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Purpose. To study the feasibility of Leucine-Aspartic Acid-Valine (LDV) as targeting ligand and drug
carrier for targeted delivery to integrin α4β1 over-expressing cancer cells.
Methods. Poly(L,D,V) was randomly copolymerized using N-carboxyanhydrides of leucine, β-benzyl-
aspartic acid, and valine. Oligo(LDV), consisting of 2-6 LDV units, were synthesized by solid phase
protein synthesis (SPPS) method. Binding of Leu-Asp-Val, Val-Asp-Leu, and Leu-Asn-Val, and
internalization of FITC labeled LDV by wild-type and integrin α4 knock-down A375 cells were studied.
Cytotoxicity of poly(L,D,V)-Dox, oligo(LDV)-Dox, and doxorubicin (Dox) was also determined on wild-
type, integrin α4 knock-down A375 cells, and normal human epithelial keratinocytes (NHEK).
Results. LDV was essential for the specific binding and internalization by cells expressing integrin α4β1.
Cytotoxicity of poly(L,D,V)-Dox and oligo(LDV)-Dox was integrin α4-dependent, while free Dox did
not show this differential effect. No observable cytotoxicity trend was found when increasing LDV
repeating unit. Poly(L,D,V) was relatively more effective than oligo(LDV) for the delivery of Dox to
A375.
Conclusion. LDV containing moieties bind specifically to integrin α4β1 expressing cancer cells. The
binding, internalization, and cytotoxicity depend on the level of integrin α4β1 expression. Poly(L,D,V)
and oligo(LDV) were both effective in the in vitro targeted delivery of Dox to integrin α4β1 over-
expressing A375 cells.
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INTRODUCTION

The goal of cancer chemotherapy is to suppress or
eradicate cancer using effective, safe, and well-tolerated
medications. A major problem in cancer chemotherapy is
the collateral damage to the normal cells due to the anti-
cancer agents. Based on the biochemical, and/or physiological
difference between cancer and normal cells or tissues,
targeted cancer drug delivery is designed to preferentially
deliver the anti-cancer agents to the cancer cells, so as to
increase the therapeutic efficacy and decrease the side-effects.
The targeted delivery can be achieved by active drug
targeting and passive drug targeting. The difference of
receptors expression on cell membrane between cancer cells
and normal cells provides a basis for active targeting by not
only specific interaction between drug delivery system and
cells, but also facilitated cellular uptake via receptor-medi-

ated endocytosis (1). Antibodies (2), folic acid (3), low-
density lipoprotein mimics (4), lectins (5), transferrin (6), and
integrins-targeted peptides have been utilized for targeted
delivery of anti-cancer agents based on their specific bindings
between ligands and receptors.

The integrins are a family of transmembrane glycopro-
teins that mediate cell–cell and cell–matrix adhesion. There
are 18 α- and 8 β- subunits that associate in various
combinations to form 24 known mammalian integrin hetero-
dimers (7). Integrin expression pattern changes during tumor
growth, metastasis, and angiogenesis (8). Some peptide frag-
ments were found to bind to integrins specifically, for
example, LDV binding to integrin α4β1 (9) and RGD binding
to integrin αvβ3 (10), αvβ5 (11), and α5β1 (12). Based on the
over-expression pattern of integrins on the cancer cells and
the specific binding between peptides and integrins, targeted
drug delivery systems have been designed. Current integrin-
targeted cancer chemotherapy can be classified into three
categories: 1) integrin antagonist, for example, Vitaxin®, an
antibody to integrin αvβ3, was once in phase II clinical trial as
an anti-cancer agent by inhibiting the tumor metastasis
when integrin αvβ3 is over-expressed (13); 2) integrin-
targeted anti-cancer drug delivery, such as the cyclic RGD-
Dox-nanoparticle formulation, which was reported to
actively target Dox to tumor site in vivo (14), and RGD
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attached to poly(ethylene glycol) (15) or poly(l-lactide)
(16) for integrin-targeted drug delivery, which have pro-
duced promising in vitro and in vivo results; 3) integrin-
targeted gene delivery, for example, RGD was inserted
into the HI loop of adenovirus to enhance the gene
transfection efficiency (17).

Small peptides that have been reported to have specific
binding to integrins include RGD, RYD, LDV, RHDS, etc.
However, most of the current integrin-targeted delivery
studies have been based on RGD or its receptors. RGD can
target to αvβ3 or αvβ5, which not only over-express in cancer
but also in endothelial cells (18). Compared to RGD, LDV
has not been widely studied in the targeted drug delivery
field. Based on the reported binding specificity, LDV has a
more specific binding pattern (mostly binding to integrin
α4β1) (19, 20). In addition, integrin α4β1 has a more specific
expression pattern (21, 22) in cancer types when compared to
αvβ3 and αvβ5. The specificity may endow LDV as a better
targeting ligand to cancer cells that over-express integrin
α4β1, such as melanoma and leukemia (23). Our lab has
presented the preliminary results to demonstrate the poten-
tial of using LDV as a targeting moiety to integrin α4β1 (24).
However, the understanding of the basic parameters for using
LDV to target integrin α4β1, such as binding specificity,
cellular uptake, and response to different levels of integrin
α4β1 expression, is still needed for rational design of a
targeted drug delivery system.

In this study, LDV will be used as an active targeting
ligand to study the integrin α4β1-targeted anti-cancer drug
delivery system. Three amino acids—L,D,V— will be ran-
domly polymerized to form poly(L,D,V), or constructed
orderly as oligo(LDV) to serve as drug carrier for integrin-
targeted drug delivery with Dox as anti-cancer agent and
melanoma cells as model cancer cells.

MATERIALS AND METHODS

Materials

A375 and Jurkat were purchased from American Type
Culture Collection (ATCC) (Manassas, VA). NHEK was a
Clonetics® product (Lonza Inc, Walkersville, MD). A375
cells were cultured in Dulbecco’s Modified Eagle Medium
(Invitrogen Co., Carlsbad, CA) containing 10% fetal bovine
serum, 2 mM L-glutamine, 50 IU/ml penicillin and 50 μg/ml
streptomycin. NHEK cells were cultured in keratinocyte basal
medium supplemented with SingleQuot Kit containing sup-
plements and growth factors. Jurkat cells were grown in
RMPI (Roswell Park Memorial Institute) medium containing
25 mM HEPES, 2 mM L-glutamin, 50 IU/mL of Penicillin,
and 50 μg/mL of Streptomycin.

Fmoc-leucine, Fmoc-aspartic acid-butyl ester, Fmoc-valine,
and Fmoc-asparagine were purchased fromVWR (Batavia, IL).
Leucine, valine, β-benzyl-aspartic acid, and RIPA buffer were
obtained from Sigma-Aldrich (St. Louis, MO). FITC and Dox
were purchased from MP Biomedicals (Solon, OH). Epicentre
MasterPure RNA purification kit was obtained from Epicentre
biotechnologies (Madison, WI). All other chemicals and
solvents (HPLC grade) were purchased from Sigma-Aldrich
or VWR, and used without further purification.

Synthesis and Characterization of LDV/VDL/LNV
on Magnetic Beads

Magnetic beads embedded with Fe3O4 and containing
hydroxyl groups on the surface were prepared by the following
procedure: Polyvinylalcohol (PVA) was dissolved in DI water
with high speed stirrer. Fe3O4 powder, styrene, divinylbenzol,
and benzoyl peroxide were mixed and added to PVA solution.
The temperature was then raised to 70–75°C and maintained
for 3 h. Acrylic acid was added, and the reaction continued for
~18 h untill a gray or black mixture was obtained. The beads
with ~30 μm in diameter were collected by sieving through
micro-mesh screens (BMC Inc, MI). The surface hydroxyl
group of the beads was determined by acetylation method and
measured to be~1 mmol/g. Leu-Asp-Val (LDV), Leu-Asn-Val
(LNV), and Val-Asp-Leu (VDL) were conjugated to magnetic
beads using standard Fmoc solid phase protein synthesis (SPPS)
method. Briefly, magnetic beads (120 mg) were soaked in
dimethylformamide (DMF) for 30 min; Fmoc-Val (204 mg), 2-
(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (228 mg), and collidine (90 µL), were
added and incubated overnight, washed with DMF andCH2Cl2,
capped with 0.5 M acetic anhydride and 0.5 M triethylamine in
DMF for 1 h, washed with DMF and CH2Cl2, de-Fmoc with
20% piperidine in DMF for 30 min, and washed with DMF and
CH2Cl2. Fmoc-Asp(OtBu) (124 mg), hydroxybenzatriazole
(41 mg), and diisopropylcarbodiimide (DICI) (48 µL) were
added and incubated for 1 h, washed, de-Fmoc, washed, and
then the same steps as Fmoc-Asp(OtBu) were repeated with
Fmoc-Leu (106 mg). VDL and LNVwere synthesized in similar
procedures except different order or protected amino acid
derivative was used. Peptides were cleaved from the beads using
20% trifluoroacetic acid (TFA) in CH2Cl2. After most of
solvents were rotavapped, isopropylether was added to precip-
itate the product, which was collected by centrifuge, and then
lyophilized for characterization. ESI-MS spectra of the peptides
were recorded on a Varian 1200 ESI-triple-quadruple mass
spectrometer.

Synthesis and Characterization of FITC Labeled LDV

LDV was synthesized using Fmoc SPPS method with
Wang resin, followed by FITC conjugation in pyridine/DMF/
CH2Cl2 (12:7:5) overnight (25). FITC-labeled LDV was
cleaved and collected using the same method mentioned
above.

Synthesis and Characterization of Dox Conjugated Oligo
(LDV)

Oligo(LDV) were synthesized using Fmoc SPPS method
on Wang resin, followed by in situ Dox conjugation
(Scheme 1). Briefly, after building oligo(LD(OtBu)V) on
the resin, succinic anhydride was added to activate the N-
terminal of oligo(LD(OtBu)V) and served as a linker for Dox
attachment. Oligo(LD(OtBu)V)-Dox was then de-protected
and at the same time cleaved from the resin by using 20% of
TFA in CH2Cl2. The products were collected, lyophilized, and
characterized by MALDI-TOF mass spectrometer (Axima
Kratos, Shimadzu). The repeating LDV units in oligo(LDV)-
Dox ranging from 1 to 6 were prepared.
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Synthesis and Characterization of Poly(L,D,V) and Dox
Conjugated Poly(L,D,V)

Poly(L,D,V) was prepared by isopropyl amine-initiated
random polymerization of N-carboxyanhydrides of leucine, β-
benzyl-aspartic acid, and valine in DMF at room temperature
for two days, followed by debenzylation with 6% trifluoro-
methane sulfonic acid in TFA at 0ºC until the clear polymer
solution became turbid (Scheme 2). The reaction mixture was
evaporated in a rotavap to a pasty mass. The residue was
treated with water, and the pH of the polymer suspension
was adjusted to 3.0 with sodium hydroxide. The product was
washed free from TFA salts and lyophilized. The molecular
weight of poly(L,D,V) was determined by size exclusion
chromatography on Waters HPLC system (Millipore, Billerica,
MA) using an Ultrastyragel column with tetrahydrofuran as a
mobile phase.

Dox was conjugated to a fraction of aspartic acid residues
in poly(L,D,V) by using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) (Scheme 2) in dimethyl sulfoxide
(DMSO). The unreacted drug was separated by dialysis of a
colloidal suspension of poly(L,D,V)-Dox against water. The
particle size of the conjugate in water was measured on a 3000
HSA Zetasizer (Malvern Instruments, UK). Fluorometric assay
of Dox with 470 nm excitation and 585 nm emission was
conducted on a QM-2000-6 fluorescence spectrophotometer
(Photon Technology International) to analyze the drug loading
of the conjugate dissolved in DMF.

Integrin α4 Expression in Wild-Type/Knock-Down A375
Cells, and NHEK Cells

A375 cells (80% confluent) were transfected with
20 pmol of integrin α4-specific siRNA or scrambled siRNA
(Santa Cruz Biotech) using Lipofectamine 2000 according to
manufacturer’s protocol. Cells were harvested after 24-h
culture in DMEM without antibiotics. Integrin a4 knock-
down was characterized by Western blot and PCR. Wild-type/
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knock-down A375 or NHEK Cell lysates for Western blot
analysis were prepared by subjecting the cell pellets to 3
freeze-thaw cycles in HEPES buffer and extracted by RIPA
buffer. SDS-PAGE (10%) gel was used, and integrin α4 was
detected by using rabbit polyclonal anti-α4 antibody (Santa
Cruz Biotech). Total RNA was extracted using Epicentre
MasterPure RNA purification kit. First strand cDNA was
synthesized using random primers. Reverse transcription
mixture was used as a template for real-time PCR (My iQ™
single color real-time PCR detection system, iCycler Thermal
Cycler) with the gene-specific primers. Gene expression level
was normalized with GAPDH.

Binding Study

LDV /VDL /LNV conjugated magnetic beads (2.5 mg
blank beads-equivalent) were added to standard cell counter
vials. Cells (8×106) in 10 mL of cell culture medium were
added to the vials containing ligand-bearing beads and
incubated at 37°C for 30 min, with gentle agitation on a
shaker. Magnetic field was applied to separate the bound and
unbound cells, followed by counting the unbound cells in
supernatant using a Coulter Z1 Particle Counter. Wild-type
and integrin α4 knock-down A375 cells were used in the
binding studies. Free LDV (~2 μg/mL) was also added to
compete with LDV-anchored magnetic beads in A375 cells
binding study.

Internalization Study

Wild-type or integrin α4 knock-down A375 cells were
cultured to 80% confluence on 12-well cell culture plates.
LDV-FITC in HBSS (equivalent to 1 μg/mL of FITC) was
added to the cells and incubated for 3 h. EDTA (10 mM) was
added and incubated for 15 min to wash off the surface-bound
LDV-FITC by inhibiting the calcium-dependent integrin-
LDV interaction (26). Cells were collected and lysed using
RIPA buffer. The internalized LDV-FITC or FITC was
determined by a fluorescence spectrophotometer (Photon
Technology International) with 488 nm excitation and 518 nm
emission wavelengths. Results were normalized based on
protein concentrations in each well, which were measured by
bicinchoninic acid (BCA) protein assay.

Cytotoxicity Study

Sulforhodamine B (SRB) colorimetric assay was used for
the in vitro cytotoxicity study of free Dox, poly(L,D,V)-Dox,
and oligo(LDV)-Dox on wild-type, integrin α4 knock-down
A375 cells, and NHEK cells. Briefly, cells were seeded in 96-
well plates. Upon 60% confluence, cells were treated with
free Dox, poly(L,D,V)-Dox, or oligo(LDV)-Dox for 48
hours, then fixed with trichloroacetic acid. Free Dox, poly
(L,D,V)-Dox, or oligo(LDV)-Dox with ~1 μM to 1 mM of
Dox equivalence were used. The cellular proteins in each well
were stained with 50 µl of 0.4% SRB in 1% acetic acid.
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Unbound SRB was washed away by DI water; then, 200 µl of
10 mM Tris buffer solution were added to each well to
dissolve the SRB bound to cellular protein. SRB absorbance
was measured at 550 nm wavelength using a TriStar LB 941
Plate Reader (Berthold Technology, Oak Ridge, TN).

RESULTS

Synthesis and Characterization of LDV/LNV/VDL,
LDV-FITC, Oligo(LDV)-Dox

MS-MS spectra signals were recorded as the follows:
LDV (346.1, M–H+; 223.0, y2; 228.9, b2; 201.0, a2; 118.0, y1;
86.0, L); VDL (346.4, M–H+; 328.6, MH–H2O; 247.1, y2;
229.3, y2-H2O; 214.8, b2; 200.6, b2-H2O; 187.0, a2; 132.7, y1;
85.4, L; 71.3, V); LNV (345.0, M–H+; 328.0, M–NH3; 232.0, y2;
227.9, b2; 211.0, b2-NH3; 199.9, a2; 182.9, a2-NH3; 117.8, y1;
86.1, L; 71.7, V); LDV-FITC (705.6, M–H+); LDV-Dox
(978.2, M–Na+); (LDV)2-Dox (1313.7, M–H+); (LDV)3-Dox
(1708.4, M–K+); (LDV)4-Dox (2028.7, M–H+); (LDV)5-Dox
(2385.6, M–H+); (LDV)6-Dox (2743.0, M–H+). TLC showed
the Rf values of free FITC and LDV-FITC were 1, 0.84; free
Dox and oligo(LDV)n-Dox (n=1 ~ 6) were 1, 0.82, 0.73, 0.51,
0.49, 0.44, 0.42, respectively.

Synthesis and Characterization of Poly (L,D,V)-Dox

The molecular weight of poly (L,D,V) was found to be
~3 kD. Poly(L,D,V)-Dox formed a colloidal suspension in
water with a z-average particle size of 230 nm. For the
cytotoxicity assays, a colloidal suspension of poly(L,D,V)-
Dox containing 387 μM of Dox was used as a stock, from
which various dilutions of polymer-drug conjugate were
prepared.

Integrin α4 Expression in Wild-Type/Knock-Down A375
Cells, and NHEK Cells

After A375 cells were transfected by integrin α4-specific
siRNA, the mRNA level of integrin α4 in A375 cells was
reduced by 48±3.2 % (Fig. 1), and integrin α4 protein level
was also decreased by 52±10% (Fig. 2). No significant
difference of integrin α4 mRNA and protein expression was
observed after treating the cells with scramble (non-specific)

siRNA (P>0.05). Integrin α4 expression in NHEK was much
less when compared to wild-type A375, with only ~1% of
mRNA and ~18% of protein expression.

Binding Study

The binding of LDV to A375 cells showed a significant
decrease (P<0.05) when the integrin α4 expression was
reduced (Fig. 3). Compared to wild-type A375 cells without
any treatment, the binding of LDV to integrin α4 knock-down
A375 was decreased by 65%. The binding of LDV to A375
cells was significantly higher than the binding of VDL or
LNV to A375 cells (p<0.05). However, the binding of VDL
or LNV to A375 cells had no significant difference (p>0.05)
compared to the blank beads, and knock-down of integrin α4
inA375 cells did not significantly change their binding (p>0.05).
Competitive binding of free LDV (~2 μg/mL) reduced the
binding of LDV-anchored magnetic beads to A375 cells by
~32% (p<0.05).

Internalization Study

The internalization of LDV-FITC reached plateau after
3 h of incubation. As shown in Fig. 4, about 30% lower
internalization of LDV-FITC was observed on the integrin α4
on knock-down A375 when compared to the wild-type A375
at 3 h of incubation. Free FITC had higher internalization (~2
folds) when compared to LDV-FITC on both cell lines;
however, no significant difference (P>0.05) of FITC internal-
ization was observed before and after the knock-down of
integrin α4.

Cytotoxicity Study

The cytotoxicity profiles of free Dox, poly(L,D,V)-Dox,
and oligo(LDV)-Dox on wild-type A375, integrin α4 knock-
down A375, and NHEK are shown in Figs. 5, 6 and 7,
respectively. Free poly(L,D,V) or oligo(LDV) did not show
significant cytotoxic effects on the cell lines up to ~1 mM
(data not shown).

Free Dox had similar cytotoxicity effects on wild-type
(IC50 0.11 μM) and integrin α4 knock-down (IC50 0.09 μM)
A375 cells, and higher cytotoxicity on NHEK (IC50 0.02 μM).
Free Dox also had similar cytotoxic effects on wild-type A375
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cells as poly(L,D,V)-Dox (IC50 0.09 μM), followed by oligo
(LDV)-Dox (IC50 0.32~1.3 μM). While on NHEK, Dox was
much more toxic than poly(L,D,V)-Dox (IC50 5.31 μM) and
oligo(LDV)-Dox (IC50 3.24~6.08 μM). Free Dox was found
more toxic than the conjugates on integrin α4 knock-down
A375 as well. A significant decrease (3~8 folds) in the
cytotoxicity of poly(L,D,V)-Dox and oligo(LDV)-Dox on
A375 cells was observed when the integrin α4 expression was
knocked down. Cytotoxicity of poly(L,D,V)-Dox and oligo
(LDV)-Dox on NHEK was the lowest among the tested cell
lines, which has the lowest integrin α4 expression among
three cell lines. For example, compared to free Dox, LDV-
Dox was about 3 times less toxic on A375 cells (IC50

0.355 μM), but was about 23 times less toxic on integrin α4

knock-down A375 cells (IC50 2.13 μM), and about 162 times
less toxic on NHEK (IC50 3.24 μM). Altering the number of
repeating LDV units in oligo(LDV)-Dox did not show any
trend on their cytotoxic effects on all the cell lines.

Compared to free Dox, poly(L,D,V)-Dox had similar
toxicity on wild-type A375 cells (IC50 0.093 μM), but was

about 28.9 times less toxic on integrin α4 knock-down A375
cells (IC50 2.66 μM), and 266 times less toxic on NHEK cells
(IC50 5.31 μM). Compared to oligo(LDV)-Dox, poly(L,D,V)-
Dox had higher toxicity on wild-type A375 cells, similar
toxicity on integrin α4 knock-down A375 cells, and generally
less toxicity on NHEK cells, as depicted by the IC50 values
(Table 1).

DISCUSSION

LDV was found to be recognized by integrin α4β1 (also
called very late antigen-4 (VLA-4) or CD49d/CD29 (19, 20)),
which is involved in the adhesion of lymphocytes, dendritic
cells, and stem cells to extracellular matrix and endothelial
cells (21), as well as in the migration of white blood cells to
sites of inflammation. (22) Integrin α4β1 receptors have been
observed to over-express in melanoma and leukemia cells
(23), also found in the pathology of a variety of diseases
including asthma, multiple sclerosis, rheumatoid arthritis, and
virus infection (27–29). Natalizumab (Tysabri), a humanized
recombinant monoclonal antibody (MAb) that binds to
integrin α4, was the first adhesion molecule antagonist
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proceeded to clinical trial for patients with multiple sclerosis
and other inflammatory disorders (30).

Small molecule integrin α4β1 inhibitors derived from
LDV have been investigated as anti-inflammatory agents
(31). For example, cyclo(ILDV-NH(CH2)5CO) showed 5-
fold more potent than CS-1 peptide inhibiting the adhesion of
human T-lymphoblastic leukemia cells on fibronectin in vitro
(32). Dutta et al. synthesized a series of small cyclic LDV
mimetics using SPPS method, including monomeric, dimeric,
hexa-, hepta- and octa-peptides such as cyclo(MeIle/MePhe-
LDV-X) and evaluated by in vitro cell adhesion assays and
in vivo inflammation models (33, 34). LDV-derived small
peptides were also used to inhibit tumor metastasis in vivo.
Kaneda et al. studied the anti-metastatic potency of Glu-Ile-
Leu-Asp-Val (EILDV), which showed an inhibitory effect on
the metastasis induced by B16-BL6 melanoma cells (35).
LDV-integrin α4β1 interaction was also used to develop a
blood filtration membrane for the retention of leukocyte
during blood filtration (36). However, very few studies have
been reported on the use of LDV as a targeting ligand to
integrin α4β1 in the targeted drug delivery field.

The hypothesis of this study is that LDV polymers and
oligomers can be used as targeting ligand as well as drug
carrier to deliver low molecular weight anti-cancer agents
(e.g. doxorubicin) to tumor sites that over-express integrin

α4β1. Conjugation of a low molecular weight anti-cancer drug
to a polymeric carrier could bring a drastic change in the in
vivo behavior of the drug by one or more of the following
mechanisms (37): 1) increase drug solubility; 2) prolong blood
circulation time; 3) passively target through accumulation in
tumor by enhanced permeation and retention (EPR) effect;
4) actively target through directing drug to specific site by
targeting ligand; 5) change cellular uptake pathway from
passive diffusion to endocytosis; 6) control drug release by
introducing pH- or enzyme-sensitive spacers. In order to form
the basis for using LDVas targeted delivery carrier via one or
more of the above mentioned mechanisms, the verification of
the binding specificity, binding response to the level of
integrin α4β1 expression, and the differential cytotoxicity
between cancer cells and normal cells is essential.

In this study, the expression of integrin α4β1 in different
cell lines was determined by western blot and PCR. Binding
specificity studies were carried out to verify that the
interaction between LDV and these cell lines was integrin
α4-dependent. Various types of methods have been employed
in the literature to study the ligand-receptor binding behavior,
including radio-labeled ligand method (38), cell adhesion on
the immobilized ligands on plate surface (39), as well as other
ligand-receptor research (40–42). Coating of ligands depends
on factors such as ligand concentration, coating buffer,
temperature and duration of coating. Dissolution of water-
soluble ligands in direct coating method often results in
stability or reproducibility issue. Covalently linking the
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Table 1. IC50 Values of Dox, Poly(L,D,V)-Dox, and Oligo(LDV)-
Dox on Wild-Type and Integrin α4 Knock-Down Cells

IC50 estimated (mM) A375 Knock-down A375 NHEK

Free Dox 0.11±0.03 0.09±0.01 0.02±0.01
Poly(L,D,V)-Dox 0.09±0.01 2.66±0.35 5.31±0.32
LDV-Dox 0.36±0.01 2.13±0.20 3.24±0.69
(LDV)2-Dox 0.32±0.01 1.55±0.25 3.8±0.50
(LDV)3-Dox 0.38±0.01 2.38±0.24 3.91±0.32
(LDV)4-Dox 0.71±0.06 4.72±0.65 5.43±1.10
(LDV)5-Dox 1.3±0.21 4.16±0.52 6.08±0.79
(LDV)6-Dox 0.63±0.02 3.06±0.54 5.72±0.31
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ligands to a solid surface is one of alternative approaches to
overcome the dissolving problem. In this study, this is
achieved by covalently linking ligand on magnetic beads as
presented in the cell-ligand binding study. The process to
synthesize peptides on magnetic beads is similar to that on the
Wang resin except the solid phase resin is embedded with
Fe3O4. Instead of cleaving the ligands off the beads after
completing the peptide synthesis, the ligand-conjugated beads
were incubated with the cells for a given time period, and
then magnetic field was applied to separate the bound and
unbound cells. Cells used in the study were in suspended
state, which provided a 3-dimensional exposure to the ligands
other than plate-attached cells with some cell surface area
unavailable for binding. To avoid the endocytosis of the
ligands, the beads were prepared with a diameter of ~30 μm,
which is significantly larger than the size of cells (11 to 22 μm)
used in the experiments. Therefore, the uptake of ligand is
prevented, and the result of binding study reflects only the
binding of the ligands.

The binding study using different derivatives of LDV
was designed to confirm the structure specificity of LDV as
targeting ligand to integrin α4β1. VDL, one of the derivatives
with an opposite sequence to LDV, starts with valine at the N-
terminal, and ends with leucine at the C-terminal. The other
derivative is LNV, in which the D is substituted with N
(asparagine); the only structural difference between D and N
is that the carboxylic acid group in D is replaced by an amide
group. LDV showed higher binding to A375 cells when
compared to LNV and VDL. Knock-down of integrin α4 in
A375 cells reduced the binding of LDV to the cells, but did
not alter the binding behavior of LNV or VDL, confirming
the requirement of aspartic acid residue and the sequence of
the three amino acids in the specific cellular binding process.
This experiment demonstrated that LDV is the minimum
required structure for the specific binding to integrin α4β1,
and the binding depends on the amount of integrin. Because
integrin α4 has been reported to be essential for LDV binding
(43), the response of LDV derivatives binding to a modulated
integrin α4 expression level provides fundamental informa-
tion on their binding specificity. The internalization difference
of FITC-labeled LDV on wild-type and knock-down A375
cells further proved the involvement of LDV and integrin
α4β1 interaction in the cellular uptake process of LDV by
A375 cells. Therefore, our hypothesis is supported by the
findings, and LDV can be utilized for the design of targeted
drug delivery.

To access the contribution of number of LDV repeating
units in a drug carrier, LDV was randomly polymerized as
well as orderly constructed to make two different types of
carriers for drug delivery. Cytotoxicity profiles of free Dox,
poly(L,D,V)-Dox, and oligo(LDV)-Dox were obtained on
wild-type A375, integrin α4 knock-down A375, and NHEK
cell lines using SRB assay. In contrast to free Dox, the
conjugates were able to differentiate between cancerous and
normal cells, showing different levels of cytotoxic effects. It
was also found that oligo(LDV) (orderly assembled LDV
derivatives) did not show better binding properties when
compared to poly(L,D,V) (randomly polymerized LDV
derivatives). Instead, poly(L,D,V) has a better ability than
oligo(LDV) and monomer LDV for their selectivity of cancer
cells over normal cells, as shown by IC50 values on the basis

of Dox equivalence. For oligo(LDV), ligand-receptor inter-
action might be hindered by their ordered structures, thus the
molecular flexibility and mobility could be hampered and
consequently lead to a decrease in the affinity or binding
between the peptide and the specific receptors. The random
poly(L,D,V) showed better targeting effect, which could be
attributed to its polymer nature that facilitates the endocy-
tosis process of the polymer-drug conjugate in the cellular
uptake. Different hydrophobicity of the conjugates and
different linkages between drug and carrier may also contrib-
ute to the observed differences. While a succinic acid linker
was used in the preparation of oligo(LDV)-Dox, doxorubicin
was conjugated directly to the beta-carboxylic group of
aspartic acid residues in poly(L,D,V)-Dox. Both linkages
are considered relatively stable linkage. Most macromolecule-
Dox conjugates are generally less cytotoxic than free Dox.
However, since poly(L,D,V)-Dox contains targeting ligands
in the macromolecule backbone, it would enhance the cellular
uptake of this conjugate. This enhancement may result in a
similar cytotoxicity profile as free Dox. The higher cytotox-
icity may be also caused by the poly(L,D,V) sensitization of
the cells. The synthesis of an ordered poly(LDV) was not
pursued, due to limited water solubility with the increase of
LDV unit and the cytotoxicity results from oligo(LDV).
When comparing poly(RGD), oligo(RGD), and RGD mono-
mers in terms of their inhibitory effects through the specific
interaction with integrins, poly(RGD) was able to compet-
itively inhibit the binding of radio-labeled fibronectin to the
melanoma cell surface (44), or inhibit experimental and
spontaneous lung metastasis of BL6 cells (45) more potently
than oligo(RGD) or RGD alone on a molar basis. It was
reported that the inhibitory effect of poly(RGD) decreased
with a decrease in repeating RGD unit (46). However, in this
study, oligo(LDV) targeting property or differential capability
did not increase with the increase of LDV unit (up to 6 units)
based on cytotoxicity study. This can be explained by
comparing the conformational difference between LDV and
RGD derivatives. It has been reported that secondary
structure of poly(RGD) was a beta-turn based on the CD
spectra data and its amino acid sequence, which suggested
that poly(RGD)-mediated inhibition of cell adhesion was due
to its potent binding capacity to fibronectin receptors on cell
surface probably through its conformational properties (44).
Studies on other RG-containing polymers, such as (GRGDS)4
and GRGDS(GRGES)2GRGDS, also showed the importance
of secondary structure of the polymers in their targeting
capability, which means the targeting capability of RGD
derivatives was not determined solely by the number of RGD
units but also their secondary structure (47). Unlike RGD,
LDV derivatives were unable to form a beta turn because of
the different structures and properties of the three composite
amino acids. Therefore, increasing the LDV unit did not bring
in conformational change to improve the ligand-receptor
interaction; thus, no significant change was observed in terms
of their differential capability towards cell lines with different
levels of integrin α4β1 expression.

CONCLUSION

In this study, LDV was identified as an essential peptide
sequence for targeting integrin α4β1 expression cells; the
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binding of LDV with different cell lines was integrin α4-
dependent; and the internalization of LDV decreased when
integrin α4 expression was reduced. Based on the findings,
LDV derivatives such as poly(L,D,V) and oligo(LDV) were
designed and evaluated as anti-cancer drug carriers for cancer
cells over-expressing integrin α4β1. In vitro cytotoxicity results
revealed that unlike free Dox, poly(L,D,V)-Dox and oligo
(LDV)-Dox were able to differentiate cancerous and normal
cells. Among the tested targeted delivery systems, poly(L,D,V)-
Dox showed better targeting capability than oligo(LDV)-Dox
to A375. The results further support the targeted drug delivery
systems built upon the concept of peptide-integrin interaction
and encourage the future exploration of other integrin-specific
ligands as targeting ligand or drug carrier.
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