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Cancer treatment by chemotherapy is typically accompanied by deleterious side effects, attributed to the toxic action of chemo-
therapeutics on proliferating cells from nontumor tissues. The cell surface proteoglycan CD44 has been recognized as a cancer stem
cell marker. The present study has examined CD44 targeting as a way to selectively deliver therapeutic agents encapsulated inside
colloidal delivery systems. CD44/chondroitin sulfate proteoglycan binds to a triple-helical sequence derived from type IV collagen,
al(IV)1263-1277. We have assembled a peptide-amphiphile (PA) in which a1(IV)1263-1277 was sandwiched between 4 repeats of
Gly-Pro-4-hydroxyproline and conjugated to palmitic acid. The PA was incorporated into liposomes composed of DSPG, DSPC,
cholesterol, and DSPE-PEG-2000 (1:4:5:0.5). Doxorubicin-(DOX-)loaded liposomes with and without 10% «1(IV)1263-1277
PA were found to exhibit similar stability profiles. Incubation of DOX-loaded targeted liposomes with metastatic melanoma M14#5
and M15#11 cells and BJ fibroblasts resulted in I1Csy values of 9.8, 9.3, and >100 uM, respectively. Nontargeted liposomes were
considerably less efficacious for M14#5 cells. In the CD44" B16F10 mouse melanoma model, CD44-targeted liposomes reduced
the tumor size to 60% of that of the untreated control, whereas nontargeted liposomes were ineffective. These results suggest that
PA targeted liposomes may represent a new class of nanotechnology-based drug delivery systems.

1. Introduction

The ultimate goal of targeted nanotechnology-based drug
delivery systems (nanoDDSs) in cancer therapy is to improve
the therapeutic index of cytotoxic agents by selectively
increasing their concentration at the tumor site. Liposomes
in particular have attracted much attention as site-specific
drug delivery vehicles because of their biocompatibility
[1, 2], and the ease with which they can be manipu-
lated to accommodate targeting ligands to further increase
the specificity and therefore the potency of encapsulated
chemotherapeutics [3]. Numerous targeted liposomes have
been developed and are in clinical trials [2].

The cell surface proteoglycan CD44 is overexpressed on a
variety of tumor cells [4, 5], and cells with higher expression
of CD44 have a greater migratory and invasive potential
on hyaluronate-coated substrates [6]. In addition, 4- to 6-
fold elevated CD44 expression is associated with tumor
growth and metastasis [7]. CD44 interaction with hyaluro-
nan induces ankyrin binding to MDR1 (P-glycoprotein),
resulting in the efflux of chemotherapeutic agents and
chemoresistance in tumor cells [8-10]. Interestingly, CD44
has been revealed as a cancer stem cell marker for numerous
tumor types [5, 11-17]. A theory is emerging that CD44
positive cells within a tumor display true stem cell properties
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such that one cell can give rise to an entire tumor [12]. This
makes the development of CD44-targeted drugs important
as few therapeutics are capable of killing 100% of the cells
within a tumor.

Ligands that bind CD44 undergo endocytosis [18, 19],
making this receptor a good candidate for targeted drug
delivery [20-24]. CD44 in the chondroitin sulfate proteogly-
can (CSPG) modified form is among the receptors uniquely
overexpressed in metastatic melanoma [4]. Targeting strate-
gies for drug delivery vehicles against the CD44 receptor in
melanoma have included hyaluronan/hyaluronic acid (HA)
and its fragments. HA liposomes containing DOX were
previously shown to be significantly more effective than free
DOX in vitro against B16F10 melanoma cells [21] and in
vivo against a variety of mouse tumor models [22, 24]. HA
liposomes have been used to effectively deliver mitomycin C
in vivo in three mice tumor models [25] and antitelomerase
siRNA in vitro to CD44-expressing lung cancer cells [26].

A possible disadvantage of using HA as a targeting
ligand is that, as a high molecular weight species, it may
be quickly removed from circulation by hepatic cells [27].
In an attempt to circumvent this possible problem, enzy-
matically degraded HA fragments of lower molecular weight
(hexameric fragments) have been used by Eliaz and Szoka
Jr. [20] as targeting moieties in DOX-loaded liposomes
against the CD44-overexpressing B16F10 melanoma cells.
The hexameric HA induced rapid dose-dependent CD44
receptor binding of the targeted liposomes to melanoma
cells. However, the low molecular weight HA fragments were
also found to have lower affinity to the CD44 receptor than
the intact HA, thus diminishing the targeting capabilities.

Unfortunately, an approach that employs HA and/or its
fragments as the targeting moiety to CD44 suffers from
reduced selectivity because other cell surface receptors such
as RHAMM have been shown to bind HA just as avidly as
CD44 [28, 29]. In addition, HA binding to CD44 is not
sensitive to distinct glycosylation patterns of this receptor, as,
for example, the site of chondroitin sulfate (CS) modification
is distant from the HA binding site (Figure 1). HA modified
delivery systems will bind to any cell that possesses CD44,
as recently shown for macrophages [30]. Finally, CS mod-
ification of CD44 (which occurs in melanoma) negatively
regulates HA binding [31, 32].

In addition to binding to HA, CS modified CD44 binds
collagen [42-44]. The sequence to which CD44 binds within
the type IV collagen triple helix has been identified as «l
(IV)1263-1277 (gene-derived sequence Gly-Val-Lys-Gly-
Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro) [41, 45].
Efficient binding is dependent upon CS modification
of CD44 [41]. This sequence is not bound by collagen-
binding integrins [41, 46]. We have previously construct-
ed al(IV)1263-1277 based triple-helical “peptide-amphi-
philes” (PAs) [general structure C,-(Gly-Pro-Hyp)s-Gly-
Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-
Pro-(Gly-Pro-Hyp)4-NH;] specific for CD44/CSPG [41, 47—
49]. M14#5 human melanoma cells bound to Ci4, Cis,
or Cig al(IV)1263-1277PA  with ECsy approximately
0.08-0.5uM [41, 46, 50]. The amphiphilic design of the
PA construct facilitates the anchoring of the functional
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Figure 1: Schematic structure of CD44. The hyaluronate/
hyaluronic acid (HA) binding site is in the N-terminal portion
(Link module) of CD44 (residues Arg41-Tyr105) [33-35], while the
CS modification primarily occurs at Ser180 [31]. The alternatively
spliced variants of CD44 contain inserts at residues 204-205 of
the parent protein [4]. Heparan sulfate modification occurs in
exon v3 [36]; dermatin sulfate modification is observed for the
nonspliced protein [37, 38], and CD176/Thomsen-Friedenreich
antigen is found in spliced CD44 variants [39, 40]. The binding
of al(IV)1263-1277 to CD44 is dependent upon CS [41], and
thus «1(IV)1263—-1277 binding occurs in a region distinct from HA
binding.

“head group” of the construct to the liposome surface by
the insertion of the hydrophobic acyl “tail” into the lipid
bilayer. This in turn allows the hydrophilic head group
or targeting the portion of the PA to protrude outward
from the liposomal surface making it available to interact
with the CD44/CSPG receptor. The incorporation of the
al(IV)1263-1277 PAs into rhodamine-loaded liposomes
did not destabilize these systems and conferred targeting
selectivity to liposomes against cell lines varying in the CD44
expression based on the receptor/PA ligand recognition [23].

In the current study we evaluated the stability of dis-
tearoyl phosphatidylglycerol-(DSPG-)distearoyl phosphati-
dylcholine (DSPC) DOX-loaded liposomes both with and
without the «1(IV)1263-1277 PA. We incorporated PEG-
2000 into the liposomal systems to allow for increased
circulation times in vivo [51-54]. The efficacies of the various
liposomal nanoDDSs were evaluated by quantifying their
cytotoxic effects against cell lines with varying levels of
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ScHEME 1: Schematic depiction of targeted liposomal delivery to CD44/CSPG metastatic melanoma cells. The a1(IV)1263-1277 PA (red
alkyl tail and green peptide head group) is incorporated into liposomes along with DOX (blue circles). The liposome targets CD44/CSPG
(red) on the melanoma cell surface. The liposome-receptor complex is internalized via endocytosis and DOX released. The mechanism of
delivery was described previously [23]. This scheme does not explicitly propose how liposomes are trafficked through different intracellular

compartments.

CD44/CSPG expression (Scheme 1) and in a B16F10 mouse
melanoma model system.

2. Materials and Methods

2.1. Chemicals. All phospholipids (Cat# 850365, 840465, and
880120) and cholesterol (Cat# 700000) were purchased from
Avanti Polar Lipids. All chemicals and solvents used in the
syntheses of the triple-helical peptide (THP) PA and vesicles,
such as methanol (Cat# 42395), chloroform (Cat# 650498),
tert-butyl ether (Cat# E127), N,N-dimethylformamide (Cat#
D119), N,N-diisopropylethylamine (Cat# AC11522), DOX
(Cat# BP2516), and palmitic acid (Cat# 129700025) [CHj3-
(CH3)14-CO,H, designated Cy¢], were from Fisher Scientific
or Sigma-Aldrich. CellTiter-Glo Luminescen Cell Viability
Assay kit (Gly-Phe-AFC) (Cat# AFC033) was purchased
from Promega Corporation or MP Biomedicals. The appro-
priately protected amino acids, O-(1H-6-chlorobenzotri
azole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosph-
ate (HCTU) (Cat# 851012) and NovaPEG rink amide
resin (Cat# 855047) were all obtained from EMD Biosci-
ences. The preparation, purification, and characterization
of the al(IV)1263-1277 THP [(Gly-Pro-Hyp)-Gly-Val-
Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro-
(Gly-Pro-Hyp)4-NH;] PA possessing a Ciq tail have been
described previously [48].

2.2. Cell Culture Conditions. The M14#5 and M14#11
human metastatic melanoma cell lines were generously
provided by Dr. Barbara Mueller. The BJ foreskin fibrob-
lasts from a melanoma patient were obtained from the
American Type Culture Collection (ATCC) (Cat# CRL-
2522). Cell media (Cat# MT10-013-CV) and trypan blue
(Cat# ICN1691049) were obtained from Fisher Scientific
or CellGro, and all reagents required for cell culture
were purchased from Invitrogen. Cells were maintained
in DMEM supplemented with 10% fetal bovine serum
(Cat# 10437028), 50 units/mL penicillin, and 0.05 mg/mL
streptomycin (Cat# 15140163). Cells were cultured with
complete medium at 37°C in a humidified atmosphere of
5% CO; in air. For all experiments cells were harvested from
subconfluent (<80%) cultures using a trypsin-EDTA (Cat#
15400054) solution and then resuspended in fresh medium.
Preparations of cells with a >90% viability, as determined by
trypan blue exclusion, were used.

2.3. Preparation of DOX-Loaded Liposomes. The phospho-
lipids and cholesterol were combined in fixed ratios (Table 1)
and dissolved in an organic phase mixture of methanol,
methyl tert-butyl ether, and chloroform (1:2:2.4) by vor-
texing for 0.5h at room temperature. At this stage, if
PA-targeted liposomes were the desired product (Table 1),
the a1(IV)1263-1277 PA was added to the lipid organic



Journal of Drug Delivery

TasLE 1: Liposomal systems utilized for stability and cytotoxicity evaluations.

Liposome formulation

Molar ratio Liposome diameter (nm)

Distearoyl phosphatidylglycerol (DSPG)

1

Distearoyl phosphatidylcholine (DSPC) 4
Cholesterol 5 84+ 10
Distearoyl phosphatidylethanolamine
poly(ethyleneglycol) 2000 (DSPE-PEG-2000) 0.5
Distearoyl phosphatidylglycerol (DSPG) 1
Distearoyl phosphatidylcholine (DSPC) 4
Cholesterol 5 93 + 10
al(IV)1263-1277 peptide-amphiphile (PA) 0.5-1
Distearoyl phosphatidylethanolamine
poly(ethyleneglycol) 2000 (DSPE-PEG-2000) 0.5

phase mixture. The organic phase was then removed under
reduced pressure by rotary evaporation, leaving a thin lipid
film at the bottom of the flask which was dried overnight
in vacuo. The phospholipid film was then rehydrated in
ammonium sulfate (125 mM), and the resulting dispersion
was vortexed extensively. The dispersion was then stirred
for 30 min at 60°C. The maintenance of this temperature
for a sustained time was necessary as the lipid tails were
mobilized and thus allowed the aqueous medium to traverse
the lipid bilayers. The resulting multilamellar vesicle (MLV)
suspension was then subjected to 10 freeze-thaw cycles,
briefly sonicated, followed by 10 cycles of extrusion at 60°C
through 100 nm double-stacked polycarbonate filters using
a Lipex Extruder (Northern Lipids, Inc., Vancouver, British
Columbia) at pressures typically at the lower end of the
250-700 psi range. The polycarbonate filters employed in the
extrusion process were obtained from SPI Supplies (West
Chester, PA). The extruded liposomes were dialyzed against
a 200-fold volume of 5% glucose solution with four changes
overnight. DOX was actively loaded into the liposomes by
the creation of an ammonium sulfate gradient [55, 56]. The
DOX was prepared by dissolving 10 mg/mL in 5% glucose.
An aliquot of 250 uL of this solution was then added to
each 0.1 mmol scale liposome batch and then incubated at
60°C for 2 h. The unencapsulated doxorubicin was separated
from the DOX-loaded liposomes by dialysis against a 500-
fold volume of PBS with 4 solution changes over 24—
48h. The size of liposomes was evaluated by dynamic
light scattering as described [23]. Dynamic light scattering
analysis, using a Zetasizer Nano Series, Nano ZG with
Gateway 842GM (Malvren Instruments), was carried out at
Louisiana State University (Department of Chemistry) to
determine the mean diameter of the liposomes from each
batch prepared (Table 1). Liposomes were used within 24 h
of preparation or stored at 4°C and used within 1 week.
The liposome phospholipid content was determined by the
Stewart (ammonium ferrothiocyanate) assay as described
previously [57-59]. The DOX concentration was determined
by the measurement of absorbance at A = 480 nm following
liposome solubilization in 100% ethanol. To account for
quenching effects, absorbance values were then compared
to a standard curve generated using known concentrations

of free DOX in the presence of empty liposomes with
a drug:phospholipid ratio of 100 ug/umol phospholipid.
The DOX encapsulation efficiency was usually greater than
90%. The presence of the a1(IV)1263-1277 PA and DSPE-
PEG-2000 in the liposomal bilayer was examined by
MALDI-TOF mass spectrometry (MS) using an a-cyano-
4-hydroxycinnamic acid matrix. The incorporation of the
a1(IV)1263-1277 PA into liposomes was quantified by UV-
visible spectroscopy using 250 = 5579 M~ cm™! for Trp. The
UV absorbance value for Trp was recorded in ethanol/PBS
using a NanoDrop spectrophotometer (Thermo Scientific)
and the concentration of the peptide determined using the
Beer-Lambert law where A = elc.

2.4. Liposome Stability. The stability of the encapsulated
doxorubicin in the various liposome systems was initially
determined by monitoring DOX release from the vesicles
(200 L of 0.5 mg/mL vesicle solution) at 4, 25, and 37°C,
over time. Briefly, a fresh batch of liposomes was prepared
and loaded with DOX. The unencapsulated doxorubicin was
separated from the DOX-loaded liposomes by dialysis against
a 500-fold volume of PBS as described in Preparation of
DOX-Loaded Liposomes. The fluorescence intensity for each
vesicle sample in PBS at each temperature was measured at
selected time points within a 30 d period using a Spectra Max
Gemini EM Fluorescent Plate Reader (Molecular Devices) at
Aexcitation = 480 nm and Aemission = 590 nm. Complete release
of DOX from the vesicles at each time point yields 100%
dequenching and was obtained from control ethanol-treated
liposome samples. The percentage release of DOX from the
vesicles was determined from the fluorescence intensity of
each sample relative to 100% dequenching, which can then
be expressed in terms of percentage of DOX release.

2.5. Cytotoxicity Assay. The cytotoxicity of all liposomal
systems used in this study, as well as free DOX, on the
cells was determined using the CellTiter-Glo Luminescent
Cell Viability Assay. The M14#5, M14#11, and BJ cells were
plated on 96-well tissue cultured treated plates corning at a
density of 5 x 10° cells per well and incubated for 24 h at
37°C and 5% CO;. The culture medium was then replaced
with 100 uL of medium containing various concentrations
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of each liposomal system or free DOX. The cells were then
exposed to the drug for 3 h; the cells were washed twice with
sterile PBS following drug exposure. Fresh culture medium
was then added, and the incubation was continued for 24 h.
After the incubation period, 100 yL CellTiter Glo reagent was
added to each well. The cells were allowed to incubate for an
additional 3h at 37°C and 5% CO,. The cytotoxicity assays
were done in triplicate and were repeated at least twice in
separate experiments.

2.6. Tumor Growth In Vivo. BI6F10 murine melanoma
cells were prepared at the Washington University [60].
C57BL/6 mice were obtained from the Harlan Laboratories
(Indianapolis, IN). Mice were housed under pathogen-
free conditions according to the guidelines of the Division
of Comparative Medicine, Washington University School
of Medicine. The Washington University Animal Studies
Committee approved all experiments.

Tumor cells (10° cells/100 uL in PBS) were injected
subcutaneously in the neck of C57BL/6 anesthetized mice
and allowed to grow 7-14 d until tumors were ~ 5 X 5mm.
Eight mice per treatment group were inoculated with 10°
tumor cells. The number of animals tested (1) was calculated
by power analysis (probability of type I error « = 0.05;
probability of type II error = 0.20) based on previous data.
This was the minimum number of animals required to
achieve statistical significance. Mice inoculated with tumor
cells were divided into a control (saline treated) as well
as groups treated with the various DOX-loaded liposomes
at doses (5 mg/kg with an average mouse weighing ~20g)
corresponding to those used previously for DOX-loaded
liposomes in melanoma mouse models [22]. Liposomes or
saline was injected on days 0, 3, 5, 6, and 8, with day 0 being
the first day of the regimen and all animals dosed on the same
days. The experiment was terminated at 11 d after initiation
of treatment regimen.

Mice were anesthetized by isoflurane (2% vaporized in
0O,). Tumor size was determined by measuring the greatest
length (L) and the greatest width (W) using calipers.
The tumor size was calculated using the ellipsoid volume
formula: 1/2 x L x W2 [61].

2.7. Statistics. The P values for cytotoxicity and tumor
growth were calculated with the Student’s #-test, two tailed
by using Graph Pad Software.

3. Results

3.1. Construction and Characterization of Nontargeted and
Targeted Liposomes. We have previously determined that
liposomes composed of DSPG, DSPC, and cholesterol
(molar ratio 1:4:5) form a stable liposomal delivery sys-
tem [23, 62, 63]. In addition, the presence of the al
(IV)1263-1277PA did not affect the overall liposome
stability. However, the earlier studies utilized ~1% of
the a1(IV)1263-1277 PA [23], whereas efficient liposome-
mediated targeting usually requires 5-23% of the peptide
ligand [64-67]. Thus, the present study has examined the

stability and efficacy of liposomes possessing either 5 or
10% «l1(IV)1263-1277 PA.

The liposomes prepared herein also incorporated DSPE-
PEG-2000. The presence of PEG on liposomes allows for
increased circulation times in vivo compared to conven-
tional liposomes, which has been attributed to the reduced
interactions between the liposomal surface and cells of the
reticuloendothelial system (RES) [51-53].

The phospholipid concentration of all the liposome
systems was 0.5 mg/mL, as verified by the Stewart Assay [57].
The sizes of the targeted and nontargeted liposomes assem-
bled here were characterized using dynamic light scattering.
Liposomes were 84-93 nm (small unilamellar vesicles; SUVs)
(Table 1), allowing for valid stability comparisons between
each system. This size range was previously found to be
optimal for efficacious liposomal drug delivery to tumors
(68-70].

To confirm the incorporation of the a1(IV)1263-1277 PA
and DSPE-PEG-2000, liposomes were treated with ethanol
to liberate the «1(1V)1263-1277 PA and PEG from the lipid
bilayer. MALDI-TOF mass spectral analysis of the resulting
solution produced a peak corresponding to the mass of
the a1(IV)1263—-1277 PA ([M+H]* = 3813.3 Da, theoretical
[M+H]* = 3813.3 Da) and a comb-like distribution of peaks
corresponding to DSPE-PEG-2000, with the predominant
peaks covering [M+H]* = 1727.9-2122.9Da ([M+H]" =
1728.8-2123.7Da for DSPE-PEG-2000 directly from the
supplier, dissolved in ethanol). UV-visible spectroscopic
analysis following dialysis indicated 96% incorporation of
the PA into liposomes.

3.2. Stability of al(IV)1263-1277 PA to Proteolysis. To de-
termine the stability of the a1(IV)1263-1277 PA in serum-
containing conditions, 17.5 uM PA was incubated at 37°C in
either (a) water, (b) OptiMEM I media containing 4% FBS,
(c) OptiMEM I media containing 10% FBS, 5 yg/mL insulin,
5ng/mL epidermal growth factor, and 40ug/mL bovine
pituitary extract, or (d) 10% FBS in water. The samples were
monitored by RP-HPLC at 0, 24, and 72 h. No hydrolysis of
the al1(IV)1263-1277 PA was observed under these condi-
tions (data not shown). Thus, the triple-helical nature of this
ligand renders it reasonably stable to proteolysis (as has been
observed for other THPs [71]).

3.3. Stability Comparison of DOX-Loaded Liposomes with
and without al(IV)1263—-1277 PA. To determine the effect
that the a1(IV)1263-1277 PA has on liposomal stability,
DOX-loaded liposomes were prepared with and without
10% a1(IV)1263-1277 PA. The DOX: phospholipid ratios
were 1.65: 1 (1300 ug DOX : ymol phospholipid) and 1.93: 1
(1520 ug DOX:pmol phospholipid) for targeted [+10%
al1(IV)1263-1277 PA] and nontargeted [no al(IV)1263—
1277 PA] liposomes, respectively. Fluorescence intensity
measurements for each vesicle sample at 4, 25, or 37°C were
taken at selected time points over a 30 d period.

The targeted and nontargeted liposomes exhibited sim-
ilar stability profiles over 918 h (38 d), with approximately
30-35% DOX release at 4°C (Figure 2) and 40-49% DOX
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FiGure 3: Temperature dependent stability comparisons between
targeted [10% «1(IV)1263-1277 PA] and nontargeted DSPG-
DSPC liposomes loaded with DOX and stored at 25°C for 30d.
DOX release was determined as described in Section 2.

release at 25 and 37°C (Figures 3 and 4). Within the first
6 h following preparation, the liposomes again demonstrated
similar and minimal DOX release. Only =<15% release
was observed for both targeted and nontargeted liposomes
when incubated at 4 or 25°C (Figures 2-3), and targeted
liposomes were more stable than nontargeted liposomes
after 6 h at 37°C (Figure 4). Data presented here are for the
targeted liposomes possessing 10% PA, but similar results
were observed for liposomes incorporating 5% PA (data not
shown). Thus, the presence of the a1(IV)1263-1277 PA did
not serve to destabilize the liposomes used in this study.

3.4. Cytotoxicity of DOX-Loaded Liposomes for Cells Varying
in CD44/CSPG Content. Cytotoxicity experiments were per-
formed on metastatic melanoma M14#5 and M14#11 and
fibroblast BJ cell lines. BJ fibroblasts have ~60% of the CD44
content of M14#5 melanoma cells, while M14#11 melanoma
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FIGURE 4: Temperature dependent stability comparisons between
targeted [10% «1(IV)1263-1277 PA] and nontargeted DSPG-
DSPC liposomes loaded with DOX and stored at 37°C for 30d.
DOX release was determined as described in Section 2.

cells have ~75% of the CD44 content [23]. The variation in
CD44/CSPG content allowed for the examination of selec-
tivity of liposome encapsulated DOX, free DOX, and empty
liposomes (Scheme 1). Empty liposomes were included due
to possible unpredictable cellular responses to specific lipids
within a liposome [72]. Cytotoxicity results for targeted
liposomes containing 5% PA were found to be inconsistent
(data not shown), so only results with 10% PA are described
below.

A dose-dependent response was observed for M14#5
cytotoxicity by DOX encapsulated targeted liposomes
(Figure 5), with an ICsy value of 9.8uM. Nontargeted
liposomes were considerably less toxic for M14#5 cells
(Figure 5) to where an ICsg value of 117.6 uM was observed.
In contrast, there was little difference in cytotoxic effects
between targeted and nontargeted liposomes for M14#11
(Figure 6). More precisely, the M14#11 cell IC5, values for
targeted and nontargeted liposomes were 9.3 and 9.9 uM,
respectively. Thus, the greatest difference between targeting
and non-targeting was observed with the cells possessing
the highest CD44 content. However, the potency of targeted
liposomes with the M14#5 and M14#11 cells were relatively
similar (ICsy values of 9.8 and 9.3uM, resp.), despite
their difference in CD44 content. This may be due to cell
toxicity requiring a relatively low level of DOX delivery,
so, even with M14#11 cells having ~75% of the CD44
content of M14#5 cells, the amount of DOX delivered was
sufficiently toxic for both cell types. The greater efficacy
of nontargeted liposomes for M14#11 cells (compared with
M14#5 cells) could be due to liposomal interactions with
other surface molecules that are more abundant in M14#11
cells. For example, M14#5 cells express CD44 but not
melanoma-associated proteoglycan/melanoma chondroitin
sulfate proteoglycan (MPG/MCSP/NG2), while M14#11 cells
express both [41]. Nontargeted liposomes may associate with



Journal of Drug Delivery

150

Viability (%)

+

0 T T T )

[DOX] (uM)

¢ Nontargeted
B Targeted
A Free dox

Ficure 5: Cytotoxicity data of M14#5 cells incubated for 3h
with targeted [10% «1(IV)1263-1277 PA] and nontargeted DSPG-
DSPC liposomes loaded with DOX and free DOX. The difference
between targeted and nontargeted liposomes loaded with DOX is
statistically significant as **P = 0.00305 at 10 M and ***P =
0.00034 at 100 uM.
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FiGUure 6: Cytotoxicity data of M14#11 cells incubated for 3h
with targeted [10% «1(IV)1263-1277 PA] and nontargeted DSPG-
DSPC liposomes loaded with DOX and free DOX.

MPG/MCSP/NG2 and thus prove more cytotoxic to M14#11
cells compared with M14#5 cells.

To further evaluate the role of CD44 content in targeted
delivery, the BJ fibroblast cell line was treated with free
DOX and targeted and nontargeted liposomes (Figure 7). BJ
fibroblasts showed a similar susceptibility to the effects of
free DOX compared with the M14#5 cells (i.e., approximately
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FiGure 7: Cytotoxicity data of BJ cells incubated for 3 h with tar-
geted [10% «1(IV)1263-1277 PA] and nontargeted DSPG-DSPC
liposomes loaded with DOX and free DOX.

50-60% viable at [DOX] = 100 uM) (Figures 5 and 7). Com-
paring cytotoxicities based on targeted liposomal delivery of
DOX, M14#5 cells were almost completely killed at a DOX
concentration of 100 yuM (Figure 5), while BJ cells were 60%
viable (Figure 7). Thus, a positive correlation was observed
between the CD44/CSPG content of M14#5 and BJ cells and
the cytotoxic effects of targeted liposomes.

M14#11 melanoma cells were more susceptible to DOX
than BJ fibroblasts (Figures 6 and 7). While the levels of
CD44 are not the same for M14#11 cells and fibroblasts (see
above), enhanced cytotoxicity made also have been influ-
enced by different metabolic profiles of the cell types. While
one presumes that the mechanism of DOX delivery and
toxicity is same for all cell types, the metabolic rates and
pathways in melanoma are different from normal cells [73],
which could affect the efficiency of DOX action.

At low DOX concentrations, slight increases in cell adhe-
sion were sometimes observed. The luminescence assay used
to measure cell adhesion relies upon luciferase conversion
of luciferin to oxyluciferin [74]. The luciferase activity is
ATP and Mg?** dependent, and thus ATP released from
lysed cells directly regulates luciferase. It is possible that low
concentrations of DOX could enhance luciferase activity,
and thus the increase in cell adhesion is an assay artifact.
If this were the case, however, one would expect the same
increase in cell adhesion for all three cell types at low free
DOX concentrations. This does not occur (Figures 5-7). Free
DOX is only activating for M14#5 cells, while M14#11 cells
and fibroblasts are activated by nontargeted liposomes. Due
to the lack of a consistent trend, we believe that this slight
activation is not an assay artifact. The slight activation by
low levels of DOX is intriguing, but beyond the scope of the
present study to further explore.

There was no significant cytotoxicity observed among
the three cell lines upon incubation with empty liposomes
(data not shown). Since empty liposomes were not cytotoxic,
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Figure 8: Effects of targeted [10% «l(IV)1263-1277PA] and
nontargeted DSPG-DSPC liposomes loaded with DOX and saline
on tumor size in the B16F10 mouse melanoma model. Liposomes
or saline was injected on days 0, 3, 5, 6, and 8. On day 7 **P = 0.003
(between targeted and non-targeted) and *P = 0.0184 (between
targeted and saline control); on day 9 **P = 0.0022 (between
targeted and non-targeted) and *P = 0.0456 (one tail, between
targeted and saline control).

any cytotoxic effects observed here must be due solely to the
cellular delivery of DOX by the respective liposomal systems.

3.5. Cytotoxicity of DOX-Loaded Liposomes to BI6F10 Mouse
Melanoma Model. The CD44-targeted DOX-loaded PEG
liposomes and nontargeted DOX loaded PEG liposomes were
tested in a B16F10 mouse melanoma model. Although the
B16F10 cell line is of murine origin, it highly expresses
CD44 [75] and serves as a good in vivo model of aggressive
human melanoma. Tumor size measurement was utilized to
quantify the efficacy of targeted drug delivery. Mice were
treated on days 0, 3, 5, 6, and 8 with 5mg/kg DOX-
loaded liposomes. Treatment with nontargeted liposomes
showed no significant decrease in tumor size compared
with saline control (Figure 8). However, mice treated with
the targeted DOX-loaded liposomes showed substantially
decreased tumor size compared with nontargeted liposomes
and the saline control (Figure 8).

4. Discussion

We have previously constructed triple-helical a1(IV)1263—
1277 PAs, which have been shown to be specific for
CD44/CSPG [41, 47-49]. In order to develop a targeted
nanoDDS specific for metastatic melanoma, al(IV)1263-
1277 PA has been incorporated the into liposomes [23, 62].
The results of our prior study indicated that liposomes com-
posed of DSPG, DSPC, and cholesterol (molar ratio 1:4:5)
were the most suitable for in vitro and in vivo applications
[23, 63]. These liposomes proved to be the most stable of the
systems tested, and the presence of the a1(IV)1263-1277 PA
did not affect the liposomal stability. Results obtained
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through a series of competitive displacement experiments
verified CD44/a1(IV)1263-1277 PA liposome recognition
[23, 62]. More specifically, a1(IV)1263-1277 PA liposomal
rhodamine delivery correlated with cellular CD44 content
and was inhibited in a dose-dependent fashion by exogenous
al1(IV)1263-1277 PA [23]. Fluorescence microscopy revealed
localization of «l1(IV)1263-1277 PA liposomes to CD44-
positive cells [62].

In the present study, we further modified DSPG/DSPC
liposomes with the addition of PEG. Such modifications
have previously been shown to increase liposome circulation
times in vivo [53, 76-82]. We used 5 mol % of PEG-2000
in our liposomes (Table 1), the same amount of PEG used
in the clinically approved drug Doxil (DOX encapsulated
PEG-stabilized liposomes) [83]. The size of the PEG chain
chosen took into account the size of the PEG used in Doxil
(PEG-2000) [83], as well as the impact PEGs of various sizes
could have on our system specifically. Previous studies sug-
gested that increased circulation times can be achieved with
increasing PEG chain lengths up to PEG-5000 [77, 84, 85].
However, we chose not to utilize PEG larger than 2000 Da for
three reasons. First, it has been shown that rigid liposomes
composed of DSPC (as is the case here) exhibit a drop
off in circulation times when PEG greater than 2000 Da is
incorporated due to chain entanglement and lipid phase sep-
aration resulting in increased opsonization [85-88]. Second,
previous work using membranes containing a mixture of the
al(IV)1263—-1277 PA and PEGs of various sizes resulted in
binding of M14#5 human melanoma cells when PEG-120,
PEG-750, or PEG-2000 were used, but not with PEG-5000
[89]. Neutron reflectivity data revealed head group lengths of
8.8, 9.0, and 16.8 nm for a1(IV)1263-1277 PA, DSPE-PEG-
2000, and DSPE-PEG-5000, respectively [89]. The lack of
binding observed with PEG-5000 was thus attributed to the
complete masking of the a1(IV)1263—1277 PA by the PEG,
thereby minimizing ligand accessibility. Third, the presence
or absence of 5% PEG-2000 in a1(IV)1263-1277 PA/DMPC
(1:19) liposomes had little effect on the delivery of Texas Red
to CD44-positive fibroblasts [62].

In the present study, cells were directly exposed to
each liposomal system and free DOX and incubated at
37°C. In this environment, free DOX can be taken up
by cells more rapidly than liposome encapsulated DOX.
However, free DOX was not as efficacious as CD44 targeted
liposome encapsulated DOX towards M14#5 melanoma cells
(Figure 5). Thus, the targeting strategy promoted more
efficient DOX delivery in vitro. Further supporting this con-
clusion was the observed correlation between the cytotoxic
effect of DOX-loaded targeted liposomes and CD44/CSPG
content for M14#5 and BJ cell lines.

Eliaz and Szoka Jr. developed CD44-targeted liposomes
using HA fragments (see Section 1) [20]. Following a 3h
treatment of B16F10 mouse melanoma cells with DOX
encapsulated HA liposomes, 1Cs5y values of 0.78-3.62 uM
were observed [20]. The ICsy value for our CD44-targeted
liposome is slightly higher (approximately 9-10 uM), but we
have examined activity against a highly aggressive human
melanoma cell line. In addition, as discussed earlier, using
HA as a targeting moiety suffers from reduced selectivity as
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(a) the cell surface receptor RHAMM binds to HA just as
avidly as CD44 [28, 29] and (b) HA binding to CD44 is not
sensitive to distinct glycosylation patterns of this receptor,
while a1(IV)1263—-1277 PA binding is [41]. Eliaz and Szoka
Jr. reported an ICsj value for nontargeted PEG liposomes of
>172.4 uM, similar to what we observed for nontargeted PEG
liposomes with M14#5 melanoma cells (117.6 uM; Figure 5).

Potential DOX delivery in vivo, however, is quite different
than in vitro when one considers circulation times. Unlike
DOX encapsulated within PEGylated liposomes, free DOX
is rapidly cleared from circulation, and therefore exposure
to tumor cells is limited. In fact, it has previously been
reported that free DOX is cleared 450-times faster than
DOX encapsulated within PEGylated liposomes [90, 91].
Furthermore, extravasated PEGylated liposomes experience
enhanced retention within the tumor site, which has been
attributed to a lack of functional lymphatic drainage in
tumors [51, 92]. In the B16F10 mouse melanoma model,
DOX incorporated within nontargeted liposomes showed
little effect in reducing tumor size, while targeted liposomes
significantly reduced tumor size (Figure 8). The improved
activity was due to the selective uptake of targeted liposomes
by CD44-expressing cells rather than DOX released from
disintegrated liposomes, as the targeted liposomes were
more effective than the nontargeted liposomes (Figure 8),
while both liposome types were of similar stability (Figures
2-4). The liposomal formulation utilized here has been
noted previously as being highly stable compared with other
liposomal compositions [63].

Several prior studies have examined the efficacy of DOX
encapsulated, targeted liposomes on mouse tumor models
[22, 24, 93]. Most relevant to the present study, Peer and
Margalit compared DOX encapsulated HA liposomes, DOX
encapsulated liposomes, and saline [22]. Mice were injected
with C-26 colorectal tumor cells and treated at 4, 12, and 19
days with 10 mg/kg DOX. At day 31, tumor sizes were ~100,
~400, and ~1250 mm? for the HA liposome, liposome, and
saline treatments. Thus, CD44 targeting via HA appeared
to be effective. The relative reduction in tumor size by
the HA liposomes compared with saline (~12.5-fold) was
greater than seen here (~2-fold; Figure 8), but the DOX
dose in the prior study was twice that of our treatments
(10 mg/kg versus 5 mg/kg) and the tumor type was different
(colorectal versus melanoma). It should be noted that the
B16F10 tumor is highly aggressive, with a doubling time of
less than 24 h. Interestingly, the difference in activity for the
HA liposomes and liposomes (~4-fold) [22] was comparable
to that observed here for the CD44-targeted and nontargeted
liposomes (~3-fold; Figure 8).

Goren et al. utilized folate-targeted liposomes for treat-
ment following injection of M109R-HiFR lung tumor cells
into mice [93]. Tumor cells were pretreated with liposomes
([DOX] = 10uM) and injected. The tumor weights after
35 days were 381 mg for untreated mice, 397 mg for mice
treated with PEG liposomes (Doxil), and 57 mg for mice
treated with folate-targeted liposomes. The relative reduction
in tumor size by the folate-targeted liposomes compared
with untreated mice (~6.7-fold) was also greater than that
observed here. However, a significant difference between our

study and that of Goren et al. is the injection of the tumor
cells after pretreatment with liposomes in the latter case. One
would anticipate that the liposomes would have a greater
effect on tumor growth if they interacted with the tumor cells
prior to the initiation of the tumor in vivo.

An apparent anomalous result from our study was the
increased tumor size following nontargeted liposome treat-
ment compared with saline control (Figure 8). Prior studies
have typically reported the opposite result. For example,
Charrois and Allen compared DOX encapsulated Stealth
(PEG) liposomes with saline control for treatment of 4T1
mouse mammary carcinoma [70]. Saline or 6 mg/kg DOX
encapsulated liposome was administered at day 4. At day
23, the tumor sizes were ~500 mm?® for the saline treated
mice and ~80 mm? for the liposome treated mice. In similar
fashion, Han et al. compared DOX encapsulated PEG lipo-
somes, DOX encapsulated comb-like polymer-incorporated
liposomes, and PBS control for treatment of B16F10 inoc-
ulated mice [94]. Mice were treated at day 6 with 6 mg/kg
DOX. At day 13, the tumor sizes were 300 mm? for PBS
control and 50 mm? for the PEG liposomes and comb-like
polymer liposomes. It is worth noting that, in our study,
the differences between nontargeted liposomes and saline
control were small at day 7 (Figure 8), which is similar to the
result of Goren et al. reported above [93]. Also, the result at
day 9 for the saline control is skewed lower due to one mouse
treatment in which the tumor size decreased compared to day
7.

The nanoDDS described in the present study possesses
several features to enhance drug selectivity and availabil-
ity. The targeting capabilities rely upon a ligand that is
uniquely selective for the CSPG-modified form of CD44
[41]. Although modeled after a collagen-derived sequence,
al1(IV)1263-1277 PA is not recognized by the collagen-
binding integrins found in melanoma (alf1, a2f1, and
a3f1). Thus, promiscuous receptor binding is avoided,
unlike the use of HA for targeting CD44. The triple-helical
nature of the ligand renders it reasonably stable to proteol-
ysis, especially compared to other targeting molecules. The
nanoDDS can also incorporate PEG to improve circulation
time while minimally compromising cytotoxic activity. In
principle, multitargeting can be achieved by straightforward
incorporation of additional PA ligands. Multitargeting may
be especially advantageous for imaging and/or therapy of
cancer stem cells, where targeting of only one cell surface
biomarker may not encompass the full population [16].
Thus, PA targeted liposomes may represent the “next gen-
eration” of liposomal nanoDDSs [3, 51] that have potential
to enhance selectivity and targeting of chemotherapeutic
treatments against metastatic melanoma in the human body.
Information from these initial in vivo studies can guide us to
improve the design of the targeted delivery vehicles.

Conflict of Interests

G. B. Fields has a direct financial relationship with EMD
Biosciences. Gregg B. Fields and coauthors have no direct
financial relationships with any other commercial suppliers
mentioned in the paper.



10

Acknowledgments

The authors gratefully acknowledge the support of this
work by the National Institutes of Health (CA 77402 and
EB 000289 to G. B. Fields). They thank Loice Ojwang for
performing the light scattering studies.

References

(1]

=

—
—

R. R. C. New, “Characterization of liposomes,” in Liposomes: A
Practical Approach, R. R. C. New, Ed., pp. 105-161, IRL Press,
Oxford, UK, 1990.

Y. S. Tarahovsky, ““‘Smart’ liposomal nanocontainers in biol-
ogy and medicine,” Biochemistry, vol. 75, no. 7, pp. 811-824,
2010.

V. P. Torchilin, “Recent advances with liposomes as pharma-
ceutical carriers,” Nature Reviews Drug Discovery, vol. 4, no. 2,
pp. 145-160, 2005.

D. Naor, S. Nedvetzki, I. Golan, L. Melnik, and Y. Faitelson,
“CD44 in cancer,” Critical Reviews in Clinical Laboratory Sci-
ences, vol. 39, no. 6, pp. 527-579, 2002.

M. Zéller, “CD44: can a cancer-initiating cell profit from an
abundantly expressed molecule?” Nature Reviews Cancer, vol.
11, no. 4, pp. 254-267, 2011.

L. Thomas, T. Etoh, I. Stamenkovic, M. C. Mihm, and H. R.
Byers, “Migration of human melanoma cells on hyaluronate is
related to CD44 expression,” Journal of Investigative Dermatol-
ogy, vol. 100, no. 2, pp. 115-120, 1993.

M. Goebeler, D. Kaufmann, E. B. Brocker, and C. E. Klein,
“Migration of highly aggressive melanoma cells on hyaluronic
acid is associated with functional changes, increased turnover
and shedding of CD44 receptors,” Journal of Cell Science, vol.
109, no. 7, pp. 1957-1964, 1996.

S. Misra, S. Ghatak, and B. P. Toole, “Regulation of MDRI
expression and drug resistance by a positive feedback loop
involving hyaluronan, phosphoinositide 3-kinase, and ErbB2,”
Journal of Biological Chemistry, vol. 280, no. 21, pp. 20310—
20315, 2005.

L. Y. W. Bourguignon, K. Peyrollier, W. Xia, and E. Gilad,
“Hyaluronan-CD44 interaction activates stem cell marker
nanog, stat-3-mediated MDR1 gene expression, and ankyrin-
regulated multidrug efflux in breast and ovarian tumor cells,”
Journal of Biological Chemistry, vol. 283, no. 25, pp. 17635—
17651, 2008.

L. Y. W. Bourguignon, C. C. Spevak, G. Wong, W. Xia, and E.
Gilad, “Hyaluronan-CD44 interaction with protein kinase
Ce promotes oncogenic signaling by the stem cell marker
nanog and the production of microRNA-21, leading to down-
regulation of the tumor suppressor protein PDCD4, anti-
apoptosis, and chemotherapy resistance in breast tumor cells,”
Journal of Biological Chemistry, vol. 284, no. 39, pp. 26533—
26546, 2009.

P. Dalerba, R. W. Cho, and M. E Clarke, “Cancer stem cells:
models and concepts,” Annual Review of Medicine, vol. 58, pp.
267-284, 2007.

M. E. Prince, R. Sivanandan, A. Kaczorowski et al., “Identifi-
cation of a subpopulation of cells with cancer stem cell prop-
erties in head and neck squamous cell carcinoma,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 104, no. 3, pp. 973-978, 2007.

M. P. Ponnusamy and S. K. Batra, “Ovarian cancer: emerging
concept on cancer stem cells,” Journal of Ovarian Research, vol.
1, no. 4, 2008.

(14]

[15]

[16]

(22]

(27]

(29]

Journal of Drug Delivery

L. Du, H. Wang, L. He et al., “CD44 is of functional impor-
tance for colorectal cancer stem cells,” Clinical Cancer
Research, vol. 14, no. 21, pp. 6751-6760, 2008.

E. M. Hurt, B. T. Kawasaki, G. J. Klarmann, S. B. Thomas,
and W. L. Farrar, “CD44+CD24~ prostate cells are early cancer
progenitor/stem cells that provide a model for patients with
poor prognosis,” British Journal of Cancer, vol. 98, no. 4, pp.
756-765, 2008.

C. H. Stuelten, S. D. Mertins, J. I. Busch et al., “Complex
display of putative tumor stem cell markers in the NCI60
tumor cell line panel,” Stem Cells, vol. 28, no. 4, pp. 649-660,
2010.

H. Clevers, “The cancer stem cell: premises, promises and
challenges,” Nature Medicine, vol. 17, no. 3, pp. 313-319, 2011.
R. Tammi, K. Rilla, J. P. Pienimaiki et al., “Hyaluronan enters
keratinocytes by a novel endocytic route for catabolism,”
Journal of Biological Chemistry, vol. 276, no. 37, pp. 35111—
35122, 2001.

H. Jiang, R. S. Peterson, W. Wang, E. Bartnik, C. B. Knudson,
and W. Knudson, “A requirement for the CD44 cytoplasmic
domain for hyaluronan binding, pericellular matrix assembly,
and receptor-mediated endocytosis in COS-7 cells,” Journal of
Biological Chemistry, vol. 277, no. 12, pp. 10531-10538, 2002.

R. E. Eliaz and E C. Szoka Jr., “Liposome-encapsulated dox-
orubicin targeted to CD44: a strategy to kill CD44 overex-
pressing tumor cells,” Cancer Research, vol. 61, no. 6, pp. 2592—
2601, 2001.

R. E. Eliaz, S. Nir, C. Marty, and E C. Szoka Jr., “Determination
and modeling of kinetics of cancer cell killing by doxorubicin
and doxorubicin encapsulated in targeted liposomes,” Cancer
Research, vol. 64, no. 2, pp. 711-718, 2004.

D. Peer and R. Margalit, “Tumor-targeted hyaluronan nano-
liposomes increase the antitumor activity of liposomal dox-
orubicin in syngeneic and human xenograft mouse tumor
models,” Neoplasia, vol. 6, no. 4, pp. 343-353, 2004.

E. M. Rezler, D. R. Khan, J. Lauer-Fields, M. Cudic, D.
Baronas-Lowell, and G. B. Fields, “Targeted drug delivery
utilizing protein-like molecular architecture,” Journal of the
American Chemical Society, vol. 129, no. 16, pp. 4961-4972,
2007.

V.M. Plattand F. C. Szoka Jr., “Anticancer therapeutics: target-
ing macromolecules and nanocarriers to hyaluronan or CD44,
a hyaluronan receptor,” Molecular Pharmaceutics, vol. 5, no. 4,
pp. 474-486, 2008.

D. Peer and R. Margalit, “Loading mitomycin C inside long
circulating hyaluronan targeted nano-liposomes increases its
antitumor activity in three mice tumor models,” International
Journal of Cancer, vol. 108, no. 5, pp. 780-789, 2004.

S. Taetz, A. Bochot, C. Surace et al., “Hyaluronic acid-modified
DOTAP/DOPE liposomes for the targeted delivery of anti-
telomerase siRNA to CD44-expressing lung cancer cells,”
Oligonucleotides, vol. 19, no. 2, pp. 103—116, 2009.

K. Akima, H. Ito, Y. Iwata et al., “Evaluation of antitumor
activities of hyaluronate binding antitumor drugs: synthesis,
characterization and antitumor activity,” Journal of Drug
Targeting, vol. 4, no. 1, pp. 1-8, 1996.

Q. Chen, S. Cai, K. G. Shadrach, G. D. Prestwich, and J. G.
Hollyfield, “Spacrcan binding to hyaluronan and other gly-
cosaminoglycans: molecular and biochemical studies,” Journal
of Biological Chemistry, vol. 279, no. 22, pp. 23142-23150,
2004.

V. B. Lokeshwar and M. G. Selzer, “Differences in hyaluronic
acid-mediated functions and signaling in arterial, microvessel,



Journal of Drug Delivery

[32

[33

(36]

[40]

[41]

(42]

(43]

and vein-derived human endothelial cells,” Journal of Biologi-
cal Chemistry, vol. 275, no. 36, pp. 27641-27649, 2000.

Y. Glucksam-Galnoy, T. Zor, and R. Margalit, “Hyaluronan-
modified and regular multilamellar liposomes provide sub-
cellular targeting to macrophages, without eliciting a pro-
inflammatory response,” Journal of Controlled Release, vol.
160, no. 2, pp. 388-393, 2012.

B. Ruffell and P. Johnson, “Chondroitin sulfate addition to
CD44H negatively regulates hyaluronan binding,” Biochemical
and Biophysical Research Communications, vol. 334, no. 2, pp.
306-312, 2005.

B. Ruffell, G. E T. Poon, S. S. M. Lee et al., “Differential use
of chondroitin sulfate to regulate hyaluronan binding by
receptor CD44 in inflammatory and interleukin 4-activated
macrophages,” Journal of Biological Chemistry, vol. 286, no. 22,
pp. 19179-19190, 2011.

J. Bajorath, B. Greenfield, S. B. Munro, A. J. Day, and A. Aruffo,
“Identification of CD44 residues important for hyaluronan
binding and delineation of the binding site,” Journal of
Biological Chemistry, vol. 273, no. 1, pp. 338-343, 1998.

P. Teriete, S. Banerji, M. Noble et al., “Structure of the
regulatory hyaluronan binding domain in the inflammatory
leukocyte homing receptor CD44,” Molecular Cell, vol. 13, no.
4, pp. 483-496, 2004.

S. Banerji, A. J. Wright, M. Noble et al., “Structures of the
Cd44-hyaluronan complex provide insight into a fundamen-
tal carbohydrate-protein interaction,” Nature Structural and
Molecular Biology, vol. 14, no. 3, pp. 234-239, 2007.

J. Bajorath, “Molecular organization, structural features, and
ligand binding characteristics of CD44, a highly variable cell
surface glycoprotein with multiple functions,” Proteins, vol. 39,
no. 2, pp. 103111, 2000.

T. Ehnis, W. Dieterich, M. Bauer, B. Von Lampe, and D.
Schuppan, “A chondroitin/dermatan sulfate form of CD44 is
a receptor for collagen XIV (Undulin),” Experimental Cell
Research, vol. 229, no. 2, pp. 388-397, 1996.

R. A. E Clark, F. Lin, D. Greiling, J. An, and J. R. Couchman,
“Fibroblast invasive migration into fibronectin/fibrin gels
requires a previously uncharacterized dermatan sulfate-CD44
proteoglycan,” Journal of Investigative Dermatology, vol. 122,
no. 2, pp. 266-277, 2004.

R. Singh, B.J. Campbell, L. G. Yu et al., “Cell surface-expressed
Thomsen-Friedenreich antigen in colon cancer is predomi-
nantly carried on high molecular weight splice variants of
CD44, Glycobiology, vol. 11, no. 7, pp. 587-592, 2001.

W. M. Lin, U. Karsten, S. Goletz, R. C. Cheng, and Y. Cao,
“Expression of CD176 (Thomsen-Friedenreich antigen) on
lung, breast and liver cancer-initiating cells,” International
Journal of Experimental Pathology, vol. 92, no. 2, pp. 97-105,
2011.

J. L. Lauer-Fields, N. B. Malkar, G. Richet, K. Drauz, and
G. B. Fields, “Melanoma cell CD44 interaction with the
a1(IV)1263-1277 region from basement membrane collagen
is modulated by ligand glycosylation,” Journal of Biological
Chemistry, vol. 278, no. 16, pp. 14321-14330, 2003.

A. E. Faassen, D. L. Mooradian, R. T. Tranquillo et al,
“Cell surface CD44-related chondroitin sulfate proteoglycan is
required for transforming growth factor-$-stimulated mouse
melanoma cell motility and invasive behavior on type I
collagen,” Journal of Cell Science, vol. 105, no. 2, pp. 501-511,
1993.

A. E. Faassen, J. A. Schrager, D. J. Klein, T. R. Oegema, J. R.
Couchman, and J. B. Mccarthy, “A cell surface chondroitin
sulfate proteoglycan, immunologically related to CD44, is

[44]

[45]

11

involved in type I collagen-mediated melanoma cell motility
and invasion,” Journal of Cell Biology, vol. 116, no. 2, pp. 521-
531, 1992.

J. R. Knutson, J. Iida, G. B. Fields, and J. B. Mccarthy,
“CD44/chondroitin sulfate proteoglycan and a2f1 integrin
mediate human melanoma cell migration on type IV collagen
and invasion of basement membranes,” Molecular Biology of
the Cell, vol. 7, no. 3, pp. 383-396, 1996.

M. K. Chelberg, J. B. Mccarthy, A. P. N. Skubitz, L. T. Furcht,
and E. C. Tsilibary, “Characterization of a synthetic peptide
from type IV collagen that promotes melanoma cell adhesion,
spreading, and motility,” Journal of Cell Biology, vol. 111, no.
1, pp. 261-270, 1990.

N. B. Malkar, J. L. Lauer-Fields, J. A. Borgia, and G. B.
Fields, “Modulation of triple-helical stability and subsequent
melanoma cellular responses by single-site substitution of
fluoroproline derivatives,” Biochemistry, vol. 41, no. 19, pp.
6054-6064, 2002.

Y.-C. Yu, P. Berndt, M. Tirrell, and G. B. Fields, “Self-
assembling amphiphiles for construction of protein molecular
architecture,” Journal of the American Chemical Society, vol.
118, no. 50, pp. 12515-12520, 1996.

Y. C. Yu, M. Tirrell, and G. B. Fields, “Minimal lipidation
stabilizes protein-like molecular architecture,” Journal of the
American Chemical Society, vol. 120, no. 39, pp. 9979-9987,
1998.

Y.-C. Yu, V. Roontga, V. A. Daragan, K. H. Mayo, M.
Tirrell, and G. B. Fields, “Structure and dynamics of peptide-
amphiphiles incorporating triple- helical proteinlike molecu-
lar architecture,” Biochemistry, vol. 38, no. 5, pp. 1659-1668,
1999.

G. B. Fields, J. L. Lauer, Y. Dori, P. Forns, Y.-C. Yu, and
M. Tirrell, “Protein like molecular architecture: biomaterial
applications for inducing cellular receptor binding and signal
transduction,” Biopolymers, vol. 47, no. 2, pp. 143-151, 1998.
A. A. Gabizon, “Pegylated liposomal doxorubicin: metamor-
phosis of an old drug into a new form of chemotherapy,”
Cancer Investigation, vol. 19, no. 4, pp. 424-436, 2001.

M. L. Hwang, R. K. Prud’homme, J. Kohn, and J. L. Thomas,
“Stabilization of phosphatidylserine/phosphatidylethanola-
mine liposomes with hydrophilic polymers having multiple
“sticky feet”y” Langmuir, vol. 17, no. 25, pp. 7713-7716, 2001.
J. Jamil, S. Sheikh, and I. Ahmad, “Liposomes: the next
generation,” Modern Drug Discovery, vol. 7, no. 1, pp. 36-39,
2004.

M. W. Ndinguri, R. Solipuram, R. P. Gambrell, S. Aggarwal,
and R. P. Hammer, “Peptide targeting of platinum anti-cancer
drugs,” Bioconjugate Chemistry, vol. 20, no. 10, pp. 1869—1878,
2009.

S. Amselem, A. Gabizon, and Y. Barenholz, “Optimization and
upscaling of doxorubicin-containing liposomes for clinical
use,” Journal of Pharmaceutical Sciences, vol. 79, no. 12, pp.
1045-1052, 1990.

V. P. Torchilin and V. Weissig, Liposomes: A Practical Approach,
Oxford University Press, 2nd edition, 2003.

J. C. M. Stewart, “Colorimetric determination of phospho-
lipids with ammonium ferrothiocyanate,” Analytical Biochem-
istry, vol. 104, no. 1, pp. 10-14, 1980.

N. J. Zuidam, R. de Vrueh, and D. J. A. Crommelin, “Charac-
terization of liposomes,,” in Liposomes: A Practical Approach,
V. P. Torchilin and V. Weissig, Eds., pp. 31-78, Oxford
University Press, 2nd edition, 2003.



12

(59]

(60]

M. V. Backer, T. I. Gaynutdinov, V. Patel, B. T. Jehning,
E. Myshkin, and J. M. Backer, “Adapter protein for site-
specific conjugation of payloads for targeted drug delivery,”
Bioconjugate Chemistry, vol. 15, no. 5, pp. 1021-1029, 2004.
A. C. Hirbe, E. A. Morgan, M. C. Eagleton et al., “Granulocyte
colony-stimulating factor enhances bone tumor growth in
mice in an osteoclast-dependent manner,” Blood, vol. 109, no.
8, pp. 3424-3431, 2007.

M. M. Tomayko and C. P. Reynolds, “Determination of
subcutaneous tumor size in athymic (nude) mice,” Cancer
Chemotherapy and Pharmacology, vol. 24, no. 3, pp. 148-154,
1989.

E. M. Rezler, D. R. Khan, R. Tu, M. Tirrell, and G. B. Fields,
“Peptide-mediated targeting of liposomes to tumor cells,”
Methods in Molecular Biology, vol. 386, pp. 269298, 2007.

D. R. Khan, E. M. Rezler, J. Lauer-Fields, and G. B. Fields,
“Effects of drug hydrophobicity on liposomal stability,” Chem-
ical Biology and Drug Design, vol. 71, no. 1, pp. 3—7, 2008.

H. Hojo, T. Kojima, K. Yamauchi, and M. Kinoshita, “Synthe-
sis and liposome-formation of a thermostable lipid bearing
cell adhesion peptide sequence,” Tetrahedron Letters, vol. 37,
no. 41, pp. 7391-7394, 1996.

M. Garcia, M. A. Alsina, E Reig, and I. Haro, “Liposomes as
vehicles for the presentation of a synthetic peptide containing
an epitope of hepatitis A virus,” Vaccine, vol. 18, no. 3-4, pp.
276-283, 1999.

M. R. Jaafari and M. Foldvari, “Targeting of liposomes to
melanoma cells with high levels of ICAM-1 expression
through adhesive peptides from immunoglobulin domains,”
Journal of Pharmaceutical Sciences, vol. 91, no. 2, pp. 396-404,
2002.

D. Simberg, T. Duza, J. H. Park et al., “Biomimetic amplifi-
cation of nanoparticle homing to tumors,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 104, no. 3, pp. 932-936, 2007.

D. C. Drummond, O. Meyer, K. Hong, D. B. Kirpotin, and
D. Papahadjopoulos, “Optimizing liposomes for delivery of
chemotherapeutic agents to solid tumors,” Pharmacological
Reviews, vol. 51, no. 4, pp. 691-744, 1999.

A. Nagayasu, K. Uchiyama, and H. Kiwada, “The size of
liposomes: a factor which affects their targeting efficiency
to tumors and therapeutic activity of liposomal antitumor
drugs,” Advanced Drug Delivery Reviews, vol. 40, no. 1-2, pp.
75-87, 1999.

G. J. R. Charrois and T. M. Allen, “Rate of biodistribution of
STEALTH liposomes to tumor and skin: influence of liposome
diameter and implications for toxicity and therapeutic activ-
ity,” Biochimica et Biophysica Acta, vol. 1609, no. 1, pp. 102—
108, 2003.

C.-Y. Fan, C.-C. Huang, W.-C. Chiu et al., “Production of
multivalent protein binders using a self-trimerizing collagen-
like peptide scaffold,” FASEB Journal, vol. 22, no. 11, pp. 3795—
3804, 2008.

D. W. Siegmann, “Stimulation of quiescent 3T3 cells by
phosphatidic acid-containing liposomes,” Biochemical and
Biophysical Research Communications, vol. 145, no. 1, pp. 228—
233, 1987.

D. A. Scott, A. D. Richardson, F. V. Filipp et al., “Comparative
metabolic flux profiling of melanoma cell lines: beyond the
Warburg effect,” Journal of Biological Chemistry, vol. 286, no.
49, pp. 42626—42634, 2011.

Promega, “Celltiter-Glo luminescent cell viability assay,” Tech-
nical Bulletin, Promega Corporation, Madison, Wis, USA,
2011.

(75]

[76]

(81]

(82]

Journal of Drug Delivery

J. Dou, M. Pan, P. Wen et al., “Isolation and identification
of cancer stem-like cells from murine melanoma cell lines,”
Cellular & Molecular Immunology, vol. 4, no. 6, pp. 467-472,
2007.

A. L. Klibanov, K. Maruyama, V. P. Torchilin, and L. Huang,
“Amphipathic polyethyleneglycols effectively prolong the cir-
culation time of liposomes,” FEBS Letters, vol. 268, no. 1, pp.
235-237, 1990.

T. M. Allen and C. Hansen, “Pharmacokinetics of stealth
versus conventional liposomes: effect of dose,” Biochimica et
Biophysica Acta, vol. 1068, no. 2, pp. 133-141, 1991.

T. M. Allen, C. Hansen, F. Martin, C. Redemann, and A. E
Yau-Young, “Liposomes containing synthetic lipid derivatives
of poly(ethylene glycol) show prolonged circulation half-lives
in vivo,” Biochimica et Biophysica Acta, vol. 1066, no. 1, pp. 29—
36, 1991.

K. Maruyama, O. Ishida, T. Takizawa, and K. Moribe, “Pos-
sibility of active targeting to tumor tissues with liposomes,”
Advanced Drug Delivery Reviews, vol. 40, no. 1-2, pp. 89-102,
1999.

N. Oku, “Anticancer therapy using glucuronate modified
long-circulating liposomes,” Advanced Drug Delivery Reviews,
vol. 40, no. 1-2, pp. 63-73, 1999.

N. Diizgiines and S. Nir, “Mechanisms and kinetics of
liposome-cell interactions,” Advanced Drug Delivery Reviews,
vol. 40, no. 1-2, pp. 3—18, 1999.

K. R. Whiteman, V. Subr, K. Ulbrich, and V. P. Torchilin,
“Poly(HPMA)-coated liposomes demonstrate prolonged cir-
culation in mice,” Journal of Liposome Research, vol. 11, no.
2-3, pp. 153-164, 2001.

D. Lasic, “Doxorubicin in sterically stabilized,” Nature, vol.
380, no. 6574, pp. 561-562, 1996.

A. Mori, A. L. Klibanov, V. P. Torchilin, and L. Huang,
“Influence of the steric barrier activity of amphipathic poly
(ethyleneglycol) and ganglioside GM1 on the circulation time
of liposomes and on the target binding of immunoliposomes
in vivo,” FEBS Letters, vol. 284, no. 2, pp. 263-266, 1991.

K. Maruyama, T. Yuda, A. Okamoto, C. Ishikura, S. Kojima,
and M. Iwatsuru, “Effect of molecular weight in amphipathic
polyethyleneglycol on prolonging the circulation time of large
unilamellar liposomes,” Chemical and Pharmaceutical Bul-
letin, vol. 39, no. 6, pp. 1620-1622, 1991.

K. Maruyama, T. Yuda, A. Okamoto, S. Kojima, A. Suginaka,
and M. Iwatsuru, “Prolonged circulation time in vivo of large
unilamellar liposomes composed of distearoyl phosphatidyl-
choline and cholesterol containing amphipathic poly(ethylene
glycol),” Biochimica et Biophysica Acta, vol. 1128, no. 1, pp. 44—
49, 1992.

E K. Bedu-Addo, P. Tang, Y. Xu, and L. Huang, “Effects of
polyethyleneglycol chain length and phospholipid acyl chain
composition on the Interaction of polyethyleneglycol-phos-
pholipid conjugates with phospholipid: implications in lipo-
somal drug delivery,” Pharmaceutical Research, vol. 13, no. 5,
pp. 710717, 1996.

P. J. Photos, L. Bacakova, B. Discher, F. S. Bates, and D.
E. Discher, “Polymer vesicles in vivo: correlations with PEG
molecular weight,” Journal of Controlled Release, vol. 90, no. 3,
pp. 323-334, 2003.

Y. Dori, H. Bianco-Peled, S. K. Satija, G. B. Fields, J. B.
Mccarthy, and M. Tirrell, “Ligand accessibility as means to
control cell response to bioactive bilayer membranes,” Journal
of Biomedical Materials Research, vol. 50, no. 1, pp. 75-81,
2000.



Journal of Drug Delivery

(90]

A. Gabizon, R. Catane, B. Uziely et al., “Prolonged circulation
time and enhanced accumulation in malignant exudates
of doxorubicin encapsulated in polyethylene-glycol coated
liposomes,” Cancer Research, vol. 54, no. 4, pp. 987-992, 1994.
R.J. Lee and P. S. Low, “Folate-mediated tumor cell targeting
of liposome-entrapped doxorubicin in vitro,” Biochimica et
Biophysica Acta, vol. 1233, no. 2, pp. 134-144, 1995.

E. Roux, M. Lafleur, E. Lataste, P. Moreau, and J.-C. Leroux,
“On the characterization of pH-sensitive liposome/polymer
complexes,” Biomacromolecules, vol. 4, no. 2, pp. 240-248,
2003.

D. Goren, A. T. Horowitz, D. Tzemach, M. Tarshish, S.
Zalipsky, and A. Gabizon, “Nuclear delivery of doxorubicin via
folate-targeted liposomes with bypass of multidrug-resistance
efflux pump,” Clinical Cancer Research, vol. 6, no. 5, pp. 1949—
1957, 2000.

H. D. Han, A. Lee, T. Hwang et al., “Enhanced circulation time
and antitumor activity of doxorubicin by comblike polymer-
incorporated liposomes,” Journal of Controlled Release, vol.
120, no. 3, pp. 161-168, 2007.

13



	Introduction
	Materials and Methods
	Chemicals
	Cell Culture Conditions
	Preparation of DOX-Loaded Liposomes
	Liposome Stability
	Cytotoxicity Assay
	Tumor Growth In Vivo
	Statistics

	Results
	Construction and Characterization of Nontargeted and Targeted Liposomes
	Stability of 1(IV)1263--1277PA to Proteolysis
	Stability Comparison of DOX-Loaded Liposomes with and without 1(IV)1263--1277PA
	Cytotoxicity of DOX-Loaded Liposomes for Cells Varying in CD44/CSPG Content
	Cytotoxicity of DOX-Loaded Liposomes to B16F10 Mouse Melanoma Model

	Discussion
	Conflict of Interests
	Acknowledgments
	References

