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ABSTRACT: The application of tumor targeting ligands for
the treatment of cancer holds the promise of enhanced efficacy
and reduced toxicity. L-SPS ( (SVSVGMKPSPRP)) is a
peptide that recognizes tumor neovasculature but not normal
blood vessels (Lee et al, Cancer Res. 2007, 67, 10958—65).
The current report presents the design and application of D-
SPS (,(PRPSPKMGVSVS)), a novel retro-inverso analogue of
L-SPS. Peptides D-SPS and parental L-SP5 are shown to
compete for the same target sites of a yet unknown cellular
target and possess a dual-targeting bioactivity for both
activated endothelial cells (HUVEC) and several tumor cell
lines. Cellular uptake experiments showed superior in vitro
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targeting abilities of D-SPS compared with L-SPS, such as enhanced internalization into stimulated HUVEC or KB, U87, and
SGC tumor cells. A radioligand receptor binding assay revealed a higher cell affinity of D-SPS in all tested cell lines, with Ky
values for D-SPS about 2-fold lower than for L-SPS. An up to 3-fold higher maximum binding capacity (B,,,,) to cells of D-SPS
was noted. Fluorescein-labeled D-SP5 upon intravenous administration displayed strong association with tumor endothelium. D-
SPS-conjugated PEG-DSPE micelles displayed enhanced tumor homing (evidenced by near-infrared in vivo imaging). When
loaded with doxorubicin, D-SPS micelles could markedly suppress tumor growth with higher efficacy than L-SPS micelles both in
vitro and in vivo in KB tumor xenografts. In summary, the data demonstrate that D-SPS displays higher binding affinities toward
tumor endothelium as well as tumor cells and enhanced tumor targeting capability in vitro and in vivo.

B INTRODUCTION

One of the key issues for successful cancer treatment is to
deliver effective doses of chemotherapeutic agents or antibodies
into the tumors while minimizing the adverse effects to healthy
tissues."” The interstitial fluid pressure in the solid tumors is
higher than in normal organs, which may result in failure for
standard drugs to accumulate in the tumor target regions.z’_5
To overcome this problem, several approaches could be
considered. Compared with normal cells, most tumors have
unique growth characteristics. In order to meet the great
demand of such growth, new blood vessels are formed without
the lining of functional pericytes around the endothelial cells.
Thus, these blood vessels are usually leaky, with fenestrations of
an average pore size of 100—600 nm, depending on the type of
tumor. In addition, tumor tissues are short of lymphatic vessels,
which, together with the leakiness of the vasculature, allows
nanoparticles to diffuse into and be entrapped within the
tumors. This passive tumor accumulation is also referred to as
the enhanced permeability and retention (EPR) effect.™® Self-
assembled polymeric micelles are promising drug carriers with
narrow distribution of size (1—100 nm) for anticancer
agents.”’® Drugs can be embedded within the hydrophobic
core of polymeric micelles, which greatly increase both
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solubility and stability of drugs. Poly(ethylene glycol)-
phospholipid based micelles usually have prolonged in vivo
circulation times necessary for drug tumor accumulation.'!

Nevertheless, besides the passive targeting by EPR effect,
several specific endothelial surface markers are expressed on
tumor vasculature,">'° which are barely detectable in normal
vessels and organs.lé_18 Therefore, finding the corresponding
target ligands that specifically bind to the tumor microenviron-
ment (i.e, tumor vessels and tumor cells) presents an
important task in anticancer therapy. Use of polymeric micelles
conjugated with such target ligands makes it possible to deliver
encapsulated chemotherapeutic drugs into cells through
receptor-mediated endocytosis.'*~**

Retro-inverso peptide analogues, also called retro-all-p or
retroenantio peptide analogues, are obtained through assem-
bling amino acid residues in the reverse order of the parent
peptide sequence and replacing L- with D-amino acids.
Theoretically, retro-inverso peptides, unless fixed in special
secondary structures, present an orientation of their side chains
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very similar to that of the original structure.”>** Such peptides
are resistant to protease degradation, have modified anti-
genicity, and may have equal or even higher bioactivities
compared with the parent 1-peptides.”s~>*

L-SPS, previously reported as SPS—52, a linear peptide which
contains twelve amino acids, was discovered by an in vivo
phage display screen to recognize blood vessels in SCID mice
bearing solid tumors.”” In the current study, we synthesized the
retro-inverso form of L-SPS, named D-SPS
(p(PRPSPKMGVSVS)), and investigated its tumor targeting
property. Through cellular uptake experiments and radioligand
receptor binding assays (RBA), D-SPS was found to possess
dual-targeting abilities to both tumor neovasculature and tumor
cells. Moreover, it exhibited surprisingly enhanced binding
affinities compared with L-SPS. Also, D-SPS targeted micelles
(D-SPS-micelles/Dox), consisting of D-SPS conjugated poly-
(ethylene glycol) phosphatidyl ethanolamine (D-SPS-PEG-
DSPE), methoxy poly(ethylene glycol) phosphatidyl ethanol-
amine (mPEG-DSPE), and doxorubicin (Dox), exhibited
enhanced tumor cytotoxic efficacy compared with L-SPS
conjugated micelles (L-SPS-micelles/Dox), nontargeted mi-
celles (M-micelles/Dox) or free Dox, against KB cells both in
vitro and in vivo. These results indicate that D-SPS peptide may
have great potential as a drug targeting agent in cancer therapy.

B MATERIALS AND METHODS

Materials. Boc-amino acids were purchased from GL
Biochem Ltd. (Shanghai, China). Peptide synthetic resin was
from Fluka (Switzerland). O-Benzotriazole-N,N,N’,N’-tetra-
methyl-uronium-hexafluorophosphate (HBTU) and N,N-diiso-
propylethylamine (DIPEA) were obtained from American
Bioanalytical (USA). Fluorescein-S-maleimide (MAL-FITC)
was purchased from Fanbo Biochemicals (Beijing, China). Mal-
PEG-DSPE was purchased from Laysan Bio Co., USA.
Sephadex GSO was purchased from Sigma (St. Louis, USA).
DiR (1,1’-dioctadecyl-3,3,3",3'-tetramethyl indotricarbocyanine
iodide) was from Invitrogen, USA. mPEG2000-DSPE was
purchased from Lipoid GmbH (Ludwigshafen, Germany).
Dulbecco’s modified Eagle medium (DMEM) and fetal bovine
serum (FBS) were purchased from Gibco Co. (USA). Rat
antimouse CD31 was from Abcam (USA). Goat antirat IgG
conjugated to rhodamine was purchased from Santa Cruz
Biotechnology Inc. (USA). DAPI was supplied by Roche,
Switzerland. Tissue-tek OCT compound was supplied by
Sakura Finetek USA Inc. Vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF) were
obtained from Sino Biological Inc. (Beijing, China). Mouse
serum was purchased from GuangZhou Jianlun Biology
Technology Co.(Guangzhou, China). Dox-HCl was purchased
from Zhejiang Haizheng Co. (Zhejiang, China).

HUVEC (human umbilical vein endothelial cells), KB
(human oral epidermoid carcinoma cells), U87 (human
glioblastoma cells), SGC (human gastric carcinoma cells),
and L02 (normal human hepatocytes), obtained from Shanghai
Institute of Cell Biology (Shanghai, China), were cultured in
DMEM containing 10% FBS, 100 U/mL penicillin, and 100
pug/mL streptomycin under a humidified atmosphere of $%
CO,/air at 37 °C.

Male BALB/c nude mice of 4—6 weeks of age were obtained
from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China) and kept under SPF conditions. All animal experiments
were evaluated and approved by the Ethics Committee of
Fudan University.
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Synthesis of Peptides and Derivatives. D-SPS
(p(PRPSPKMGVSVS)), L-SPS (L(SVSVGMKPSPRP)), and
control peptide (,(PSMVKGSRVPPS)) were synthesized using
Boc-protected amino acids on solid-phase PAM resins using
standard coupling procedures. HBTU/DIPEA was used as
coupling reagent. In order to label with fluorescein and
radionuclide, cysteine and tyrosine derivatives of the above
peptides were synthesized; peptide sequences were shown in
Table 1. The peptides were purified using a reverse-phase
HPLC (RP-HPLC) and the sequences were confirmed using a
mass spectrometry method (ESI-MS, Figure S1).

Table 1. List of Synthesized Peptide Sequences®

L-

D-peptide sequence peptide sequence

D-SP5 »(PRPSPKMGVSVS)  L-SPS | (SVSVGMKPSPRP)

D-SP5-Cys  p(PRPSPKMGVSVSC) L-SPS- | (CSVSVGMKPSPRP)
Cys

D-SPS-Tyr  p(PRPSPKMGVSVSY) L-SPS- | (YSVSVGMKPSPRP)
Tyr

Control »(PSMVKGSRVPPS)

peptide

“Amino acid residue PSP refers to the potential crucial motif for
tumor targeting ability; and C or Y was labeled for further modification
(on the opposite side to expose PSP motif).

Synthesis of FITC-Labeled D-SP5. To prepare fluores-
cein-labeled peptides, 5 mg peptide-Cys derivative was
dissolved in 1 mL of PBS (0.05 mol/L, pH 7.4). A 12X
molar excess of Mal-FITC was dissolved into the above
solution and stirred for 2 h. Then, the mixture was purified via
an HPLC system (Waters 600E, USA) on a Symmetry 300 A
C-18 reversed column (300 mm X 19 mm, Waters Co.) using a
gradient method. The mobile phase A consisted of distilled
H,0 with 0.1% (v/v) trifluoroacetic acid (TFA). The mobile B
consisted of acetonitrile with 0.1% (v/v) TFA. The elution
gradient was 60 min linear gradient from 5% B to 65% B at a
flow rate of 10 mL/min. The product was collected and
lyophilized for further use.

Peptide lodination. Peptides were iodinated following an
Iodogen method as reported.®® In brief, a 1.5 mL
polypropylene tube was coated with 10 ug of iodogen in
CHCl; (0.2 mg/mL) and air-dried. Two micrograms D-SPS-
Tyr or L-SP5-Tyr was mixed with 1.3 mCi Na'*T in 30 uL of
0.2 mol/L HEPES buffer (pH 7.2), respectively. The mixture
was allowed to react for S min under stirring at 25 °C and was
then fractionated on a 1 X 10 cm Sephadex G-10 column eluted
with SO mmol/L HEPES buffer (pH 7.2). '**I-radiolabeled D-
SP5-Tyr and L-SP5-Tyr were collected and stored at 4 °C.
Radiochemical purity of these peptides was determined on a
YMC C-18 reversed-phase column using TFA/acetonitrile as a
mobile phase via HPLC system (Agilent 1100 Series, Palo Alto,
USA). Specific radioactivity was typically 600 mCi/ug.

Targeting Property of Retro-Inverso Peptide D-SP5. In
Vitro Cellular Uptake of FITC-D-SP5. In order to investigate
the affinity of D-SPS to neovasculature endothelia, HUVEC
cells were transferred to 33 mm culture dishes at 2 X 10° cells
per dish. The cells were pretreated with 20 ng/mL of VEGF
and 2 ng/mL of bFGF for 48 h to stimulate HUVEC. The
VEGF-stimulated HUVEC were incubated with 0.5 gmol/L of
FITC-labeled peptides (FITC-D-SPS, FITC-L-SPS, and FITC-
control peptide) for 4 h at 37 °C, respectively. Cells were
washed three times with PBS and directly observed under a
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fluorescence microscope (DMI4000 B, LEICA, Germany). To
investigate whether the D-SP5 and L-SPS can bind with the
stimulated-HUVEC at a same binding site, 1 mmol/L unlabeled
L-SPS5 was used to compete with FITC-D-SPS. An equal molar
concentration of FITC-labeled control peptide was used as a
negative control. The cellular uptake of FITC-labeled peptides
(FITC-D-SPS, FITC-L-SPS, and FITC-control peptide) by KB,
U87, and SGC was also studied following the same procedure
described above.

Radioligand Binding Assay of Receptors. Radioligand
binding assays on different cell lines were performed to further
compare the binding affinities of '**I-labled D-SPS and L-SPS
peptide ('**I-D-SPS and '*I-L-SPS) . Briefly, the stimulated-
HUVEC and the other three human tumor cells (KB, U87, and
SGC) were incubated with 0.01—1.5 nmol/L 125.D-SPS and
125L.L-SPS, respectively. After incubation for 4 h at 4 °C, the
cells were collected by centrifugation at 1000g for 5 min at 4
°C. The collected cells were washed with 1 mL of ice-cold PBS
buffer and centrifuged. Radioactivity of these samples was
measured via a gamma counter (SN-682, Rihuan, China).
Following the same procedure, the cells were treated with
unlabeled peptide in 200-fold molar excess to determine
nonspecific binding for different cell lines. Specific binding was
calculated by subtracting the nonspecific binding from the total
binding. All assays were performed in triplicate. Dissociation
constant (Ky) and maximum binding capacities (B, were
determined by Scatchard analysis of saturation curves using
GraphPad Prism.

Tissue Preparation and Immunohistochemical Anal-
ysis. Immunofluorescence study was carried out to investigate
targeting mechanism of peptide D-SPS. KB cells (1.2 x 10°
cells per mouse) were subcutaneously inoculated in the right
flank of nude mice. FITC-labeled D-SPS was intravenously
injected 1S5 days post inoculation when the mice had visible
tumors of approximately 8—10 mm in diameter. At 2 h
following the injection, the mice were sacrificed for the tumors.
FITC-labeled L-SP5 was produced by the same procedures and
used as contrast. The tumors were excised and fixed with 4%
paraformaldehyde for 12 h. Then, the fixed tumors were soaked
in 30% sucrose in PBS overnight, frozen in OCT embedding
medium, and then snap-frozen in liquid nitrogen. The tumor
tissues were cut into 10-um-thick slices using a Cryostat
(MICROM International GmbH, Walldorf, Germany). Sec-
tions of the tumor tissues were fixed in ice-cold acetone for 10
min at 4 °C and washed with PBS, and blocked with bovine
serum albumin (BSA) for 1 h. For labeling blood endothelial
cells, sections were incubated with rat antip-mouse CD31
(1:10, v/v) for 1 h, followed by detection with goat anti-rat IgG
conjugated to Rhodamine (1:100, v/v). Slides were treated with
DAPI for nuclear counterstaining, and visualized using a
fluorescent microscope (DMI4000 B, LEICA, Germany).

Ex Vivo Stability Studies of D-SP5 and L-SP5 Peptides
in Diluted Mouse Serum. The stabilities of D-SP5 and L-SP5
peptides were investigated in commercially available pooled
mouse serum diluted to 50% with distilled water. 1.5 mg
peptide was dissolved in 2 mL pooled sterile mouse serum.
After incubation periods of 0, 5, 10, 15, and 30 min, and 1, 1.5,
2,4, 6,8, and 10 h at 37 °C, 100 L serum medium was taken
out and added with 500 uL methanol to precipitate the serum
proteins. Then, the mixture was stored at 4 °C for 20 min, and
centrifuged at 13 000 rpm for 10 min. The remaining amounts
of peptides were quantified by using reverse-phase HPLC (The
elution gradient was 30 min linear gradient from 5% acetonitrile
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to 65% acetonitrile at a flow rate of 0.7 mL/min). All
experiments were carried out three times.

Synthesis and Characterization of D-SP5-PEG-DSPE.
D-SPS-PEG-DSPE was synthesized by reacting 2.9 mg D-SP5-
Cys with an equimolar quantity of 8.26 mg Mal-PEG-DPSE in
1 mL PBS buffer (pH 7.0, 1/15M). The reaction mixture was
stirred for 1 h at room temperature. The peptide was covalently
linked to the maleimide group of Mal-PEG-DSPE via the thiol
of the unprotected cysteine, to yield L-SPS-PEG-DSPE and D-
SP5-PEG-DSPE. The reaction mixture was purified via an
HPLC system (Waters 600E, USA) on a Symmetry 300 A C-4
reverse-phase column (250 mm X 10.0 mm, Sepax Bio.) using a
solvent gradient. The mobile phase A consisted of distilled H,O
with 0.1% (v/v) trifluoroacetic acid (TFA), and mobile B of
acetonitrile with 0.1% (v/v) TFA. The elution gradient was a
60 min linear gradient from 70% B to 90% B at a flow rate of 3
mL/min. L-SPS-PEG-DSPE was synthesized by the same
procedure.

Preparation and Characterization of D-SP5-PEG-DSPE
Micelles. Preparation of Polymer Micelles. Micelles loaded
with Dox or DiR (tetramethylindotricarbocyanine, a near-
infrared dye) were prepared, respectively, for different uses by
the thin-film hydration and extrusion method. Nontargeted
micelles loaded with Dox (M-micelles-Dox) were prepared by
the follow procedures. First, 1 mg Dox-HCI was dissolved and
stirred in 200 L methanol at room temperature (molar ratio of
Dox:triethylamine = 1:1.5) to convert into the Dox free base.
After 8 h, the Dox methanol solution was transferred to a 500
uL CHCl; solution of 5 mg mPEG-DSPE. Next, the mixture
was dried to form the drug-containing lipid film using a rotary
evaporator, and vacuum was applied for complete removal of
organic solvent. The obtained film was added to 200 L 10 mM
HEPES-buffered saline (HBS, pH 7.4), and then sonicated
using a vortex shaker for 10 min. Then, the micelles were
hydrated at 37 °C for 1.5 h. Free Dox was removed by gel
filtration over a Sephadex G-50 column with HBS.

The formulations of D-SPS-micelles-Dox and L-SP5-
micelles-Dox were prepared as described above except that 2
mol % of D-SPS-PEG-DSPE or L-SPS-PEG-DSPE (molar ratio
of peptide-PEG-DSPE:mPEG-DSPE = 2:100) were added in
the film preparation step. DiR-loaded micelles were prepared
analogously except that DiR was dissolved in the CHCIl;/
MeOH solution. All the procedures were conducted in
darkness.

Particle Size and Dox Loading Efficiency of Polymer
Micelles. Average diameters and size distribution of prepared
micelles were determined by dynamic light scattering (DLS)
method (Malvern Zetasizer 3000). Morphology of micelles was
characterized by cryogenic transmission electron microscopy
(cryo-TEM). One drop of Dox-loaded micelle solution was
placed on a copper grid and was prepared as a thin aqueous film
supported on a holey carbon grid. The grid was allowed to dry
further for 10 min and was then examined with the electron
microscope. Cryo-TEM images were obtained with a 200 kV
Tecnai F20 (FEL Netherlands).

To calculate drug loading efficiency, 900 uL acid isopropyl
alcohol (volume ratio of concentrated HCl:ispropyl alcohol =
1:9) was added to 100 uL freshly prepared micelles (in HBS
solution), to cause complete dissolution of the micelles and
release of encapsulated Dox. The amount of loaded Dox was
determined by measuring the UV absorbance at 483 nm. A
calibration curve was constructed using different concentrations
of free Dox (1—50 ug/mL) in an identical solvent mixture. The
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level of Dox-loading and encapsulation efficiency were
calculated from the following equations:

Dox-loading[weight/weight](%)
= (amount of loaded Dox in mg)

/(amount of copolymer in mg) X 100

Encapsulation efficiency(%)
= (amount of loaded Dox in mg)

/(amount of Dox added in mg) X 100

Release of Dox from Polymeric Micelles. The release profile
of Dox from micelles was studied within 48 h, using the dialysis
method. A 1.0 mL solution of free Dox, M-micelles/Dox, L-
SPS-micelles/Dox, or D-SPS-micelles/Dox at the Dox concen-
tration of 0.25 mg/mL was placed in a dialysis bag (molecular
mass cutoff 10 kDa). The dialysis bags were incubated in 200
mL of either phosphate buffer (pH 7.4) or acetate buffer (pH
5.0) at 37 °C with gentle shaking, and aliquots were removed
from the medium at defined time points. The released drug was
quantified by fluorescence detection using reverse-phase HPLC
(C18 column, 35% acetonitrile as the eluant solution).

Tumor Targeting Ability of D-SP5-Micelles. Mice
bearing KB xenograft tumors were established by subcutaneous
injection of 1.2 X 10° KB cells into the right flank. When the
tumors reached 700 mm? after 3 weeks, D-SPS-micelles/DiR
were injected via the tail vein, and L-SP5-micelles/DiR and M-
micelles/DiR were used as control. At defined times post-
injection, the mice were anesthetized and detected in the whole
body using an in vivo imaging system (Maestro, CRI, USA)
equipped with Deep Red filter sets (excitation/emission, 730/
790 nm). After the time point of 24 h, mice were sacrificed by
cervical dislocation, organs and tumors were harvested, and the
distribution of fluorescence was calculated.

Pharmacodynamic Studies of D-SP5-Micelles/Dox.
MTT Cell Viability Assay. The cytotoxicity of Dox-incorporated
micelles against KB cells was determined by using 96-well tissue
culture plates (Power Wave XS, Bio-TEK, USA). KB cells were
seeded in 96-well plates in 200 pL of medium to obtain a
concentration of 3000 cells per well and incubated overnight.
Cells were then incubated with fresh, serum-free DMEM
medium containing D-SPS-micelles/Dox, L-SPS-micelles/Dox,
M-micelles/Dox, and free Dox with a series of Dox
concentrations ranging from 0.85 yM to 54.50 uM for 2 h.
Cells were washed with PBS twice, and 200 uL DMEM
(containing 10% FBS) was added to each well and incubated
for another 48 h. Then, 20 uL MTT was added to each well.
After a further incubation period of 4 h, the absorbance was
measured at 490 nm using an automatic multiwell spectropho-
tometer. Untreated cells in media were used as a control. The
viability was calculated on the basis of absorbance of the study
group over the control group. All experiments were carried out
three times.

Effect of D-SP5-Micelles/Dox on KB Tumor Growth. Thirty
four-week-old (18—20g) male BALB/C nude mice were
injected subcutaneously in the right flank with 1.2 X 10° KB
cells to establish xenograft tumors. After 14 days, the tumor
volume had reached 100 mm?3; mice bearing KB tumors were
randomized into five groups (six mice every group) and
received intravenous (i.v.) injections of D-SPS-micelles/Dox, L-
SP5-micelles/Dox, M-micelles/Dox, free Dox, and PBS
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(control group), separately, with a total doxorubicin dose of
10 mg/kg (five times, equivalent to 60 yg Dox/mouse/time)
once each at the 14th, 17th, 20th, 23rd, and 26th day. The
tumor volume was measured three times a week using the
formula 0.5 (a X b*), where a and b refer to the largest and
smallest diameter, respectively. After 21 days of treatment (the
34th day in total), mice were sacrificed by cervical dislocation,
and the tumors were harvested and then weighed.

Systemic Toxicity of Micelle-Encapsulated Dox.
Doxorubicin treatment results in severe irreversible cardiomy-
opathy. Therefore, we compared the systemic toxicity of free
Dox with D-SPS-micelles/Dox, L-SPS-micelles/Dox, and M-
micelles/Dox. To evaluate the tissue damage of different
formulations, hearts were also collected after the mice were
killed on day 34. Sections of 10 ym thickness were made, and
H&E staining was performed, followed by pathological
examination to identify the heart tissue damage.

Statistical Analysis. All the data are means + SD calculated
from at least three independent experiments. All of the paired
data were tested for normality and considered Gaussian, so data
sets were compared using the paired ¢ test. The level of
significance was set to p < 0.0S.

B RESULTS

FITC-D-SP5 Showed Dual Specific and Stronger
Binding Efficacy to VEGF-Stimulated HUVEC Cells and
Tumor Cells than FITC-L-SP5. In order to investigate the
cellular uptake of D-SPS to human neovasculature endothe-
lium, FITC-labeled D-SPS (FITC-D-SPS) and L-SP5 (FITC-L-
SPS) were incubated with VEGF-stimulated HUVEC. As
shown in Figure 1A(a,b), the FITC-D-SPS showed enhanced
cellular uptake by the VEGF-stimulated HUVEC compared to
the FITC-L-SPS. No binding activity was observed for control
peptide group (Figure 1A(c)). Most importantly, L-SPS could
completely inhibit the uptake of FITC-D-SPS by stimulated-
HUVEC (Figure 1A(d)). No fluorescent signal was observed in
the case of HUVEC without VEGF stimulation (Figure 1A(e)).
These results demonstrated that D-SP5 has a stronger targeting
ability to the VEGF-stimulated HUVEC in comparison to L-
SPS. In addition, it shows that the retro-inverso D-SP5 peptide
was bound to the same binding site as the L-SPS5.

To demonstrate the interaction of the D-SPS with tumor
cells in vitro, we incubated FITC-labeled D-SPS and L-SPS
with three human tumor cells (ie, KB, U87, and SGC),
respectively. The D-SPS showed more efficient internalization
by KB cells than the L-SPS (Figure 1B(ab)). The control
peptide did not show cellular uptake by KB (Figure 1B(c)). We
also investigated other tumor cells such as U87 and SGC cells.
The same results were obtained (Figure 1B(d,e;gh)). The D-
SP5 did not show cellular uptake of normal human hepatocyte
cells (Figure 1B(f)). These results confirmed that the D-SPS
could target tumor cells better than the L-SPS.

23] Jodinated D-SP5 Peptide Exhibited Higher Bind-
ing Affinities and More Binding Capacities to the Target
Cells. To investigate the binding activity quantitatively,
radioreceptor binding assays of '*I-D-SPS and '*’I-L-SPS on
the cells were performed. Briefly, 1 X 10° cells were incubated
with increasing concentrations (0.01—1.5 nmol/L) of the '*I-
D-SPS and '*I-L-SPS. Saturation curves and Scatchard plots of
specific binding of the '*I-D-SPS and '*I-L-SPS to the VEGE-
stimulated HUVECs and three human tumor cells lines are
presented in Figure 2. Scatchard analysis revealed a single class
of high-affinity D-SPS binding sites in VEGEF-stimulated
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Figure 1. In vitro binding property of D-SPS to VEGF-stimulated
HUVECs and tumor cells. (A) The cellular uptake of D-SPS by
stimulated HUVECs: (a) D-SPS with stimulated HUVECs; (b) L-SPS
with stimulated HUVECs; (c) control peptide with stimulated
HUVECs; (d) D-SPS inhibited by L-SPS with stimulated HUVECs;
(e) D-SPS with unstimulated HUVECs. (B) The cellular uptake of D-
SPS by tumor cells: (a,d,g) D-SPS and (beh) L-SPS with three
different tumor cell lines; (c) control peptide with KB cells; (f) D-SPS
with L02 cells.

L-5PS <U8~

L-SP5 + SGI

HUVEC and three human tumor cell lines (Table 2). '*’I-D-
SPS bound to stimulated HUVEC, KB, U87, and SGC with Ky
of 131, 588, 769, and 2000 pmol/L, while L-SPS bound to the
cells with Ky of 232, 1250, 833, and 2500 pmol/L. Maximum
binding capacity (B,,) of D-SPS to the stimulated-HUVEC,
KB, U87, and SGC were 61, 243, 137, and 164 fmol per 10°
cells and those of L-SPS were 24, 160, 38, and 115 fmol per 10°
cells. In comparison with L-SPS, D-SPS showed higher affinity
and more apparent binding capacity with all the cells studied.
Moreover, no specific binding of '**I-labeled D-SPS and L-SPS
to normal human hepatocyte cells (HL7902) was observed.

FITC Labeled D-SP5 Peptide Homes to Tumor Vessels
of Mice Bearing KB Xenograft Tumors. Frozen tumor
tissue sections were subjected to immunofluorescence analysis
to study the localization of D-SPS targeted to the KB tumor.
The staining results of tumor tissues are shown in Figure 3.
FITC-labeled D-SPS completely colocalized with tumor blood
vessel marker CD31. L-SP5 showed surprisingly lower
colocalization with CD31. This, however, is consistent with
the lower Ky and instability of L-SPS in mouse serum (Figure
4). In sum, the data indicate more tumor neovasculature-
specific binding of D-SPS peptide.

D-SP5 Peptide Showed Sustained Serum Stability
Compared with L-SP5 Peptide. Stability is considered as
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another important factor, because if the peptides were not
stable in body fluids, they would fail to reach the tumor target
sites. As shown in Figure 4, L-SPS peptide was decomposed at
an amazing rate, and within 1 h, L-SPS was fully degraded in
the serum; while D-SPS peptide showed remarkably enzyme-
resistant ability, for after 10 h, the remaining amount of D-SP$
was as much as 93%.

Synthesis and Characterization of D-SP5-PEG-DSPE.
For formation of tumor-targeted micelles, peptide-PEG-DSPE
conjugates (structures shown in Supporting Information Figure
S2) were synthesized as described in Materials and Methods. In
the '"H NMR spectrum (Figure S2) of Mal-PEG-DSPE, the
multiple peaks at 1.26 ppm refer to the methylene protons of
DSPE, the signal at 3.7—3.8 ppm to the repeat units of PEG,
and the characteristic peak at 6.7 ppm refers to the Mal group.
This Mal peak is not present in the NMR spectra of D-SPS5-
PEG-DSPE and L-SPS-PEG-DSPE, whereas the DSPE and
PEG segments still presented peaks at 1.26 and 3.7—3.8 ppm,
respectively, indicating that the Mal group had reacted with the
thiol group of D-SPS-cys and L-SPS-cys.

Physicochemical Properties of Dox-Loaded Micelles.
The characterization results and transmission electron micro-
scope (TEM) images are shown in Table 3 and Figure SA. The
size of micelles is about 30 nm and similar with or without D-
SP5 or L-SPS modification, demonstrating that the incorpo-
ration of D-SPS-PEG-DSPE or L-SPS-PEG-DSPE into micelles
had no influence on the physical properties of micelles.

A time course of Dox release from micelles at 37 °C and
either pH 7.4 or pH 5.0 was performed using a dialysis
membrane assay for collection of released Dox. Most (85%) of
free Dox was released from the dialysis bag within 2 h at pH 5.0
(Figure SB), while the release of free Dox at pH 7.4 (Figure
SC) was slower (47% at the 2 h time point). At pH §,
nontargeted M-micelles/Dox, targeted L-SPS-micelles/Dox,
and D-SPS-micelles/Dox released 18%, 18%, and 16% of
encapsulated Dox after 24 h, respectively. Similar to that for
free Dox, Dox release from polymeric micelles was slower at pH
7.4 compared to pH 5.0. At pH 7.4, 13.5%, 13.2%, and 10.3% of
encapsulated Dox were released from M-micelles/Dox, L-SPS-
micelles/Dox, and D-SPS-micelles/Dox after 24 h, respectively.

D-SP5-Micelles Delivery Resulted in Enhanced Tumor
Targeting. The in vivo targeting property of D-SPS-micelles to
KB xenograft tumors was based on the study by injecting
micelles loaded with DiR via tail vein to nude mice bearing
tumors. As is shown in Figure 6A, for each time point at 1, 4,
and 8 h, significantly increased fluorescence was observed in the
tumor site of D-SPS-micelles, suggesting that more D-SPS-
micelles-DiR localized in the tumor site than L-SPS-micelles-
DiR and M-micelles-DiR groups. According to the image of in
vitro excised organs shown in Figure 6B, tumor and liver
showed obvious fluorescence, while limited accumulation was
observed in heart. A triple increase of fluorescence of D-SPS-
micelles (semiquantitative analysis) in tumor but not heart
suggests that D-SPS-micelles-DiR might have improved
antitumor efficiency and decreased cardiac toxicity (Figure 6C).

Enhanced Tumor Growth Inhibition by D-SP5-
Micelles/Dox. Dose-dependent in vitro cytotoxicity of D-
SPS-micelles/Dox, L-SPS5-micelles/Dox, M-micelles/Dox, and
free Dox was demonstrated on KB tumor cells by MTT assay as
shown in Figure 7A. The unloaded control micelles showed no
noticeable cell death up to 1000 mg/L (Figure 7B), indicating
their good biocompatibilities and displaying their potential as
drug delivery vehicles. Effective inhibitory effect of KB cells was
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Figure 2. Radio receptor binding assays on the cells using '**I-labeled peptides (---@---, D-SPS; ---O---, L-SP5). Specific binding was calculated from
total binding by subtracting nonspecific binding. Nonspecific binding was determined experimentally in the presence of no less than a 200 molar
excess of unlabeled peptide. The binding reaction proceeded for 4 h at 4 °C. Data from three experiments performed in triplicate are shown.

found in both groups. Modified with D-SPS, the half maximal
inhibitory concentration (ICs,) was 1.69 uM, while IC, values
for free Dox, M-micelles/Dox, and L-SP5-micelles/Dox being
436 uM, 7.94 uM, and 2.91 uM, respectively, which were
significantly higher than D-SPS-micelles/Dox (p < 0.001).
These results indicated that D-SPS-micelles/Dox are more
efficient to mediate cytotoxicity of Dox than other formulations.

Improved Retardation of Tumor Growth by Intra-
venous D-SP5-Micelles/Dox Delivery. The inhibition effect
of D-SP5-micelles/Dox against KB xenograft tumor nude mice
was shown in Figure 8. We found that the tumor volumes of
the D-SPS-micelles/Dox group were significantly smaller than
those of free Dox, L-SPS-micelles/Dox, and M-micelles/Dox in
the whole measuring period (p < 0.05, compared to the three
other groups). After the mice were sacrificed, xenografted
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tumors were excised and weighed. There was no significant
difference in average tumor weights among free Dox, micelles/
Dox, and L-SPS-micelles/Dox, while D-SPS-micelles/Dox
showed the superior tumor-suppression effect compared to L-
SPS-micelles/Dox (P < 0.01, Figure 8B). All these results
indicated that D-SPS-micelles/Dox serves as a better treatment
vehicle compared to L-SPS-micelles/Dox. The body weights of
each group showed no significant changes (data not shown).
No Significant Heart Toxicity of D-SP5-Micelles/Dox.
H&E staining results for hearts of the mice treated with Dox
loaded micelles and free Dox are shown in Figure 9. The
muscle fibers of free Dox goup mice showed obvious damage,
for the obviously loss of striation and fiber fragmentation
(Figure 9A). Histopathological changes in cardiac tissues from
mice treated with D-SPS-micelles/Dox, L-SPS-micelles/Dox,
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Table 2. Kgs and B,,,, of the D-SPS and L-SP5 to Different
Cell Lines

B Ky
(fmol/ (pmol/
cell lines peptides  10° cell) L) R?
HUVEC  human umbilical D-SPs 61 131 0.9806
vein endothelial
cells
L-SPS 24 232 0.9864
KB human oral D-SPS 243 588 0.9621
epidermoid
carcinoma
L-SPs 160 1250 0.9697
uUs7 human brain D-SPS 137 769 0.9646
glioblastoma
L-SPs 38 833 0.9658
SGC human gastric D-SPS 164 2000 0.9633
carcinoma
L-SPs 115 2500 0.9708
L02 normal human D-SPS - - -
hepatocyte

L-SPs

and M-micelles/Dox showed little signs of toxicity to muscle
fibers (Figure 9B,C,E). No differences compared with the
normal muscle fibers from mice receiving PBS (Figure 9D)
were observed.

B DISCUSSION

Cancer chemotherapy is frequently accompanied by strong side
effects and acquired drug resistance. Therefore, the most
important goal of current anticancer research is to deliver drugs
to the proper target sites. Phage display is a powerful tool for
identifying novel peptides with high specificity to a desired
target tissue such as tumor cells or tumor blood vessels.>"**
Among these homing peptides, L-SPS was discovered by in vivo
phage display as a linear sequence that efficiently and specially
binds to tumor blood vasculature. ** Its specific target is not yet
known, but a proline-serine-proline motif within the peptide
sequence was found to be essential for neovasculature binding.

Possible weaknesses of phage-derived targeting sequence
include degradability of peptides by proteases and inherent
antigenicity of these artificial sequences. In the current study,
we utilize the retro-inverso strategy for further optimization of
bioactivity of the SPS targeting peptide. According to the retro-
inverso strategy,®> > for nonhelical sequences the replacement

Degradation of peptides in 50% mouse serum
140
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Figure 4. Degradation of D-SPS and L-SP$5 peptides in 50% mouse
serum. The peptides were incubated with 50% mouse serum at 37 °C
for different time periods, and the remaining peptide amounts were
determined by HPLC.

Table 3. Characteristics of Dox-Loaded Polymeric Micelles
(n=3)

average micellar size + SD polydispersity index

formulation (nm) (PDI
M-micelles/Dox 304 + 2.8 0.299
D-SPS-micelles/ 312 +20 0.312
Dox
L-SPS-micelles/ 33.1 +£ 26 0.287
Dox

of L- by D-amino acids (which generates a perfect mirror-image
of the peptide) in combination with reversing the amino acid
sequence so that the N-terminal residue appears as C-terminal
residue and vice versa (which generates a pseudo mirror
image), this double mirroring process generates a retro-inverso
peptide with very similar side chain oriention as in the original
L-peptide. Despite the fact that phage display technology has
been widely used in seeking for tumor-targeting peptides, no
related investigation has been found to have applied the retro-
inverso concept to improve their bioactivity. In our study, we
used this strategy for design of the retro-inverso form of L-SP5
(L(SVSVGMKPSPRP)), named D-SPS5 (,(PRPSPKMG-
VSVS)). Simultaneously, cysteine and tyrosine derivatives of
D-SPS were also synthesized for further modification, and
cysteine or tyrosine was conjugated to the C terminus of D-SPS

D3l

FITC-PEPTIDE

DAPI

Merge

Figure 3. Immunofluorescence colocalization of D-SPS peptide and CD31 in the tumor tissues of nude mice bearing KB tumors. Mice bearing KB
xenograft tumors were intravenously injected with FITC-labeled D-SPS and L-SPS (green). The mice were sacrificed 2 h later and tumor tissues
were excised and cut into slices. The sections were counterstained with CD31 antibody (red) for tumor blood vessel and DAPI (blue) was used for
nuclei staining. The merged images showed yellow color areas by overlaying images of the counterstaining. Upper layer: D-SPS completely
colocalized with the CD31. Lower layer: L-SPS colocalized less with the CD31 endothelial marker.
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Figure 6. Fluorescent images of M-micelles/DiR, L-SP5-micelles/DiR,
and D-SPS-micelles/DiR on KB xenograft tumor-bearing mice after
injection via tail vein. (A) In vivo imaging at 1, 4, and 8 h: 1, mice
injected with M-micelles/DiR; 2, mice injected with L-SPS-micelles/
DiR; 3, mice injected with D-SPS-micelles/DiR. (B) Imaging on ex
vivo tissues of KB xenograft tumor-bearing mice 24 h after injection via
tail vein. (C) Semiquantitative analysis of organs for different groups of
mice (M-micelles/DiR; L-SPS-micelles/DiR; D-SP5-micelles/DiR).

that was far away from the crucial PSP motif sequence.”® FITC-
labeled D-SP5 peptide was internalized by HUVECs with but
not without VEGF stimulation. In addition, the radioreceptor
binding test showed the '**I-labeled D-SPS specially bound to
VEGF-stimulated HUVEC with higher binding affinity and
abundant binding sites (K; values of 131 pmol/L and B,
values of 61 fmol/10° cell, compared with 232 pmol/L and 24
fmol per 10° cells for L-SP3). Several target receptors, such as
the vascular endothelial growth factor receptor (VEGFR) or
other growth factor receptor, are expressed not only on the
tumor endothelial cells, but also on a variety of tumor
cells. 7% Accordingly, we also investigated the binding activity
of D-SPS to several tumor cell lines. The results demonstrated
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that D-SP5 peptide also has high affinity to human oral
epidermoid carcinoma (KB), human brain glioblastoma (U87),
and human gastric carcinoma (SGC). This indicates that D-SPS
peptide could target both tumor vessels and tumor cells. The
similar spacial position of the amino acid side of the retro-
inverso D-SPS peptide as in the original L-SPS peptide explains
the bioactivity retained. However, the side chain orientation is
not identical in the D-SP5 peptide compared to the L-SPS.
Therefore, and also because the receptor is not known, it was
not predictable whether the D-SPS is more suitable to bind
with the cellular receptors or not.

Interestingly, according to our study D-SPS peptide exhibited
a stronger affinity and more binding capacity in human
stimulated HUVEC and tumor cells in comparison with L-SPS.
With the modification of D-SPS, intravenously applied PEG-
DSPE micelles demonstrated an at least 3-fold higher tumor
accumulation (near-infrared bioimaging, Figure 6) and, when
loaded with Dox, showed a markedly stronger tumor inhibition
efficiency compared with L-SPS micelles/Dox, M-micelles/
Dox, and free Dox (Figure 8). Studies showed that D-SPS-
micelles/Dox formulation also enhanced the in vitro cytotox-
icity of Dox against KB cells (Figure 7A). The nontargeted
polymeric micelles of Dox did not show significantly improved
antitumor effects, neither in vitro nor in vivo, but nevertheless,
the nanoformulation reduced the side effects of Dox-induced
cardiac myopathy (Figure 9) This lack of toxicity due to
absence of high dose of free Dox is consistent with the finding
that less than 20% Dox encapsulated in the micelles was
released in 48 h in an in vitro assay (Figure SB,C). Most
importantly, the D-SPS targeted micelle formulation of Dox
also displayed no detectable cardiac toxicity (Figure 9).

B CONCLUSIONS

In summary, we designed the retro-inverso peptide D-SPS,
p(PRPSPKMGVSVS), with potent dual-targeting to tumor
neovasculature and tumor cells. D-SPS and the parental L-SP5
utilize the same binding site (a currently still unknown
receptor). The D-SPS peptide has significantly increased
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(B) Tumor weight of each group after 21 days of treatment.
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Figure 9. Lack of cardiac toxicity of micelles/Dox formulations. H&E
staining of hearts of KB xenograft tumor-bearing nude mice treated
with different formulations (A, free Dox; B, D-SPS-micelles/Dox; C,
L-SPS-micelles; D, control; E, M-micelles/Dox).

141

binding affinity and also higher binding capacity as compared
with the parental L-SPS peptide. Targeting micelles via D-SP$S
peptide enhanced tumor homing and, when loaded with Dox,
inhibited the tumor growth, resulting in increased therapeutic
efficacy in KB xenograft mice. Therefore, D-SPS is an effective
agent for drug delivery to both tumor vessels and some specific
tumor cells and may be a potential targeting vehicle for
application in clinical cancer treatment.
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