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Integrin a5 31 is expressed on several types of cancer cells, including colon cancer, and plays an important
role in tumor growth and metastasis. The ability to target the integrin o531 using an appropriate drug
delivery nano-vector can significantly help in inhibiting tumor growth, reducing tumor metastasis, and
decreasing deleterious side effects associated with different cancer therapies. Liposomes are nano-sized
phospholipid bilayer vesicles that have been extensively studied as drug delivery carriers. The goal of
this study is to design stealth liposomes (liposomes covered with polyethylene glycol (PEG)) that will

g?; vgvi;i;eting target colon cancer cells that express the integrin as[31. The PEG provides a steric barrier allowing the
asPiintegrin liposomes to circulate in the blood and the functionalizing moiety, PR_b peptide, will specifically recognize
Fibronectin and bind to o531 expressing cells. PR_b is a novel peptide sequence that mimics the cell adhesion domain
RGD of fibronectin, and includes four building blocks, RGDSP (the primary recognition site for as{3;), PHSRN
PHSRN (the synergy site for as31), a (SG)s linker, and a KSS spacer. In this study we have demonstrated that by
CT26 varying the amount of PEG (PEG750 or PEG2000) and PR._b on the liposomal interface we can engineer

Nanoparticles nano-vectors that bind to CT26.WT, HCT116, and RKO colon cancer cells in a specific manner and are

Liposomes internalized through most likely as53;-mediated endocytosis. GRGDSP-targeted stealth liposomes bind
15);;[;50 to colon cancer cells and internalize, but they have much lesser efficiency than PR_b-targeted stealth
PEG2000 liposomes, and more importantly they are not as specific since many integrins bind to RGD peptides. PR_b-

targeted stealth liposomes are as cytotoxic as free 5-Fluorouracil (5-FU) and exert the highest cytotoxicity
on CT26.WT cells compared to GRGDSP-targeted stealth liposomes and non-targeted stealth liposomes.
Thus, the proposed targeted delivery system has the great potential to deliver a therapeutic load directly
to colon cancer cells, in an efficient and specific manner.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Frequently, the use of novel therapeutics in medicine is hindered
by the lack of efficiency in delivering these therapeutic agents to the
target organs. As a result, research has been focused towards the
development of targeted drug delivery systems for the treatment
of diseases. Liposomes are phospholipid bilayer vesicles that have
great potential as drug delivery carriers and have been extensively
investigated in the past. The regulatory FDA (Food and Drug Admin-
istration) approval of stealth liposomes (liposomes sterically stabi-
lized with poly(ethylene glycol) (PEG)) for diseases like breast can-
cer and ovarian cancer (Torchilin, 2005) has fueled research in the
development of targeted stealth liposomal systems. Upon admin-
istration, stealth liposomes accumulate in tumor regions through
a phenomenon known as the enhanced permeation and retention
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(EPR) effect (Maeda et al., 2001), due to the presence of fenestrated
endothelium in tumor blood vessels (passive targeting). By incor-
porating site-specific ligands on the surface of stealth liposomes,
the vesicles upon accumulating in tumor regions, can specifically
target the receptor of choice on the cell surface (active targeting).
Tumor growth and metastasis is critically dependent on the
development of new blood vessels (angiogenesis) to supply
nutrients, oxygen and growth factors (Folkman, 1995, 1990). Angio-
genesis itself is a highly complex process involving growth factors
and interactions between integrin adhesion receptors and their lig-
and proteins from the extracellular matrix (ECM) (Aiyer and Varner,
2005; Ellis, 2003; Folkman, 1995; Goel and Languino, 2004; Risau,
1997; Stromblad and Cheresh, 1996; Varner and Cheresh, 1996).
Proliferating endothelial cells express several integrin molecules,
which are not expressed on quiescent endothelial cells in normal
tissue or blood vessels, like a5 31, oty B3, and a4 31 (Aiyer and Varner,
2005; Kim et al., 2000a,b). In particular, integrin a5 31 is minimally
expressed in normal vasculature but is significantly upregulated
in tumor vasculature (Kim et al., 2000a) and on tumor cells such
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Fig. 1. Structure of PR_b peptide-amphiphile.

as prostate, breast, colon and rectal cancer (Chen et al.,, 2004;
Ellis, 2003; Gong et al., 1997; Jayne et al., 2002; Jia et al., 2004;
Kim et al., 2000a,b; Livant et al., 2000). Previous studies suggest
that peptide and antibody antagonists of the integrin as[3; are
potent inhibitors of tumor growth, tumor induced angiogenesis,
and tumor metastasis (Jia et al., 2004; Kim et al., 2000a; Livant et
al.,2000; Meerovitch etal.,2003; Shannon et al., 2004; Stoeltzing et
al.,, 2001; Stoeltzing et al., 2003; White et al., 2001; Yokoyama and
Ramakrishnan, 2004). Additionally, ligands that bind to the integrin
o531 with high affinity are capable of mediating cellular internal-
ization (Hart et al., 1994; Kintarak et al., 2004; Uduehi et al., 2003;
Xiong et al., 2005a,b,c). Therefore, a5[31 is a strong candidate for
targeting colon cancer, the third most common cancer type in this
country.

Researchers have primarily employed RGD (the primary recog-
nition site for as[31) peptide-based techniques to target the integrin
o531, but their success has been limited. RGD recognizes several
integrins and therefore this makes specificity difficult to achieve.
Also, the RGD design lacks the synergistic effect, which is pro-
vided by the PHSRN, the synergy site for as[3; (enhances the cell
adhesion activity of the RGD sequence) (Aota et al., 1994). Efforts
in the past to construct a single peptide sequence incorporating
both RGD and PHSRN domains have also met with limited suc-
cess (Aucoin et al., 2002; Benoit and Anseth, 2005; Kao, 1999; Kim
et al., 2002; Susuki et al., 2002). We have previously developed
a novel peptide-amphiphile sequence referred as PR_b in the text
that closely mimics the cell adhesion domain of fibronectin. The
design features Cyg dialkyl ester tail, a glutamic acid (Glu) tail con-
nector, a -(CH; ), - tail spacer, and the peptide headgroup (Fig. 1).
The PR_b peptide headgroup consists of four building blocks: a
spacer KSS, PHSRN (the synergy site for asf31), a linker (SG)s,
and RGDSP (the primary recognition site for asf31) (Mardilovich
et al., 2006). The distance between the PHSRN and RGD domains
on native fibronectin is approximately 30-40 A (Leahy et al., 1996)
and the ratio of hydrophilic to hydrophobic residues between the
two domains is close to one (Mardilovich and Kokkoli, 2004). The
linker has been designed to mimic these two important criteria;
the length of the (SG)s linker is approximately 37 A (10 amino
acids x 3.7 A per amino acid residue (Idiris et al., 2000; Kokkoli et
al., 2004)), and the ratio of the smallest “hydrophilic” amino acid
serine (S) (Fransson et al., 1982; Litowski et al., 1999; Trevino et
al,, 2007) to the smallest “hydrophobic” amino acid glycine (G)
(Berezovsky et al., 2001; Han et al., 1999; Tzvetkov et al., 2005) is
equal to one. The role of KSS spacer is to extend the bioactive region
further away from the interface as the accessibility of the peptide
can significantly affect the binding affinities to their target pro-
teins (Dori et al., 2000; Kokkoli et al., 2005, 2006; Mardilovich and
Kokkoli, 2004). The performance of the PR_b peptide-amphiphile
was evaluated with human umbilical vein endothelial cells in
terms of cell adhesion, spreading, cytoskeletal organization, and
extracellular fibronectin production. PR_b outperformed all other
peptide sequences that were tested and performed comparably to

fibronectin (Mardilovich et al., 2006). The specificity of the PR_b
peptide for integrin o531 was established with blocking antibodies
(Mardilovich et al., 2006).

In this study, we incorporated the PR_b peptide-amphiphile into
stealth liposomes with the goal of targeting integrin o531 that is
expressed on colon cancer cells. Integrin o537 is also expressed
on the colon cancer endothelium but not on the endothelium
of normal colonic tissue (Ellis, 2003; Kim et al., 2000a), and is
expressed only on proliferating endothelial cells and not on quies-
cent endothelial cells found in normal tissue or blood vessels (Aiyer
and Varner, 2005; Kim et al., 2000a). More importantly, highly inva-
sive colon cancer cell lines express greater amount of integrin as 31,
and its level of expression is usually positively correlated with their
invasiveness (Gong et al., 1997).

In the present study, we demonstrate that functionaliz-
ing stealth liposomes with our novel PR_b peptide-amphiphile
(Mardilovich et al., 2006) is superior to conventional RGD targeting,
allowing to achieve greater binding and larger uptake of liposomes
on colon cancer cells. Also, we show that by varying the amount of
PEG (PEG750 or PEG2000) and the amount of peptide-amphiphile
incorporated in the liposomes we can achieve increased binding
affinities. PR_b-targeted stealth liposomes are as effective as free
5-FU and more cytotoxic on CT26.WT cells compared to GRGDSP-
targeted stealth liposomes and non-targeted stealth liposomes.
Results are reported here mostly for the mouse colon carcinoma
cell system (CT26.WT). We have repeated some experiments with
other colon cancer cells such as the human colon cancer cell lines
HCT116 and RKO, and have obtained similar results and trends.

2. Experimental methods
2.1. Materials

Lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
cholesterol (CHOL), 1,2-dipalmitoyl-sn-glycero-3-phosphoethano-
lamine-N-(methoxy(polyethylene glycol)-750)-ammonium salt)
(PEG750) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine-N-(methoxy(polyethylene glycol)-2000)-(ammonium salt)
(PEG2000) were purchased from Avanti Polar Lipids Inc. (Alabaster,
AL). The extruder and the 100nm polycarbonate membranes
were obtained from Avestin Inc. (Ottawa, Canada). The pep-
tide headgroups PR.b (KSSPHSRN(SG)sRGDSP) and GRGDSP
(KAbuGRGDSPAbuK) were purchased in crude form from the
Microchemical Facility at the University of Minnesota. The PR_.b
peptide-amphiphile ((Cyg)2-Glu-C3-KSSPHSRN(SG)sRGDSP) and
GRGDSP peptide-amphiphile ((Cyg)2-Glu-C,-KAbuGRGDSPAbuK)
were synthesized as described previously (Berndt et al., 1995;
Mardilovich et al., 2006; Mardilovich and Kokkoli, 2004). CT26.WT
(mouse colon cancer cell line) and human colon cancer cell
lines HCT116 and RKO were obtained from ATCC (Manassas, VA).
Hoechst 33342 nucleic stain, Alexa Fluor® 594 wheat germ aggutin
(WGA) cell membrane stain, and ProLong Gold antifade reagent
were purchased from Invitrogen Corporation (Carlsbad, CA).
Primary polyclonal antibody anti-integrin a7 and secondary
antibody donkey anti-Goat IgG FITC conjugated, were purchased
from Chemicon International Inc. (Temecula, CA). Goat IgG isotype
control was purchased from Sigma Aldrich Corporation (St. Louis,
MO). Cell culture media was purchased from ATCC (Manassas, VA),
fetal bovine serum (FBS) was purchased from Atlas Biologicals
(Fort Collins, CO), and human fibronectin-coated round coverslips
were purchased from BD Biosciences (San Jose, CA). The BCA
(bicinchoninic acid) protein assay kit was purchased from Pierce
(Rockford, IL). 5-Fluorouracil (5-FU) and all other reagents were
purchased from Sigma Aldrich Corporation (St. Louis, MO) and
were of biotechnology performance certified grade.
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2.2. Cell culture

CT26.WT cell lines were grown in RGM (modified RPMI-
1640 medium supplemented with 10% FBS, 2 mM L-glutamine,
100 units/ml penicillin, and 0.1 mg/ml streptomycin). Cells were
grown in T-75 flasks with a feeding cycle of 2 days. After cells
became 80% confluent (usually after 5 days) they were trypsinized
(0.25% Trypsin+0.1% EDTA) and were suspended in RGM. Cells
were washed twice and finally were frozen under liquid nitro-
gen in RGM containing 10% DMSO (dimethyl sulfoxide) for future
use. For subsequent passages cells were seeded in fresh T-75 flasks
at a density of 10,000 cells/cm? and were cultured in RGM with
a feeding cycle of 2 days. HCT116 cell lines were grown in MGM
(modified McCoy’s 5A medium, supplemented with 10% FBS, 2 mM
L-glutamine, 100 units/ml penicillin, and 0.1 mg/ml streptomycin)
and RKO cells were grown in EGM (modified Eagle’s Minimum
essential medium, supplemented with 10% FBS, 2 mM L-glutamine,
100 units/ml penicillin, and 0.1 mg/ml streptomycin).

2.3. Liposome preparation and characterization

Liposomes were prepared as described elsewhere (Fenske
et al.,, 2003). Briefly, lipids were dissolved in chloroform and
peptide-amphiphiles were dissolved in methanol and water. Lipids
and peptide-amphiphiles were combined at the ratios (65-x-
¥):35:x:y mol% of DPPC:CHOL:PEG:peptide-amphiphile, where x is
the indicated mol% of PEG and y is the mol% of peptide-amphiphile.
Solvents were removed by evaporating under a gentle stream of
argon at 65°C, and lipids were dissolved again in chloroform to
form a homogenous mixture. The lipid mixture was finally dried
under a gentle stream of argon at 65 °C until a uniform lipid film was
formed, followed by drying under vacuum overnight. Fluorescently
labeled liposomes were prepared by hydrating the lipid film with
fluorescent HBSE buffer (10 mM Hepes, 150 mM NaCl, 0.1 mM EDTA,
and 2 mM Calcein, pH 7.4) at 65 °C and at a concentration of 10 mM
total lipids. 5-FU encapsulated liposomes were prepared similarly
by hydrating the lipid film with HBSE buffer containing 10 mg/ml
5-FU (pH 7.4). Hydrated lipids were freeze-thawed five times, then
extruded for 21 cycles through two stacks of 100 nm polycarbonate
membranes using the hand-held extruder. Liposomes were filtered
over a Sepharose CL-4B gel filtration column to remove unencapsu-
lated fluorescent dye or 5-FU, which did not get incorporated in the
liposomes. Liposome diameter was determined by dynamic light
scattering and ranged from 80 nm to 150 nm. Phospholipid concen-
tration was determined using the phosphorus colorimetric assay
described elsewhere (Chen et al., 1956; Fiske and Subbarow, 1925).
Liposomes were stored at 4-8 °C and were used within two weeks.
Peptide concentration was determined using the BCA assay accord-
ing to the manufacturer’s protocol. We were not able to accurately
determine the PEG concentration due to experimental limitations
(see Supplementary data); therefore, in the text we address PEG
concentration either as low when 2 mol% PEG was included in start-
ing lipid concentration or as high when 5 mol% PEG was used in
the starting lipid concentration. The amount of 5-FU encapsulated
in liposomes was determined by dissolving liposomes in methanol
(10% liposome formulation and 90% methanol) and measuring their
absorbance at 260 nm. A calibration curve was generated by dis-
solving known amounts of free 5-FU in 90% methanol and 10% HBSE
buffer.

2.4. Flow cytometry
Confluent cell monolayers were trypsinized (0.25%

Trypsin+0.1% EDTA) and resuspended in growth media con-
taining liposomes at a lipid concentration of 250 wM and a cell

concentration of 1 million/ml in 15 ml centrifuge tubes. Tubes were
incubated at 4°C or 37°C over a rotary shaker for the specified
duration of time. Cells were then pelleted and washed twice in
ice-cold FB (fluorescent buffer: phosphate buffered saline (PBS)
supplemented with 0.02% sodium azide and 2.5% fetal bovine
serum). Flow cytometric analysis was carried out immediately.
For peptide blocking experiments, the protocol specified above
was used except cells were incubated with 200 g/ml of free
peptide-amphiphile in FB for 1 h prior to incubating the cells with
the liposomes. For integrin as[3; expression studies confluent
cell monolayers were trypsinized (0.25% Trypsin +0.1% EDTA) and
resuspended in ice-cold FB at a cell concentration of 1 million/ml in
15 ml centrifuge tubes. Tubes were incubated at 4 °C with primary
antibody (anti-integrin as[31) or goat isotype control (goat IgG)
over a rotary shaker for 35min. Cells were then pelleted and
washed twice in ice-cold FB and then incubated again with the
secondary antibody (anti-goat IgG FITC conjugated) for 35 min.
Finally, cells were pelleted and washed again twice in ice-cold
FB. Flow cytometric analysis was carried out immediately. FACS
Calibur located at the Flow Cytometry Core facility in the Cancer
Research Center of the University of Minnesota was used. All flow
cytometry experiments are representative of n=2, but results are
presented from a single experiment.

2.5. Confocal microscopy

CT26.WT confluent cell monolayers grown on fibronectin cov-
erslips were incubated with liposomes at a lipid concentration of
250 M, in a 5% CO, incubator at 37°C or at 4°C for the spec-
ified duration in RGM. Cell monolayers were then washed with
ice-cold FB twice. Cells were later fixed with a fixation buffer
(4% paraformaldhyde in PBS, pH ~ 7.4) for 15 min at 37 °C. Nuclear
staining was carried out using a cell membrane permeable blue-
fluorescent Hoechst 33342 dye at a concentration of 2.0 pmol/ml,
and the cell membrane was stained with a cell impermeable red-
fluorescent Alexa Fluor® 594 wheat germ aggutin at 5.0 p.g/ml in FB
for 10 min. Cells were washed three times with FB, and coverslips
were mounted on glass slides over ProLong Gold antifade reagent.
For every sample 40 z-scans (horizontal cross-section of a cell at
a particular z height) were taken at 0.25 wm z-step height to cover
the entire height of the cell. On the confocal images liposomes were
labeled with green, cell membrane with red, and nucleus with a
blue. Olympus Fluoview 1000 Confocal Laser Scanning Microscope
at the Biomedical Image Processing Laboratory in the Department
of Neuroscience at the University of Minnesota was used.

2.6. Cytotoxicity studies

Cytotoxicity of liposomes encapsulating 5-FU was determined
by the sulforhodamine B colorimetric assay (SRB assay) (Vichai
and Kirtikara, 2006). CT26.WT confluent cell monolayers were
trypsinized (0.25% Trypsin+0.1% EDTA) and were suspended in
RGM at a concentration of 100,000 cells/ml. 200 .l of cell suspen-
sion was transferred to each well on a 96-well tissue culture plate to
give a final seeding density of 20,000 cells/well. Cells were allowed
to attach to the plate overnight. The medium was then removed
(t=0h), and 200 pl of medium containing two-fold serial dilutions
of 5-FU ranging from 50 LM to 0.5 pM (concentration either encap-
sulated in liposomes or free drug) was added to the cells. A negative
control (no liposome or free drug added) was included. The plates
were incubated in 5% CO, incubator at 37 °C for t=6 h. Plates were
later washed four times with PBS and incubated with fresh RGM at
37°Cin 5% CO, incubator for a total of 72h (t=72h). At t=0h, one
plate was set aside for a no-growth control, to account for initial
seeding density. On the no-growth control plate, the medium was
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replaced with 200 pl of cold RGM and cells were fixed by adding
100 1 of ice-cold 10% (w/v) TCA (trichloro acetic acid) and the
plate was incubated for 1h at 4°C. Remaining plates were fixed
similarly at the conclusion of the experiment (t=72 h). After fixa-
tion, plates were washed four times with de-ionized (DI) water and
dried. Plates were stained with 100 I 0.057% (w/v) SRB (sulforho-
damine B solution in DI water) at room temperature for 1 h. Plates
were washed again four times with 1% (v/v) acetic acid solution
to remove the unbound SRB dye and dried. 200 .l of 10 mM Tris
base solution (pH 10.5) was added later to dissolve the bound dye
and plates were incubated at room temperature for another hour.
Finally the OD (optical density) was measured on a plate reader at
510 nm. For ICs¢ (concentration of a drug that is required for 50%
inhibition of cell growth) determination, a dose-response curve was
generated by plotting the 5-FU concentration of the formulations
versus the percent growth inhibition. ICsy values were obtained by
fitting a sigmoidal curve and obtaining the 5-FU concentration at
50% growth inhibition. Percent growth inhibition was calculated
using the following formulas:

% of control cell growth

mean ODsample — mean ODno—growth control

_ x 100
mean ODnegative control — IMe€an ODno—growth control

% growth inhibition =100 — % of control cell growth.
Results are shown from three independent experiments (n=3).
Each experiment was performed in quadruplet.

3. Results and discussion
3.1. Expression of integrin o531 on colon cancer cells

For a targeted drug delivery system to be effective the target
should be upregulated on the cells of interest. Fig. 2A shows the
histogram for expression of a5[3; on CT26.WT cells. 93.5% of the
cell population tested positive for integrin o531 expression. Iso-
type control binding was also characterized and was found to be
minimal (shown on the same histogram). This result confirms that
integrin o531 is upregulated on mouse colon carcinoma cells. Inte-
grin a5 31 expression was also found to be upregulated on human
colon cancer cells HCT116 (Fig. 2B) and RKO (Fig. 2C).

3.2. Effect of PR_b on liposome targeting

To test the effect of PR_b on the binding of liposomes to colon
cancer cells, liposome formulations were initially prepared without
PEG and with increasing amounts of PR_b peptide-amphiphile. The
minimum PR_b concentration that was investigated was 0.7 mol%
and the maximum peptide concentration was arbitrarily chosen
at five times the minimum (3.5 mol%). Liposomes were incubated
with cells for 3h at 4°C and 37 °C. Cellular uptake of liposomes via
endocytosis is inhibited at 4 °C because the endocytotic pathways
do not operate at lower temperatures (Kessner et al.,,2001; Lee et al.,
1993). Therefore, conducting experiments at 4°C allows studying
the effect of peptide concentration on surface binding of liposomes
to cells with no contributions from endocytosis. Fig. 3 shows the
effect of peptide concentration on liposome binding at 4°C to the
following o531 -expressing colon cancer cells: CT26.WT (Fig. 3A),
HCT116 (Fig. 3B), and RKO (Fig. 3C). Similar trends were observed
at 37°C. For all three colon cancer cells, conventional liposomes
(liposomes containing DPPC/Chol and no PR_b peptide-amphiphile)
show no binding to cells since their fluorescent intensity overlaps
with the auto-fluorescence of the cells. Even a small concentra-
tion of PR_b, 0.7 mol%, gives sufficient binding to the colon cancer
cells (Fig. 3). Increasing the peptide concentration improves further
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Fig. 2. Expression of integrin o531 on (A) CT26.WT, (B) HCT116, and (C) RKO. Cells
were incubated with antibodies to integrin as[3;. Appropriate isotype control is
included. The number on the marker represents the percentage of cells tested pos-
itive for integrin os[31 expression. The results are representative for n=2 but are
shown only from one single experiment.

the binding of the liposomes to the cells with maximum binding
observed at the highest concentrations of peptide studied, 2.2 mol%
and 3.5 mol%.

3.3. Effect of PR_b on stealth liposome targeting

Varying both the PEG layer thickness and concentration and the
peptide concentration is critical for a liposome delivery system to
be effective. Longer PEG molecules (e.g. PEG2000) provide a bet-
ter steric barrier but may mask the peptide molecule at certain
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Fig. 3. Effect of concentration of PR_b peptide-amphiphile on binding of liposomes
to (A) CT26.WT, (B) HCT116, and (C) RKO cells at 4°C for 3 h. Binding efficiency
improves with increasing peptide concentration. Conventional liposomes show no
binding to cells. The results are representative for n=2 but are shown only from one
single experiment.

concentrations. Shorter PEG molecules (e.g. PEG750) may provide
sufficient access for the peptide molecule to bind to the target
receptor but may reduce the steric barrier. Therefore, two differ-
ent lengths of PEG were studied, PEG750 and PEG2000. The goal
of this study was to determine the amount of both the peptide
and PEG concentration on the liposome formulation that will give
binding to cancer cells, with the idea that the total concentra-
tion of PEG and PR_b should not exceed 8-10mol%, as work in
our lab showed that when higher molecular weight molecules like
PEG2000 and PR_b peptide-amphiphiles are incorporated at a con-
centration of 8-10 mol%, it may result in the destabilization of the

liposome membrane. PEG was studied at two different concen-
trations, low (2 mol% initial lipid concentration) and high (5 mol%
initial lipid concentration). Therefore, to avoid functionalizing lipo-
somes at concentrations higher than 8-10 mol% in the presence of
high PEG, PR_bwas included at a concentration of 2.2-2.6 mol%. Half
of that peptide amount was also used for comparison (1.1-1.2 mol%
PR_b). The reported peptide concentrations were determined by
the BCA assay on the purified liposome formulations, and were
usually lower than the ones initially mixed in solution. Previous
work in our lab has shown that Langmuir-Blodgett bilayers of
peptide-amphiphiles with lipidated PEG are mixed at peptide con-
centrations less than 10 mol% or higher than 35 mol%, whereas for
peptide-amphiphile concentrations between 10 mol% and 35 mol%
the molecules are phase separated (Mardilovich and Kokkoli, 2005).
Therefore, we can speculate that for the peptide-amphiphile con-
centrations investigated here the peptides are probably well mixed,
although we have not verified this in the present study.

Flow cytometry results for PR_b functionalized PEGylated lipo-
somes targeted to colon cancer cells for 3h at 4°C are shown in
Fig. 4. Liposome binding to CT26.WT (Fig. 4A and B) and HCT116
(Fig. 4C and D) cells increased with increasing PR_b concentra-
tion and decreasing concentration of PEG750 (Fig. 4A and C) and
PEG2000 (Fig. 4B and D). Overall, comparison between the PEG750
and PEG2000 formulations with similar peptide concentrations
shows that the PR_b functionalized liposomes show similar trends,
with the PEG750 formulations giving slightly higher fluorescent
intensities than the PEG2000. Conventional stealth liposome for-
mulations (with no peptide) showed minimal binding. From the
concentrations that were investigated, the maximum binding effi-
ciency was achieved for a system containing 2.2-2.6 mol% PR_b
and low PEG concentration for both PEG750 and PEG2000. Lipo-
some formulations with peptide concentrations of about 2.5 mol%
PR_b and high PEG750 or PEG2000 concentration were the next
best option in terms of binding. Stealth liposomes of PEG750 or
PEG2000 with smaller peptide concentrations of about 1.2 mol%
showed reduced binding by approximately an order of magnitude,
with the exception of 1.2mol% PR_b and low PEG2000. A high
PEG2000 concentration on a liposome system with a 1.2 mol% pep-
tide concentration, masked the peptide and reduced the binding to
a minimum level.

These results demonstrate the limitation of non-targeted stealth
liposome systems currently being used in clinical practice. Func-
tionalization of PEGylated liposomes with the PR_b peptide,
designed to specifically target the integrin o531, can help in achiev-
ing higher binding efficiencies. Both the PR_b peptide amphiphile
and PEG molecules are incorporated in the liposome membrane and
high binding efficiency can be achieved by varying the amounts of
PEG and peptide in parallel.

3.4. PR.b versus GRGDSP targeting

PR.b functionalized stealth liposomes were compared to
GRGDSP functionalized stealth liposomes in Fig. 5. Fig. 5A shows
that when low concentrations of PEG750 are incorporated in
the design, 3.3 mol% GRGDSP is less effective than 1.7 mol% PR_b,
and 6.8 mol% GRGDSP shows similar or slightly better binding
than 2.9 mol% PR_b. Addition of low concentration of PEG2000 to
GRGDSP systems (Fig. 5B) significantly decreases cell binding com-
pared to PR_b formulations. A 2.5 mol% GRGDSP and low PEG2000
system show minimal binding, while a 2.4 mol% or 1.2 mol% con-
centration of PR.b and low PEG2000 show significantly better
performance with approximately two orders of magnitude increase
of binding. A 4.6 mol% GRGDSP low PEG2000 system does show
some increase in binding over a 2.5 mol% GRGDSP system but still
is outperformed by both 1.2 mol% and 2.4 mol% PR_b low PEG2000.
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Fig. 4. Binding of PR_b-targeted stealth liposomes to CT26.WT (A, B) and HCT116 (C, D) cells at 4°C for 3 h. The effect of PR_b concentration and PEG concentration was
investigated. Low (2 mol% in the initial lipid mixture) and high (5 mol% in the initial lipid mixture) concentrations of PEG750 (A, C) and PEG2000 (B, D) were considered.
Significant binding affinities were achieved for liposomes functionalized with PR_b and PEG molecules compared to PEGylated liposomes with no peptide. For both high and
low concentrations of PEG750 and PEG2000, a concentration of 2.2-2.6 mol% PR_b peptide-amphiphile gave highest binding affinity to the CT26.WT cells. The results are

representative for n=2 but are shown only from one single experiment.

These results demonstrate the superiority of our novel PR_b tar-
geting over the GRGDSP-based targeting. Both the PR_b peptide
amphiphile and PEG molecules are incorporated in the liposome
membrane and high binding efficiency can be achieved by varying
the amounts of PEG and peptide in parallel.

3.5. Blocking experiments

We have previously reported that the PR_b peptide is a specific
ligand for the integrin as[3; (Mardilovich et al., 2006). In order to
establish that the peptide is mediating the binding of the peptide
functionalized stealth liposomes to colon cancer cells, cells were
incubated with an excess of free PR_b peptide-amphiphile for 1h
prior to incubating them with the liposomes for another 1h at
4°C. Flow cytometry studies without any blocking with free pep-
tide were also performed for the same formulations for 1h at 4°C
and results were similar to the ones shown in Fig. 5B. Fig. 6 shows
flow cytometry results from blocking experiments for PR_b and
GRGDSP functionalized stealth liposomes with low concentrations
of PEG2000, using free PR_b peptide-amphiphile as the blocking
agent at a concentration of 200 p.g/ml. Comparison of Figs. 5B and 6
shows that addition of the free peptide completely blocks the
binding of the functionalized stealth liposomes to CT26.WT cells.
Therefore the peptides are mediating the binding of the peptide
functionalized stealth liposomes to the cells.

3.6. Endocytosis of PR_b and GRGDSP-targeted stealth liposomes
by CT26.WT cells

Binding of targeted liposomes is only one aspect for the devel-
opment of an effective drug delivery system. These liposomes also
need to be uptaken by the target cells. In order to characterize
endocytosis as the most probable mechanism of internalization
for the PR_b and GRGDSP-targeted stealth liposomes by CT26.WT
cells, a confocal laser scanning microscope was used. Fig. 7 shows
confocal images for a horizontal cell section nearly 2-3 wm above
the coverslip and 7-8 pm below the cell surface. Binding to the
cell surface on these images can be identified by co-localization
of red (cell membrane stain) and green (liposome stain) signal.
Internalization is marked by localization of green fluorescent dots
(liposomes) between the blue nuclear region and the red cell mem-
brane. Fig. 7 demonstrates that at all the times and temperatures
examined binding and internalization of stealth liposomes with low
concentration of PEG750 (Fig. 7A) and PEG2000 (Fig. 7B) are mini-
mal. GRGDSP stealth liposomes with low levels of PEG750 (Fig. 7A)
or PEG2000 (Fig. 7B) show surface binding at 4 °C, and evidence of
internalization at 37 °C. Internalization is seen only at 37 °C, since
endocytosis mechanisms do not operate at 4°C, and is greater at
24 h compared to 3 h. One possible explanation for this is that 24 h
of incubation allows more time for the recycling of integrins and
thereby increasing the amount of endocytosed liposomes.
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Fig. 5. Comparison of binding affinities between PR_b-targeted liposomes and
GRGDSP-targeted liposomes with (A) PEG750 and (B) PEG2000. CT26.WT colon can-
cer cells were incubated with different liposome formulations for 3h at 4°C. The
results demonstrate that PR_b targeting is superior to GRGDSP targeting. The results
are representative for n=2 but are shown only from one single experiment.

Similar trends are observed for PR_b-targeted stealth liposomes
with low levels of PEG750 (Fig. 7A) or PEG2000 (Fig. 7B); except
there is significantly higher level of internalization at 37°C and
surface binding at 4°C compared to the GRGDSP formulations.
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Fig. 6. Binding of PR_.b and GRGDSP-targeted liposomes (with low concentrations
of PEG2000) to CT26.WT cells was blocked by incubating the cells with PR_b at a
concentration of 200 pg/ml for 1 h at 4 °C before incubating the cells with liposomes
for 1h at 4°C. Cell adhesion was completely blocked in the presence of the free
peptide.

Internalization studies at 37 °C show that even at 3 h of incubation
the amount of green fluorescence inside the red cell membrane is
high, and at 24 h this effect is even more pronounced compared
to GRGDSP stealth liposomes. With the PR_b formulations almost
the entire cytoplasmic region is stained with the green internalized
vesicles.

These confocal images illustrate the internalization of PR_b-
targeted stealth liposomes by the colon cancer cells, and show that
when the PR_b peptide is used for targeting more stealth liposomes
are internalized with only half the concentration of GRGDSP. These
results support the surface binding studies from the flow cytometry
experiments (Fig. 5) and show that PR_b targeting can significantly
improve the performance of stealth liposomes as compared to
conventional RGD targeting techniques. Furthermore, qualitative
comparisons between the lower right images on the third row, for
PR_b-targeted stealth liposomes incubated with the colon cancer
cells for 24 h at 37°C, show that the PR_.b PEG750 functionalized
liposomes (Fig. 7A) show more internalization compared to the
PR_b PEG2000 functionalized liposomes (Fig. 7B) consistent with
the idea that shorter PEG molecules may show reduced steric
barrier and thus allowing for more peptide functionalized stealth
liposomes to bind and internalize.

3.7. Cytotoxicity of 5-FU encapsulated-targeted stealth liposomes
to CT26.WT cells

In this study we examined the cytotoxicity of different formu-
lations that encapsulated 5-FU. 5-FU was chosen as an anti-cancer
agent since it is commonly used for the treatment of colon cancer.
CT26.WT cells were initially incubated with either 5-FU containing
liposomes or free 5-FU for 6 h, and allowed to grow for a total of 72 h.
Using a negative control (no liposomes or free drug added) and a
no-growth control that determined the initial seeding density, the
amount of growth inhibition was examined.

Table 1 summarizes the ICs¢ values for free drug and differ-
ent liposome formulations. At 6 h, PR_b-targeted stealth liposomes
increased cytotoxicity from 11.14 £ 0.17 wM (ICsg for non-targeted
stealth liposomes) to 7.31 +0.14 pM, about 35% increase in 5-FU
efficacy. When compared to GRGDSP-targeted stealth liposomes,
PR_b-targeted stealth liposomes (with only half the concentration
of peptide) show nearly 20% improvement in cytotoxicity. More
importantly, PR_b-targeted stealth liposomes are as effective as free
5-FU.

Recent studies reported that RGD-targeted stealth liposomes
show increased cytotoxicity over non-targeted liposomes. For
example, RGD-targeted liposomes containing the anti-cancer drug
doxorubicin showed a 30-40% increase in efficacy over stealth lipo-
somes delivered to murine B16 and human A375 melanoma cells
after incubation for 8 h (Xiong et al., 2005a,b,c).

The cytotoxicity studies in Table 1 support the binding and inter-
nalization data discussed in earlier sections, and indicate that using
a PR_b peptide sequence, that has been shown to have higher affin-

Table 1
Cytotoxicity of 5-FU encapsulated stealth liposomes targeted to CT26.WT cells for
6h.

Formulation IC50 (M) (t=6h)

AVG S.D.
5-Fluorouracil 7.50 0.17
Low PEG2000 11.14 0.17
1.6-1.9% PR_b low PEG2000 7.31 0.14
2.9-3.8% GRGDSP low PEG2000 9.07 0.48

After washing cells were allowed to grow for a total of 72h. All the values are
representatives of mean+S.D. from three independent experiments (n=3). Each
experiment was performed in quadruplet.
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Fig. 7. Intracellular uptake of various stealth liposomes to mouse CT26.WT colon carcinoma cells. (A) Liposomes functionalized with low levels of PEG750. (B) Liposomes
functionalized with low levels of PEG2000. First row shows PEGylated formulations, second row shows PEGylated formulations functionalized with GRGDSP and third
row shows PEGylated formulations functionalized with PR_b. Internalization of different stealth liposomal formulations loaded with calcein was determined with confocal
microscopy. Liposomes (shown with green) were incubated with CT26.WT at 4°C and 37°C, for 3 h and 24 h. 40 scans were taken (0.25 wm step) across the body of the cells.
Images shown are 2-3 p.m above the coverslip, and 7-8 pm below the surface of the cells, and were merged with the nucleus (shown in blue) and cell membrane (shown in
red). The scale bar is 50 wm for all images. Liposome binding to cell surface is represented by the orange colored cell membrane (co-localization of red cell membrane and
green liposomes). Internalization can be identified by the green liposome signal in between the red cell membrane and blue nucleus. These images illustrate that PR_b-targeted
stealth liposomes can be endocytosed by the colon cancer cells after binding to the integrin as3;. GRGDSP-targeted stealth liposomes show smaller levels of binding and
uptake.
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ity and specificity for the as{3; than GRGDSP (Mardilovich et al.,
2006), leads to significant improvement in both targeting capability
and biological activity.

4. Conclusion

In this study we have engineered a targeted delivery system
that can deliver a therapeutic load to colon cancer cells using
a peptide sequence (PR_b) that has been shown previously to
specifically target the integrin o531 with high affinity. We have
optimized the delivery of the nano-vector by varying the amounts
of both the peptide and PEG molecules on the liposome surface,
and studying the effect of their concentration on binding to colon
cancer cells. The PR_b-targeted stealth liposome system is capa-
ble of binding to the integrin a5[3; expressing colon carcinoma
cells, and undergoes cellular internalization via most likely an
endocytosis mechanism. Our results are well correlated and the
trends are logical based on our understanding of the effect of
PEG and peptide-amphiphile on the liposome interface. Increas-
ing the amount of PR_b peptide enhances the binding affinity of
liposomes and increasing the amount of PEG reduces it. When
PEG2000 is incorporated in the peptide functionalized liposomes,
binding and internalization of the liposomes slightly decreases
compared to systems with similar concentrations of PEG750 and
peptide. We have shown that by varying both the concentrations of
peptide-amphiphile and PEG on the liposome interface, significant
levels of binding can be achieved even when target functionality
is implanted in parallel with PEG instead at the tip of the PEG
chain. PR_b targeting is superior to GRGDSP targeting as shown by
improved binding and internalization at lower concentrations of
PR_b. For example, liposomes with 6.8 mol% GRGDSP and low lev-
els of PEG750 are required to perform comparably to 2.9 mol% PR_b
liposomes with low PEG750 concentrations, and similarly, lipo-
somes with low concentrations of PEG2000 and 4.6 mol% GRGDSP
are outperformed by low PEG2000 formulations functionalized
with 1.2 mol% PR_b. Furthermore, PR_b-targeted stealth liposomes
can internalize in significantly higher amounts than the GRGDSP-
targeted stealth liposomes. More importantly, PR_b has been shown
in our previous work to be a531-specific whereas many integrins
bind to RGD peptides. PR b-targeted stealth liposomes show sig-
nificantly higher cytotoxicity than the GRGDSP-targeted stealth
liposomes, and the non-targeted stealth liposomes, and are as effec-
tive as free 5-FU. Based on the above findings, we conclude that
PR_b-targeted stealth liposomes can be potentially used in-vivo, to
deliver a therapeutic load directly to cancer cells, and may help
overcome the deleterious side effects present in non-targeted treat-
ments.
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