
stained by using a rat anti-mouse CD34 monoclonal
antibody (Dako, CA, USA), and the number of
microvessels were observed by an optical microscope
(Nikon Diapot 300, Japan), and counted in the randomly
selected fields (×200, eight fields).

Statistics

The statistical significance of the difference between
experimental and control groups was determined using one-
way ANOVA or post hoc test. P values considered significant
are indicated in the figures by asterisks.

RESULTS

Characteristics of HL and cRGD-HL

HL was synthesized by covalently binding LCA-NH2 to
heparin in the presence of EDAC, and this binding was
confirmed by 1H NMR, in which the characteristic peaks of
LCA appeared at 18-CH3 (0.64 ppm), 19-CH3 (0.91 ppm), 21-
CH3 (1.24 ppm) and new amide linkages between heparin
and LCA, and the intrinsic sulfonamide of heparin showed at
8.04 ppm, respectively (27). The molecular weight of HL
conjugate based on the degree of LCA substitution was
16,640 Da. This modification of carboxyl groups in heparin

A

B

Fig. 3. Migration of HUVEC to vitronectin. A HUVECs migrated were observed using an optical
microscope (magnification ×200). It can be seen that cRGD-HL significantly inhibits HUVEC migration
compared to heparin, cRGDyK, and HL. B This observation was clearly supported by the quantitative
measurement, obtained from the ten representative areas. The error bar represents SE (n=10). These
experiments were repeated thrice. **, P<0.001 versus + control or between groups. The inset P values in the
figure indicate the significance between groups.
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resulted in low anticoagulant activity (38% versus heparin by
FXa assay). In general, cyclic RGD peptides display a higher
binding affinity to activity compared to their linear
counterparts, and this beneficial effect may be due to less
conformational flexibility and more metabolical stability
(39,40). Thus, cRGDyK peptide as a potent αvβ3 integrin
antagonist was conjugated to HL. After coupling of cRGDyK
to HL, the presence of cRGDyK to the HL conjugate was
determined by 1H NMR and UV-vis spectrometry because
cRGDyK has an aromatic ring structure. The characteristic
peaks of phenyl group in tyrosine residue of cRGDyK were
shown at 7.67~7.93 ppm (data not shown), and two cRGDyK
molecules were coupled to one HL molecule. After coupling
of LCA-NH2 and cRGDyK to heparin, 67% of carboxylic

groups in heparin were consumed. FXa assay showed that the
anticoagulant activity of cRGD-HL was accounted for by
27% intact heparin.

Cell Adhesion and Migration Inhibition

The potential antiangiogenic properties of heparin, cRGDyK,
HL, and cRGD-HL were measured by evaluating the ability to
inhibit endothelial cell adhesion and migration to extracellular
matrix protein, vitronectin, which mediate endothelial cell adhesion
by specific interaction with αvβ3 integrin (41). The presence of
heparin, cRGDyK, HL and cRGD-HL effectively inhibited the
HUVEC adhesion by increasing the concentrations (Fig. 2). At the
highest concentration (3 μM), the HUVEC adhesion was decreased
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Fig. 4. Tube formation of HUVEC on Matrigel. AThe representative photos for tube formation inhibition of
HUVECs at the highest concentration (magnification ×100). Cells were seeded on Matrigel in the absence or
presence of heparin (3 μM), cRGDyK (6 μM), HL (3 μM), or cRGD-HL (3 μM) and photographed after 7 h. B.
Quantitative analysis of the tube formation assay at various concentrations. Groups: (■) control, (□) heparin,
(▨) cRGDyK, ( ) HL, or (▧) cRGD-HL. These experiments were repeated thrice. The error bar represents
SE. These experiments were repeated thrice. *, P<0.02 versus control, and **, P<0.01 versus control. The
inset P values in the figure indicate the significance between groups.
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by 39.1%, 45.0%, 54.2% and 65.6% by heparin, cRGDyK, HL, and
cRGD-HL, respectively.

Similarly to the adhesion assay data, heparin,
cRGDyK, HL and cRGD-HL inhibited the migration of
HUVECs to the surface coated with vitronectin (Fig. 3A).
The results were clearly supported by the quantitative
measurement (Fig. 3B): the extent of cell migration was
effectively reduced by 27.0% (heparin), 47.8% (cRGDyK),
72.1% (HL), and 82.8% (cRGD-HL), respectively. From
these results, cRGD-HL showed significant anti-adhesion
and anti-migration effects of HUVECs compared to other
compounds.

Inhibition of Capillary-Like Tube Formation

The formation of capillary-like tube structures by
HUVECs in ECM is the pivotal step in angiogenesis and
is also involved in cell migration and invasion. The tube
formation actively occurred in the control group. However,
the presence of heparin, cRGDyK, HL and cRGD-HL
affected the extent of tube formation caused by HUVECs
(Fig. 4A). In particular, cRGD-HL exhibited the greatest
inhibition effect against cell alignments and tubular struc-
ture formations. The number of tube branches in the control
was reduced from 57.7±1.8 to 42.0±1.2 (heparin), 32.0±1.7
(cRGDyK), 16.7±1.2 (HL), and 10.0±1.0 (cRGD-HL),
respectively. We found that cRGD-HL most profoundly
exhibited capillary-like tube formation inhibition.

Receptor Binding Studies

To evaluate the αvβ3 integrin receptor binding character-
istics of the cRGDyK, HL and cRGD-HL, we measured the
IC50 values of cRGDyK, HL, and cRGDHL in competitive-
type experiments. Binding of cold echistatin, cRGDyK, HL,
and cRGD-HL were compared using 125I-labeled echistatin in
a concentration-dependent manner (Fig. 5). The modification
of HL with cRGDyK somewhat increased its receptor binding
affinity compared to that of HL and cRGDyK. The
determined mean IC50 values for the αvβ3 integrin were
3.37 nM for cRGD-HL, 7.43 nM for HL, and 9.64 nM for
cRGDyK, respectively. Therefore, cRGD-HL has higher
binding affinity for purified αvβ3 integrin than HL and
cRGDyK.

In Vivo Assessment of Angiogenesis Using The Matrigel
Plug Assay

The Matrigel plug assay, which allows angiogenesis
inhibitors to be examined, was used to assess the antiangio-
genic properties of cRGD-HL in this model (Fig. 5). At
10 days, plugs treated with bFGF alone were dark red in
color, whereas plugs treated concurrently with bFGF and
heparin displayed red color, indicating the formation of new
blood vessels and blood circulation in both plug types
(Fig. 5A). Plugs with mixed cRGDyK, or HL, or cRGD-
HL were pale in their color, implying a significant decrease
in microvessel formation within Matrigel. The suppression
of angiogenesis by cRGDyK, HL, and cRGD-HL was
consistent with the decrease in the hemoglobin content
within the Matrigel plugs. The hemoglobin contents were

markedly reduced up to 32.0% by cRGDyK, to 66.0% by
HL, and to 78.4% by cRGD-HL. The suppression of
angiogenesis by cRGD-HL treatment was supported by
CD31-positive microvessel immunostain (Fig. 5C). As
shown in Fig. 5D, cRGD-HL significantly suppressed
CD31-positive microvessels compared to heparin, cRGDyK,
and HL. These results imply that cRGD-HL significantly
inhibits bFGF-induced angiogenesis.

Inhibitory Effect of cRGD-HL on Tumor Growth in Mice

To evaluate whether cRGD-HL inhibits tumor growth in
vivo, SCC7 was implanted into the backs of C3H/HeN male
mice. Heparin produced 33.5% reduction in the tumor
volume (not significant compared to the untreated controls).
On the other hand, cRGDyK, HL, and cRGD-HL at 0.5 or
5 mg/kg also suppressed SCC7 tumor growth by as much as
46.9%, 52.5%, 59.5% and 74.1%, respectively, compared to
the untreated control (Fig. 6A). This result showed a superior
antitumor effect of cRGD-HL, compared to heparin and
cRGDyK. CD-34 immunostaining data supported the superi-
or antiangiogenic effect of cRGD-HL (Fig. 6B, C). The
number of CD-34 positive microvessels was decreased up to
24.1% by heparin, 38.4% by cRGDyK, 46.8% by HL, 52.3%
by cRGD-HL at 0.5 mg/kg, and 69.2% by cRGD-HL at 5 mg/
kg. In contrast to other groups, mice treated with 5 mg/kg of
cRGD-HL for every 3 days showed a profound decrease in
the numbers of CD34-positive microvessels (Fig. 6C). These
results demonstrate that cRGD-HL prevents tumor angio-
genesis, and thereby suppresses tumor growth.

DISCUSSION

Targeting tumor vasculature is an exciting target for
drug delivery in cancer therapy because dividing endothelial
cells within tumor tissues are known to over-express specific
target molecule such as αvβ3 integrin. Additionally, because
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endothelial cells are genetically stable and therefore unlikely to
mutate into drug-resistant variants, the targeting tumor endo-
thelium is ideal for cancer treatment (42,43). In the present
study, a new functionalized bile acid-acylated heparin deriva-
tive was developed by introducing the cRGDyK peptide to the
heparin-lithocholic acid to actively target tumor endothelial
cells, and to improve therapeutic efficiency.

In antiangiogenic therapies, αvβ3 integrin is one of the
most important targets in antiangiotherapy. It is known that
αvβ3 integrin expressed on endothelial cells modulates cell
adhesion and migration by binding to RGD-containing
components of the interstitial matrix such as vitronectin,
fibronectin, and thrombospondin (44). In this study, heparin,
cRGDyK, HL and cRGD-HL inhibited endothelial cell
adhesion and migration to vitronectin coated surfaces.
Among them, cRGD-HL showed superior anti-adhesion

Fig. 6. (continued)

C

D

Fig. 6. Inhibition of the bFGF-induced angiogenesis in Matrigel
plugs. A Matrigel plugs containing PBS alone (− control), bFGF
alone (+ control), bFGF + heparin (3 μM), bFGF + cRGDyK (6 μM),
bFGF + HL (3 μM), or bFGF + cRGD-HL (3 μM) were photo-
graphed. B Hemoglobin contents within Matrigel were determined by
the Drabkin’s method. The data are presented as means±SE (n=8).
C Microvessel assessment of Matrigel plugs containing bFGF and
heparin, cRGDyK, HL, or cRGD-HL. The plugs were sectioned and
immunostained with anti-CD31 antibody (red) and DAPI (blue;
magnification ×100). D The number of blood vessels in five high
power fields was counted and averaged (CD31 immunostain). These
experiments were repeated thrice. **, P=0.002 + control (bFGF
alone), and ***, P<0.001 versus + control. The inset P values in the
figure indicate the significance between groups.
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and anti-migration effects. The cRGDyK peptide can
directly interact with αvβ3 integrin expressed on endothelial
cells, and prevent adhesion and migration of endothelial
cells to vitronectin because of higher binding selectivity for
αvβ3 integrin in both cell culture and living subjects (11,12).
On the other hand, heparin and HL have negative charge
and they interact with numerous extracellular proteins (e.g.
laminin, collagen, fibronectin, and vitronectin) via electro-
static interaction, and thereby also suppress the interactions
between endothelial cells to extracellular proteins. Howev-
er, HL is more effective than heparin in inhibition effects.
HL (−50 mV) has a much lower negative charge than
heparin (−75 to −100 mV), and it also has a hydrophobic
moiety as a LCA analog. It is postulated that HL might
strongly interact with the ECM proteins via electrostatic and
hydrophobic interactions (26,45), leading to more effective
anti-adhesion and anti-migration effects. The RGD peptide
conjugated to HL (cRGD-HL) profoundly improved its
inhibitory effect on adhesion and migration of endothelial
cells to vitronectin compared to other compounds. The
potent inhibitory effects might be attributed that cRGD-HL
contains a RGD peptide as its αvβ3 integrin targeting
moiety, and has negative charge as well as a hydrophobic
moiety. On the other hand, it is previously reported that
among αv integrins, only the αvβ3 integrin is found in focal
contacts and leads to spreading and migration of (endothe-
lial cells) vitronectin (46). In this regard, it is considered that
the anti-adhesion and anti-migration of cRGD-HL is due to
the interference of αvβ3 integrin-mediated interactions
between endothelial cells and vitronectin. Furthermore, the
result that cRGD-HL has higher binding affinity for the
purified αvβ3 integrin was confirmed by the receptor binding
studies compared to HL and cRGDyK (Fig. 5). This result
suggests that the RGD peptide in cRGD-HL retains the
αvβ3 integrin activity, and cRGD-HL is more active than
HL. Therefore, we believe that the potent antiangiogenic
effect of cRGD-HL in adhesion, migration and tube
formation assays is probably due to the interference of the
αvβ3 integrin-mediated interactions between endothelial
cells and ECM protein.

In this study, we also found out that SCC7 cells hardly
interact with αvβ3 monoclonal antibody in FACS analysis
(data not shown), and SCC7 tumor cells in vivo did not

express αvβ3 integrin (47), indicating that SCC7 cells are
αvβ3-negative cells. However, we observed that a lot of
microvessels were newly developed within murine SCC7
tumor tissues, as confirmed in CD31 immunostain (Fig. 7B),
and endothelial cells in angiogenic microvessels of SCC7
tumor highly expressed αvβ3 integrin (47). Compared to HL
without RGD peptide, cRGD-HL (RGD-modified heparin
derivative) might more effectively interact with αvβ3-positive
endothelial cells, leading to substantially enhanced antiangio-
genic and antitumor effect on SCC7 tumors. Indeed, the
cRGD-HL treatment could significantly decrease the micro-
vessel density within SCC7 tumor tissues (Fig. 7B, C),
suggesting that the use of cRGD-HL might be more effective
in decreasing the growth of highly vascularized tumors.

In the previous studies, we have shown that bile acid-
acylated heparin derivatives have angiogenesis inhibition
property and significant antitumor efficacy against SCC7
(squamous cell carcinoma) and KB (human nasopharyn-
geal carcinoma) tumors in mouse models (26,27). We
reported that bile acid-acylated heparin derivatives may
interact with bFGF, leading to decrease the biological
activity of bFGF. Subsequently, they suppressed FGFR
phosphorylation and its down stream (ERK and p38 MAPK
activity) to inhibit the proliferation of endothelial cells,
angiogenesis and tumor growth (26). This study exhibited
that the conjugation of cRGDyK to HL substantially
enhanced angiogenesis inhibition and antitumor efficacies
compared to bile acid-heparin derivatives. Taking these
results into consideration, therefore, we suggested that the
preexisting antiangiogenic characteristics (inhibition of
bFGF activity) of HL were maintained, and simultaneously,
and the introduction of cRGDyK to HL enhanced the newly
additional anti-adhesion and anti-migration effect (inhibi-
tion of the αvβ3 integrin-mediated cell to cell or cell to
matrix interactions). Indeed, cRGD-HL significantly de-
creased the tube formation and migration of endothelial
cells in vitro, bFGF-induced angiogenesis as well as micro-
vessel density in in vivo Matrigel plug and in tumor tissues
compared to other compounds tested in this study, and
thereby enhancing antitumor effects. Also, it is possible that
cRGD-HL can be internalized into cells through receptors
similar to RGD-modified albumin (21,22) or folic acid-HL
(FHL) (27), and then may affect cell proliferation inhibition.

The systemically administered heparin/heparin deriva-
tives with negative charge interacts with proteins on the
surfaces of endothelial cells, leading to localization of
angiogenic blood vessels in tumors by binding affinities to
dividing endothelial cells (34), which may influence endo-
thelial cell proliferation and angiogenesis in tumor tissues.
In addition, it may be possible that macromolecule drugs
such as antiangiogenic heparin derivative might be localized
to tumor sites by enhanced permeability and retention
(EPR) effects (48), and thereby showing the anti-tumor
effects (25). In the present study, we demonstrated that the
therapeutic efficacy of HL as an angiogenesis inhibitor could
be improved by coupling cRGDyK to the HL derivative. In
addition, its antiangiogenic and antitumoral effects are
markedly upgraded when compared to cRGDyK, heparin–
deoxycholic acid and HL derivatives. It is thought that bile
acid-acylated heparin derivatives can circulate in the blood
stream for longer periods than small molecule drugs can

Fig. 7. Tumor growth inhibition and CD-34 microvessel immunostain.
A Mice received s.c. injection with SCC7, and when tumor volumes
were 50 to 100 mm3, the mice received i.v. injection with normal saline
(filled circles), heparin (filled squares; 5 mg/kg/3 day), cRGDyK (filled
upright triangles; 0.35 mg/kg per 3 day), HL (filled inverted triangles;
5 mg/kg/3 day), cRGD-HL (filled diamonds; 0.5 mg/kg per 3 day, filled
hexagon; 5 mg/kg per 3 day). Each group contained six to seven mice.
The size of tumors was measured daily. Data are presented as means±
SE. *, P<0.05 versus cRGD-HL at 5 mg/kg per 3 day, and **, and P<
0.001 versus control (saline alone), respectively. These experiments
were repeated thrice. B CD-34 immunostain of endothelial cells and
representative vessels in sections (dark brown color; magnification
×200). C Blood vessel quantification in tumor tissues. The numbers of
CD-34 positive blood vessels in eight high power fields (×200) were
counted and averaged. Bars, means±SE. (**, P<0.001 versus control
saline alone). The inset P values in the figure indicate the significance
between groups.
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(25), and this prolonged circulation is thought to increase
the possibility of cRGD-HL to access target sites and
enhance therapeutic effects compared to cRGDyK peptide.
Also, cRGD-HL probably has much higher binding affinity
toward αvβ3 integrin expressed on dividing endothelial cells
than HL due to the presence of a RGD peptide, resulting in
the augmented antiangiogenic and antitumoral effects in
both in vitro and in vivo experiments at the same dose as
HL. These potent antiangiogenic and antitumoral effects of
cRGD-HL are due to the antiangiogenic effect of HL as well
as the added RGD peptide activity.

Recently, the multivalent RGD-human serum albumin
(RGD-HSA) derivatives have been developed by Temming et
al. (21,22). They coupled c(RGDfK) peptide to HSA and
further conjugated monomethyl-auristatin-E (MMAE) as a
potent antimiotic agent. These multivalent RGD-HSA deriva-
tives with high binding affinity and specificity for the αvβ3

integrin delivered therapeutic drugs to kill the target cells at low
nM concentrations in vitro and displayed excellent tumor
homing properties. In this study, we have shown that cRGD-
HL has higher binding affinity to purified αvβ3 integrin
compared to cRGDyK peptide, and effectively inhibited prolif-
eration of endothelial cells and angiogenesis in vitro and in vivo,
and thereby showing significant tumor growth regression.

Low molecular weight heparin (LMWH) with reduced
toxicity has potential antitumor effects by modulating growth
factor activity. In the case of High molecular weight heparin
(HMWH), it may induce side effects due to strong anticoag-
ulant effects. However, HMWH can more strongly bind to
various proteins, and thus inhibit activities of proteins
including growth factors. The toxicity problem of HMWH
can be overcome by chemical modification because the
chemically modified heparin derivatives could reduce risk of
hemorrhage, but they prevent metastasis, angiogenesis, and
tumor growth (25,26). In our group, we have developed
various heparin derivatives including heparin–deoxycholic
acid with high or low molecular weight and folic acid-
conjugated HL. Compared to heparin–deoxycholic acid
(HD) in the previous studies, the antiangiogenic effect of
cRGD-HL is more potent. Angiogenesis inhibition effect of
cRGD-HL has increased nearly ten times compare to that
of high molecular weight HD derivative. Recently, we
developed functionalized heparin derivatives such as FHL
and glucosylated heparin (GH). FHL was designed to target
folate-receptor (FR) over-expressed tumor cells. This FHL is
easily internalized into FR over-expressing KB cells to induce
apoptosis of tumor cells in vitro and in vivo. On the other
hand, malignant tumor cells display abnormally enhanced
glucose uptake and over-expressed glucose transporters
(GLUTs) compared to normal cells. Thus, GH was developed
to block glucose transporters (GLUTs) expressed on tumor
cells, and resulted in tumor regression (49). Based on these
facts, three functionalized heparin derivatives such as cRGD-
HL, FHL and GH showed good antitumor effects in vivo. We
thought that cRGD-HL might be more widely available than
FHL or GH. cRGD-HL can be applied for the treatment of
αvβ3 integrin-expressing endothelial cells and tumors, where-
as FHL or GH is limited for the treatment of FR- or GLUTs-
over-expressing tumor cells. We believe that the functional-
ized cRGD-HL as a potent angiogenesis inhibitor can offer
many opportunities in targeted drug delivery to cancerous

tumors and improve the therapeutic outcome in the treatment
of human diseases related with angiogenesis.

CONCLUSION

In this study, we designed the functionalized bile acid-
acylated heparin derivative by chemically conjugating cyclic
RGDyK peptide with heparin-lithocholic acid to actively
target angiogenic endothelial cells within tumor and to
profoundly improve antiangiogenic and antitumor effects.
The functionalized cRGD-HL significantly inhibited endo-
thelial cell adhesion, migration to vitronectin, capillary-like
tubular structures of endothelial cells. In particular, cRGD-
HL had higher binding affinity to purified αvβ3 integrin than
cRGDyK peptide and HL, resulting in the effective anti-
angiotherapeutic effects. We suggest that the enhanced
therapeutic effects are probably due to the combination the
preexisting antiangiogenic characteristics (inhibition of bFGF
activity) of heparin derivative and the additional antiangio-
genic effect (inhibition of the αvβ3 integrin-mediated inter-
actions) of the functionalized heparin derivative. Therefore,
the use of functionalized heparin derivative as a potent
angiogenesis inhibitor can offer affirmative outcome in
human cancer diseases related with angiogenesis.
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