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Metronomic chemotherapy aiming at inhibiting tumor angiogenesis with conventional chemothera-
peutics is a promising strategy for antiangiogenic cancer therapy. However, current metronomic
chemotherapy mainly focuses on free small-molecule drugs, without any effort to achieve tumor-specific
biodistribution, which may lead to long-term toxicity concerns. Metronomic chemotherapy using
nanoparticulate drug delivery system (DDS) offers significant upside to reduce off-target side effects,
decrease accumulated dose, and enhance the efficacy of tumor vessel targeting without compromising
antitumor efficacy; but there has been a lack of thorough experimental data describing the targeted
metronomic chemotherapy. Here, we develop a new nanoparticulate DDS, SP5.2 peptide conjugated, Flt-
1 (VEGFR-1) targeted nanoparticles for docetaxel (SP5.2-DTX-NP), as a model for the investigation of
targeted metronomic chemotherapy with respect to both antitumor efficacy and toxicity. The results
demonstrate that metronomic SP5.2-DTX-NP exerts antitumor activity mainly through the anti-
angiogenic effect of docetaxel, which is specifically delivered into the tumor vascular endothelial cells
through the nanoparticle internalization mediated by the interaction of SP5.2 and over-expressed Flt-1
receptors on tumor vessels. Moreover, the antitumor efficacy of targeted metronomic chemotherapy is
better than that of the treatment with the DDS given in the maximum tolerated dose (MTD) regimen,
which is shown in significantly prolonged mice survival and minimal drug-associated toxicity (bone
marrow suppression, hematological toxicity, and mucosal injury of small intestine). The present research
reveals and highlights the significance of targeted metronomic therapy with nanoparticulate DDS in
antiangiogenic cancer therapy.

© 2013 Published by Elsevier Ltd.

1. Introduction

chemotherapeutics at doses significantly below the maximum
tolerated dose (MTD) with no prolonged drug-free breaks. In

Tumor angiogenesis is a major therapeutic target in cancer
therapy [1-5]. Six antiangiogenic drugs (Avastin, Nexavar, Votrient,
Sutent, Caprelsa, and Inlyta) have been approved by FDA for various
cancer indications. Besides these drugs, metronomic chemotherapy
aiming at inhibiting tumor angiogenesis with conventional che-
motherapeutics is emerging as a promising strategy for anti-
angiogenic cancer therapy in both preclinical studies and
human clinical trials [6,7]. Metronomic chemotherapy is charac-
terized by the frequent, even daily, administration of conventional
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contrast, MTD chemotherapy, as a mainstay in cancer treatment for
decades, involves administration of a single dose or short courses of
therapy at the highest doses possible without causing life-
threatening toxicity.

The principal pharmacological basis of metronomic chemo-
therapy is that activated tumor vascular endothelial cells (EC) are
more sensitive to low doses of chemotherapeutic drugs than the
normal or parenchymal cancer cells when exposed in a frequent or
continuous manner. Metronomic chemotherapy can also suppress
the mobilization of circulating endothelial progenitors (CEPs) and
induce the production of antiangiogenic glycoprotein thrombo-
spondin 1 (TSP-1), an endogenous inhibitor, to reduce tumor neo-
vascularization [6,7]. In addition, metronomic chemotherapy
reduces time between dosing cycles, which may otherwise permit
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Fig. 1. Engineering and characterization of SP5.2-conjugated nanoparticles. A, Schematic diagram outlining the fabrication of SP5.2-DTX-NP using the emulsion/solvent evaporation
method and N-terminal PEGylation technique. B, TEM of SP5.2-DTX-NP. C, XPS assay of copolymer mixture of aldehyde-PEG-PLA:MPEG-PLA (1:9, w/w), NP, and SP5.2-NP. Nitrogen

(0.4%) was only detected in the sample of SP5.2-NP.

the recovery of the damaged tumor vasculature [6]. Multiple
studies have demonstrated that such low dose metronomic
chemotherapy (LDM) is superior to the MTD regimens with respect
to toxicity (myelosuppression, hair loss, and nausea or vomiting,
etc.) and/or survival [6].

Current metronomic chemotherapy mainly focuses on free
small-molecule drugs [8,9], without any effort to achieve tumor-
specific biodistribution. Such non-specific distribution may lead
to long-term toxicity concerns, which should be taken into account
when using metronomic chemotherapy for an extended period of
time. The off-target effects of metronomic chemotherapy on the
inhibition of physiological angiogenesis may affect the growth and
development of young children [7]. Moreover, prolonged metro-
nomic chemotherapy can lead to high accumulated doses of

anticancer agents, which may be associated with serious secondary
diseases [7].

Metronomic chemotherapy through the specific delivery of
chemotherapeutics to tumor vessels using nanoparticulate drug
delivery systems (DDS) that can actively target tumor vascular EC,
offers significant upside to reduce off-target side effects, decrease
accumulated dose, and enhance the efficacy of tumor vessel tar-
geting without compromising antitumor efficacy. However, there
has been a lack of thorough experimental data describing targeted
metronomic chemotherapy. Superior therapeutic efficacy was
observed with EndoTAG-1 (paclitaxel cationic liposomes that can
target tumor vessels) using a metronomic rather than an MTD
approach. However, a single injection designed in the MTD regimen
may compromise the MTD antitumor efficacy [10]. Tumor vessel-
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targeted NGR-conjugated liposomes loaded with doxorubicin
(NGR-SL[DXR]) has been developed [11]. However, NGR-SL[DXR]
dosed in an MTD schedule resulted in an antitumor efficacy com-
parable to NGR-SL|DXR] administered using the metronomic
approach, with respect to tumor growth inhibition and long-term
survival [11]. Thus, the well-acknowledged advantages of metro-
nomic chemotherapy have not yet been clearly established for DDS.

Here we explore this issue by using a new DDS with metronomic
administration to actively target tumor neovasculature. It has been
well demonstrated that some chemotherapeutics like DXR inhibit
angiogenesis through direct cytotoxicity to EC [12], while others,
like microtubule-targeted agents (MTA) such as Taxanes and Vinca
alkaloids, exhibit remarkable antiangiogenic activity at much lower
concentration that is not directly toxic to EC [13,14]. We hypothe-
sized that docetaxel (DTX), a representative of MTA, may be more
favorable when given in a dose-divided, metronomic modality. We
developed SP5.2-conjugated nanoparticles loading DTX (SP5.2-
DTX-NP) (Fig. 1A) for tumor vascular EC-targeting delivery. The
targeting ligand SP5.2 is a peptide identified from a phage display
peptide library, which can bind Flt-1 (VEGFR-1) over-expressed in
tumor vessels with high affinity and specificity [15]. The in vitro and
in vivo EC-targeting antiangiogenic activity and metronomic
chemotherapy of SP5.2-DTX-NP were investigated.

2. Materials and methods
2.1. Materials, cell culture, and animals

Aldehyde poly(ethylene glycol)-poly(lactide) (aldehyde-PEG-PLA, MW 64 kDa)
and MPEG-PLA (MW 61 kDa) block copolymers were synthesized by the ring
opening polymerization in our lab as previously described [16]. SP5.2 peptide
(NGYEIEWYSWVTHGMY) was synthesized by GL Biochem (Shanghai, China). DTX
was supplied by Knowshine Pharmachemicals (Shanghai, China). Taxotere was from
Sanofi—Aventis. Coumarin 6 and Hoechst 33342 were from Sigma—Aldrich (St. Louis,
MO). 1,1’-Dioctadecyl-3,3,3/,3/-tetramethyl indotricarbocyanine iodide (DiR) and
CBQCA Protein Quantitation Kit were obtained from Life Technologies (Carlsbad, CA).
VE-cadherin and Ki-67 antibody, and PE-Cy5-labeled goat anti-rabbit IgG were from
Santa Cruz Biotechnology (Santa Cruz, CA). CD31 and TSP-1 antibody were from
Abcam (Hong Kong). Double distilled water was purified using a millipore simplicity
system (Millipore, Bedford, MA). All other chemicals were of analytical grade and
used without further purification. Primary human umbilical vein endothelial cells
(HUVEC) and M200 medium were obtained from Life Technologies (Carlsbad, CA).
The cells at 3—5 passages were used in the experiments. The MDA-MB-231 human
breast cancer cell line was from the American Type Culture Collection (Manassas,
VA). Female BALB/c nude mice (20 + 2 g) were provided by the Shanghai Laboratory
Animal Center (Chinese Academy of Sciences). The animal experiment designed in
this study was approved by the appropriate ethical committee of Shanghai Jiao Tong
University School of Medicine.

2.2. Preparation of SP5.2-DTX-NP

SP5.2-DTX-NP were fabricated by emulsion and solvent evaporation method
with a follow-up surface functionalization. Briefly, 6 mg DTX was dissolved in 1 ml
solution of 60 mg blend of aldehyde-PEG-PLA and MPEG-PLA (1:9, w/w) in
dichloromethane. Next, 3 ml of 1% (w/v) sodium cholate was slowly poured into the
solution and then the mixture was sonicated at 240 W for 30 s (Scientz

Biotechnology, Ningbo, China). The O/W emulsion was further diluted in 40 ml of
0.5% (w/v) sodium cholate solution and then gently stirred overnight at room
temperature by a magnetic stirrer to evaporate the organic solvent. The resulting
DTX-loaded nanoparticles (DTX-NP) were collected by centrifugation (11,000x g,
30 min, 4 °C; Sigma 3K18, Germany) and washed twice to remove the excessive
emulsifier. Then, DTX-NP was incubated with SP5.2 at a 1:3 molar ratio of aldehyde
to the N-terminal amine of SP5.2. The conjugation reaction was processed in PBS (pH
7.4) at room temperature for 10 h in the presence of NaCNBH3 as a reducing reagent.
The unconjugated SP5.2 was removed by centrifugation (11,000x g, 30 min, 4 °C)
and SP5.2-DTX-NP were collected. The coumarin 6 or DiR-labeled nanoparticles
were prepared in the same way except that in the oil phase DTX was replaced or
mixed with 0.3% (w/v) coumarin 6 or 0.2% (w/v) DiR, respectively.

2.3. Nanoparticle characterization

The particle size and zeta potential were determined by dynamic light scattering
using a NiComp 380 ZLS instrument (Particle Sizing Systems, Santa Barbara, CA). The
nanoparticles were negatively stained with 2% (w/v) sodium phosphotungstate and
visualized using H-600 transmission electron microscopy (TEM) (Hitachi, Japan).
Encapsulation efficiency (EE%) and drug loading (DL%) were determined as previ-
ously described [16]. The SP5.2 conjugation efficiency was determined by estimating
the amount of nanoparticle-associated peptide using CBQCA Protein Quantitation
Kit [11]. The SP5.2 density on nanoparticle surface and the average distance between
neighboring PEG chains linked to SP5.2 were determined as previously described
[17]. The X-ray photoelectron spectroscopy (XPS) was used to confirm the conju-
gation of SP5.2 on the nanoparticle surface [16].

2.4. Internalization mechanism of SP5.2-conjugated nanoparticles

For cell uptake examination, HUVEC were cultured on the VWR Micro Cover
Glasses (VWR International, Radnor, PA) at a density of 5 x 10* cells/well in 24-well
plates. When the cells reached about 80% confluence, the medium was replaced by
30 pg/ml coumarin 6-labeled nanoparticles (coumarin 6-labeled NP) or coumarin 6-
labeled SP5.2-conjugated nanoparticles (coumarin 6-labeled SP5.2-NP) in medium
for 1 h. After removing the nanoparticles and washing the wells twice with PBS, the
cells were fixed by 4% glutaraldehyde for 20 min, and the cell nuclei were stained
with Hoechst 33342 for 30 s. The cells were then observed under LSM-510 confocal
laser scanning microscopy (Carl Zeiss AG, Oberkochen, Germany) using a FITC filter
(Ex: 488 nm, Em: 520 nm).

To investigate the internalization mechanism, the uptake tests were performed
under low temperature (4 °C) or in the presence of soluble SP5.2 (50-fold excess),
filipin (10 pwm, to inhibit caveolae-mediated endocytosis), cytochalasin D (3 pwm, to
inhibit macropinocytosis), nocodazole (10 pwm, to inhibit microtubule-mediated
endocytosis), chlorpromazine (30 pwm, to inhibit clathrin-mediated endocytosis),
phenylarsine oxide (30 pm, to deplete ATP), and nystatin (10 pwm, an inhibitor of lipid-
raft mediated endocytosis), respectively. HUVEC were incubated with the inhibitors
for 30 min before the incubation with nanoparticles. The quantitation of coumarin 6
fluorescence in HUVEC was obtained using Zeiss LSM Image Examiner software (Carl
Zeiss Microlmaging, Germany).

2.5. Circular dichroism spectrum of SP5.2 and molecular model of SP5.2 and Flt-1
complex

Circular dichroism (CD) spectrum of SP5.2 (30 pg/ml in 0.25 mm pH 7.4 Tris
buffer) was recorded at room temperature in a J-715 CD spectropolarimeter (JASCO,
Easton, MD). The peptide secondary structure was predicted using JASCO Spectra
Manager software (version 1.5). The modeled SP5.2 structure was constructed
through the alignment of the segments of 3GRN_A and 2D1Z_A structures and
minimized using the CHARMM?27 force field and the Born solvation model. Because
SP5.2 can compete with VEGF for Flt-1 binding and inhibit a broad range of VEGF-
induced events in cultured endothelial cells [15], it is hypothesized that the SP5.2
peptide interacts with the same group of residues of Flt-1. The complex of SP5.2 and

Table 1
The physicochemical characteristics of SP5.2-DTX-NP and DTX-NP.
Nanoparticles Particle size (nm) Zeta potential (mV) EE€ (%) DLY (%) CE€ (%) st D8 (nm)
DLS (PI)? TEMP
SP5.2-DTX-NP 175.07 + 6.10 (0.183) 125.35 + 5.87 —20.88 + 1.48 41.75 +£ 6.72 8.15 + 1.21 16.14 + 2.83 1660 + 499 6.6 + 0.1
DTX-NP 166.93 + 9.98 (0.259) 113.54 + 8.23 —-24.57 + 1.72 5494 + 1.46 10.53 + 0.25 — - -

4 Mean hydrodynamic diameter determined by DLS. PI: polydispersity index.
b Pparticle size measured by TEM.

¢ Encapsulation efficiency.

4 Drug loading.

€ Conjugation efficiency.

f SP5.2 surface density.

& Mean distance between neighboring PEG chains which linked to SP5.2 peptide.

http://dx.doi.org/10.1016/j.biomaterials.2013.02.017

Please cite this article in press as: Yu D-H, et al., The use of nanoparticulate delivery systems in metronomic chemotherapy, Biomaterials (2013),




4 D.-H. Yu et al. / Biomaterials xxx (2013) 1-13

® O
o o
I )

%%k %k

N B D
o O o O
1 I 1

Mean fluorescence intensity
of coumarin 6 in HUVEC

a bcde f gh i |

O
(&)

= 190 200 220 230 240
o | &
- -5 'y
= 3
o -10¢ :'.o”
-15 1
-20

Wavelength (nm)
E

Fig. 2. SP5.2 conjugation mediates active uptake of nanoparticles into HUVEC and molecular models of SP5.2, Flt-1 domain 2, and their complex. A, Representative confocal laser
scanning micrographs of HUVEC after 2 h incubation with coumarin 6-labeled SP5.2-NP (a), coumarin 6-labeled NP (b), or coumarin 6-labeled SP5.2-NP at 4 °C (c), or pre-incubated
with 0.3 pug/ml free SP5.2 peptide (d), 10 pm filipin (e), 3 um cytochalasin D (f), 10 um nocodazole (g), 30 um chlorpromazine (h), 30 um phenylarsine oxide (i), 10 um nystatin (j) for
30 min before the cells were exposed tocoumarin6-labeled SP5.2-NP for 2 h at 37 °C. The green presents the nanoparticles inside the cells and the blue shows the cell nuclei.
Bar, 20 pm. B, Mean fluorescence intensity of coumarin 6 in HUVEC. Values are expressed as mean =+ SD, n = 6—8. *P < 0.05, **P < 0.01, ***P < 0.001 as compared with coumarin
6-labeled SP5.2-NP at 37 °C. C, CD spectrum of SP5.2 (30 pg/ml) was recorded at room temperature in 0.25 mwm Tris (pH 7.4), indicating the peptide exists as a random coil.
D, Homology-modeled structure of SP5.2. E, The predicted binding interactions between SP5.2 and Flt-1 domain 2: H-bond interactions between Glu4 and Glu6 of SP5.2 and Lys171
and Arg224 of Flt-1, cation—pi interaction between Tyr8 of SP5.2 and Lys171of Flt-1, and most buried hydrophobic interactions of Tyr8 and Trp10 of SP5.2 with Phe172, Leu204,

Asn219 and Leu221of Flt-1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Flt-1 was modeled using the FlexPepDock server that enables a high-resolution
protocol for modeling specific peptide—protein interaction of interest [18].

2.6. Assay of HUVEC viability, migration, and tube formation

HUVEC viability, migration, and tube formation after treatment by various DTX
formulations with drug concentrations of 0.1 pm—10 nm were assayed as previously
described [16]. HUVEC viabilities after 48 h treatment were determined using the
Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). For metronomic
treatment, HUVEC (1 x 103 cells/well) were continuously treated for 6 day, during
which the medium containing the drug was changed every 24 h [9]. The cytotoxicity
of various DTX formulations to MDA-MB-231 cells was also examined as control.
HUVEC migration assay was performed after 8 h treatment in 24-well Transwell
Boyden chambers with polycarbonate filter of 8 um pore size (Corning, Tewksbury,
MA). HUVEC tube formation after 10 h treatment was evaluated using the Chemicon
In Vitro Angiogenesis Assay Kit (Merck Millipore, Billerica, MA). Blank NP and SP5.2-
NP with the same concentrations were also examined in all cases with nanoparticles
involved.

2.7. In vivo tumor tissue and tumor vessel targeting of SP5.2-conjugated NP

For tumor targeting study, the real-time distribution and tumor accumulation of
DiR-labeled SP5.2-NP in BALB/c mice bearing MDA-MB-231 xenografts (~250 mm?)
were monitored under the Xenogen IVIS 200 (Caliper Life Sciences, MA) noninvasive
optical imaging system. The mice were injected through the caudal vein with
0.2 mg/kg of DiR-labeled NP and SP5.2-NP, respectively. After 2.5, 5.5, 24, 48, 72, and
96 h, respectively, the mice were anaesthetized and imaged with an excitation
bandpass filter at 710 nm and an emission at 780 nm. The exposure time for each
image was 5 s. After the last animal imaging, the mice were sacrificed and tumors
and other major organs and tissues (heart, liver, spleen, lung, kidney, brain, muscle,
small intestine, and stomach) were harvested and placed in 24-well plate for ex vivo
imaging. The blocking effect of 50-fold molar excess SP5.2 on the tumor tissue
targeting was also evaluated.

For tumor vessel targeting test, the mice bearing MDA-MB-231 tumor
(~250 mm?>) were injected via the caudal vein with coumarin 6-labeled SP5.2-DTX-
NP at DTX dose of 4 mg/kg. After 48 h, the tumors were removed and processed for
cryostat sections (10 pum). The tumor vessels were stained with VE-cadherin
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colorimetry after extracting the dye with acetic acid. C, Tube formation after 10 h treatment was examined using Chemicon In Vitro Angiogenesis Assay Kit. The representative
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reader is referred to the web version of this article.)

antibody and PE-Cy5-labeled goat anti-rabbit IgG. The apoptosis of tumor vascular
EC was identified using ApopTag Red In Situ Apoptosis Detection Kit (Merck Milli-
pore, Billerica, MA). The slides were observed under CLSM for VE-cadherin (PE-Cy5,
Ex: 543 nm, Em: LP 650 nm), apoptosis (rhodamine; Ex: 543 nm, Em: BP 565—
615 nm), and coumarin 6 (Ex: 488 nm, Em: BP 505—550 nm). The tumor paraffin
sections (4 pm) were also processed for hematoxylin and eosin staining and histo-
logical examination. The blocking effect of 50-fold molar excess SP5.2 on the tumor
vessel targeting was also evaluated.

2.8. Antitumor therapy of metronomic SP5.2-DTX-NP

In vivo antitumor study involved seven groups: (1) Control (saline) (n = 6); (2)
16 mg/kg Taxotere once weekly (n = 6), (3) 16 mg/kg SP5.2-DTX-NP once weekly
(SP5.2-DTX-NP MTD) (n = 6), (4) blank SP5.2-NP with the same nanoparticle con-
centration in SP5.2-DTX-NP MTD once weekly (n = 6), (5) 3.2 mg/kg Taxotere every
otherday (n = 6), (6) Low dose metronomic 3.2 mg/kg SP5.2-DTX-NP every other day
(SP5.2-DTX-NP LDM) (n = 5), and (7) blank SP5.2-NP with the same nanoparticle
concentration in SP5.2-DTX-NP LDM every other day (n = 6). The study began at day
11 after tumor inoculation. Three doses (day 11, 18, and 25) for MTD (16 mg/kg) and
ten doses (day 11,13,15,17,19, 21, 23, 25, 27, and 29) for metronomic therapy (3.2 mg/
kg) were administered through the caudal vein to the mice, respectively. The tumor
sizes were measured using calipers every other day and the tumor volumes were
calculated using the formula: Volume (mm?) = (length x width?)/2. Survival
observation of the mice ceased when the tumor volume reached above the ethical
limit (2000 mm?) [19] or death occurred due to the toxicity after treatment. The mice
body weight and daily feed and water intake were recorded throughout the study.

In a separate study, at day 30, three mice from each group were sacrificed and
the tumor tissues were removed and processed for paraffin sections. The tumor

vessels and TSP-1 expression were stained using CD31 and TSP-1 antibody,
respectively. Tumor cell apoptosis and proliferation were identified using ApopTag
Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore, Billerica, MA) and Ki-67
antibody, respectively. All the microphotographs were taken by Leica DFC 320
photomicroscope. The microvessel density (MVD), area percentage of TSP-1
expression, and percentage of TUNEL or Ki-67-positive cells were analyzed using
Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD).

2.9. Toxicity evaluation

For the evaluation of DTX-associated toxicity (hematologic toxicity, bone
marrow suppression, and mucosal injury), one dose (day 11) for MTD (16 mg/kg) and
five doses (day 11, 13, 15, 17, 19) for metronomic therapy (3.2 mg/kg) were admin-
istered, respectively, to the mice to keep the same amount of drug exposure between
MTD and metronomic treatment. Five mice from control group at day 11 and five
mice from each group at day 15 and 20 were killed and blood samples were analyzed
in the Advia 2120i Hematology Systems (Siemens Healthcare Diagnostics, Deerfield,
IL). The marrow cells from the two femurs of each mouse were counted using a
hemocytometer. The small intestines of the mice were removed, sectioned, and
stained with hematoxylin and eosin for pathological assay of the villus and crypt
length [20].

2.10. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 5.0 software (La Jolla,
CA). Differences between groups were examined using Student’s t-test or ANOVA
with Bonferroni’s multiple comparison tests. Overall survival was estimated

http://dx.doi.org/10.1016/j.biomaterials.2013.02.017
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coumarin 6-labeled DTX-NP or SP5.2-DTX-NP at DTX dose of 4 mg/kg, or coumarin 6-labeled SP5.2-DTX-NP plus excess free SP5.2. After 48 h, the mice were killed, and the tumors
were resected, sectioned, and stained for VE-cadherin (endothelial cells) (blue, pseudocolor) and TUNEL (apoptosis, red). Bar, 50 um. The tumors were also processed for hema-
toxylin and eosin staining and pathological analysis (B). N, Necrosis tissues. Bar, 25 pm. Compared with coumarin 6-labeled DTX-NP (A1, B1), delivery of DTX by coumarin 6-labeled
SP5.2-DTX-NP to tumor neovasculature induced significant apoptosis of endothelial cells and necrosis of tumor tissues (A2, B2), and this phenomenon can be effectively hindered by

50-fold molar excess SP5.2 peptides (A3, B3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

according to the Kaplan—Meier method and compared using the log-rank test.
Differences were considered significant if P value was less than 0.05.

3. Results
3.1. Characteristics of SP5.2-DTX-NP

The representative TEM showed that SP5.2-DTX-NP were
spherical in shape with a smooth surface (Fig. 1B). The physico-
chemical characteristics of the nanoparticles were summarized in
Table 1. The difference between SP5.2-DTX-NP and DTX-NP in
encapsulation efficiency and drug loading was not remarkable,
suggesting that no significant amount of DTX leaked during SP5.2
conjugation. SP5.2-DTX-NP had an average of 1660 peptides on
surface, and the mean distance between neighboring PEG chains
linked to the peptide was 6.6 nm, exhibiting a multivalent ligand
decoration. XPS assay showed that the surface nitrogen was only
detected in the sample of SP5.2-NP with a value of 0.4% with regard
to the total amount of C, O, and N atoms (Fig. 1C), indicating the
successful conjugation of SP5.2 to the nanoparticle surface.

3.2. SP5.2 conjugation mediates active nanoparticle internalization
in HUVEC

Compared with non-conjugated nanoparticles (coumarin 6-
labeled NP), SP5.2-conjugated nanoparticles (coumarin 6-labeled
SP5.2-NP) had greater intracellular accumulation that could be
dramatically inhibited by excess free SP5.2, suggesting the
enhanced uptake resulted from the specific interaction between
SP5.2 and Flt-1 over-expressed on the endothelial cells (Fig. 2A, B).

The internalization of coumarin 6-labeled SP5.2-NP into HUVEC
can also be significantly inhibited at 4 °C or in the presence of
phenylarsine oxide and filipin, indicating that ATP and caveolae
were involved in the uptake process. Cytochalasin D, nocodazole,
chlorpromazine, and nystatin did not attenuate the uptake,

suggesting that macropinocytosis, microtubule, clathrin, and lipid-
raft were not involved in the endocytosis process (Fig. 2A, B).

3.3. Molecular models of SP5.2, Flt-1 domain 2, and their complex

The homology modeling and docking test were performed to
better understand the binding interaction of SP5.2 to Flt-1 at a
molecular level. It has been revealed that VEGF dimmers bind to
Flt-1 domain 2 through the predominantly hydrophobic in-
teractions [21]. The surface of the important residues of Flt-1
domain 2 predicted to engage in VEGF interactions are shown
in Supplementary Fig. 1A. Since SP5.2 could compete with VEGF
for Flt-1 binding and inhibited a broad range of VEGF-induced
events in cultured endothelial cells [15], it is hypothesized that
the SP5.2 peptide interacts with the same group of residues of
Flt-1. The modeled SP5.2 structure (Fig. 2D) was constructed
through the alignment of the segments of 3GRN_A and 2D1Z_A
structures (Supplementary Fig. 1B) and minimized using the
CHARMM27 force field and the Born solvation model, showing
that SP5.2 appears as an unstructured loop, which is consistent
with the experimental CD spectrum (Fig. 2C). Utilizing the
FlexPepDock server [18], the homology-modeled structure of
SP5.2 peptide was docked to the hypothesized binding region of
Flt-1 domain 2 (Supplementary Fig. 1C, D). The predicted
important interactions of the SP5.2 and Flt-1 complex (Fig. 2E)
were consistent with the finding from an alanine scan experi-
ment on VEGF [22], and indicated that X residues in the SP5.2
sequence NXXEIEXYXWXXXXXY are not directly involved in the
Flt-1 binding.

3.4. SP5.2 conjugation improves nanoparticles’ activity in inhibiting
HUVEC proliferation, migration, and tube formation

SP5.2-DTX-NP induced significantly higher cytotoxicity to HUVEC
than Taxotere at concentrations from 0.1 pm to 1 nm and than DTX-NP

http://dx.doi.org/10.1016/j.biomaterials.2013.02.017
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at concentrations from 0.1 pm to 0.1 nm (Fig. 3A). For MDA-MB-231
cells, over 60% viability still remained after 48 h treatment by Tax-
otere, DTX-NP, or SP5.2-DTX-NP at even the highest drug concentra-
tion (10 nm) (data not shown). Blank NP and SP5.2-NP did not decrease
HUVEC viability at all tested concentrations, indicating PEG-PLA
polymer was non-cytotoxic and SP5.2 linked on the particle surface
did not cause cellular toxicity to HUVEC. For metronomic 144 h
treatment, the IC50 value treated by SP5.2-DTX-NP for MDA-MB-231
cells was 0.083 nwm, seven times higher than the level (0.012 nwm) for
HUVEC. These results demonstrated that relative to MDA-MB-231
cells, HUVEC were much more sensitive to SP5.2-DTX-NP.

Compared to Taxotere and DTX-NP, SP5.2-DTX-NP exhibited
significantly higher activity of inhibiting HUVEC migration (Fig. 3B,
D—G) and tube formation (Fig. 3C, H—K) at all tested concentra-
tions. Although non-toxic to HUVEC, the unloaded nanoparticles
and in particular, SP5.2-NP, displayed moderate ability to inhibit
HUVEC migration and tube formation, indicating that SP5.2 deco-
rated on the particle surface maintained its endogenous anti-
angiogenic activity, although much less than that of model
drug DTX.

3.5. SP5.2 conjugation facilitates nanoparticle distribution in
tumors and achieves tumor vessel targeting

It is dramatically shown that DiR-labeled SP5.2-NP accumulated
more in tumors than DiR-labeled NP only 2.5 h after injection, and
this pattern maintained for the entire study (96 h after injection,
Fig. 4A). Ex vivo imaging also confirmed that SP5.2 conjugation led
to much more accumulation of nanoparticles in tumors (Fig. 4B).
The tumor targeting accumulation of DiR-labeled SP5.2-NP could
be efficiently blocked by free SP5.2, indicating the dominant
contribution of SP5.2 to the tumor targeting of the nanoparticles.

The coumarin 6-labeled SP5.2-DTX-NP specifically targeted tu-
mor vessels and induced apoptosis in endothelial cells, appearing
as a white color merged from green (coumarin 6), blue (VE-cad-
herin) and red (TUNEL) (Fig. 5A2), and this also caused dramatic
necrosis of tumor tissues (Fig. 5B2). In contrast, the non-specific
homing to tumor neovasculature of the non-conjugated nano-
particles was very weak (Fig. 5A1, B1). The inhibition test with
excessive free peptide confirmed the EC-targeting property of
SP5.2-conjugated nanoparticles (Fig. 5A3, B3).
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Fig. 6. Metronomic SP5.2-DTX-NP results in enhanced antitumor efficacy. Treatments to female BALB/c mice bearing MDA-MB-231 tumors started at day 11 after tumor inoculation.
Ten doses (day 11, 13, 15, 17, 19, 21, 23, 25, 27, and 29) for metronomic therapy (3.2 mg/kg) and three doses (day 11, 18, and 25) for MTD (16 mg/kg) were administered through the
caudal vein to the mice, respectively. Taxotere and blank SP5.2-NP given in the same regimens were also tested. A, Mice survival plot. B, Mice body weight (mean + SD). C, Mean feed
intake. D, Mean water intake. Compared with other groups, metronomic SP5.2-DTX-NP significantly extended mice survival without accompanied toxicity to the mice, which was

indicated in the well maintained body weight and feed and water uptake.
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3.6. Metronomic SP5.2-DTX-NP achieves improved in vivo
antitumor efficiency

The metronomic dose (3.2 mg/kg) was given at one day interval
for total 10 injections in contrast to the 3 injections for MTD (16 mg/
kg) treatment, thus the accumulative dose for metronomic therapy
(32 mg/kg) was only 2/3 of that for MTD therapy (48 mg/kg).
However, significantly increased medium survival was observed in
the group administered with SP5.2-DTX-NP using metronomic
dosing (60 days), rather than the MTD dosing (39.5 days), in which
all the mice died before day 49 due to fast tumor growth and MTD
treatment-associated toxicity (Fig. 6A). The blank SP5.2-conjugated
nanoparticles did not have any improved antitumor effect
compared to the control group. Taxotere given as 16 mg/kg once
weekly or 3.2 mg/kg every other day did not produce significant
antitumor efficacy due to high toxicity or rapid clearance from the
blood circulation (Fig. 6, Supplementary Fig. 2).

To determine whether the improved antitumor efficacy was
related to the enhanced antiangiogenic activity, immunohisto-
chemical assays of the tumor tissues were performed. SP5.2-DTX-
NP LDM resulted in significantly decreased MVD and Ki-67-positive
cells, and dramatically elevated expression of TSP-1, a characteristic
endogenous inhibitor of angiogenesis in metronomic chemo-
therapy [23,24], and TUNEL-positive cells in tumors, compared
with those of other control groups (Fig. 7).

3.7. Metronomic SP5.2-DTX-NP is low toxic to the mice

The enhanced antitumor efficacy of SP5.2-DTX-NP LDM was
obtained without any observable toxicity. Mice body weight in
SP5.2-DTX-NP LDM group was well maintained and slightly
increased at late-term of the treatment. In contrast, the mice body
weight in Taxotere (16 mg/kg once weekly) and SP5.2-DTX-NP MTD

groups significantly declined by the middle and late points of the
experiment (Fig. 6B). Compared with the mice in Taxotere (16 mg/
kg once weekly) and SP5.2-DTX-NP MTD groups, those in SP5.2-
DTX-NP LDM group had generally higher levels of daily feed and
water intake (Fig. 6C, D), which reflected the better health condi-
tion of the animals and was also consistent with the superior
therapeutic effect.

In a separate study, DTX-associated bone marrow suppression
and hematologic toxicity were investigated (Fig. 8). The toxicities
were monitored both in the medium (day 15) and the late-term
(day 20) of the test. At day 15, bone marrow cells from the mice
treated by Taxotere (16 mg/kg once weekly or 3.2 mg/kg every
other day) decreased by 77% and 66%, respectively, compared with
those of the mice in the control group, and then recovered to the
normal level at day 20. However, no bone marrow suppression in
the mice of SP5.2-DTX-NP LDM group appeared during the whole
treatment. The white blood cells (WBC) of the mice in Taxotere
(16 mg/kg once weekly) and SP5.2-DTX-NP MTD groups decreased
by 46% and 41% compared with those of the mice in control group
at day 15, while the WBC level did not decline in the mice of SP5.2-
DTX-NP LDM group. At day 20, the WBC levels of the mice in SP5.2-
DTX-NP LDM group were stable compared with those at day 11 and
day 15. Other hematologic parameters such as RBC, HGB, HCT, and
PLT of the mice in different treatments were all within the normal
range of values, and did not vary significantly.

Mucosal injury, which leads to gastrointestinal toxicity such as
nausea, vomiting, and diarrhea in clinical settings, was also
examined (Fig. 9). Taxotere (16 mg/kg once weekly or 3.2 mg/kg
every other day) and SP5.2-DTX-NP MTD caused significant
decrease in the villus or crypt length of small intestine (jejunum)
compared with the control and SP5.2-DTX-NP LDM group at day 5
and day 10. No injury to the intestine of the mice in SP5.2-DTX-NP
LDM group was observed throughout the study.
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Fig. 8. Metronomic SP5.2-DTX-NP led to minimal bone marrow suppression (A) and hematologic toxicity (B—F) to the mice. Female BABL/c mice bearing MDA-MB-231 tumors were
examined before (day 11) and after (day 15, 20) treatment with Taxotere or SP5.2-DTX-NP. To keep the same cumulative drug exposure between MTD and LDM treatment, one MTD
dose (16 mg/kg) at day 11 and five LDM doses (3.2 mg/kg) at day 11, 13, 15, 17, and 19 were administered, respectively. The blood samples were analyzed in the Advia 2120i
Hematology Systems. WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; PLT, platelets. The dotted lines indicate the normal range. Values are
expressed as mean + SD, n = 5. *P < 0.05, **P < 0.01, ***P < 0.001 as compared with control, and #P < 0.05, ##P < 0.01, ###P < 0.001 as compared with SP5.2-DTX-NP LDM at each
day tested.

4. Discussion purpose, we developed SP5.2-DTX-NP. After O/W emulsion and
solvent evaporation, the aldehyde groups of the polymer protruded

To our knowledge, this is the first true example of metronomic out of the nanoparticle surface (Fig. 1A). SP5.2 was then conjugated
chemotherapy using targeted nanoparticulate DDS. For this to the aldehyde groups via its a-amino group in the presence of
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###P < 0.001 as compared with SP5.2-DTX-NP LDM at each day tested.

NaCNBHj3 to generate SP5.2-DTX-NP (Fig. 1A). In this process, we
utilized the technique of N-terminal PEGylation, a method that has
been successfully used in one commercial product-Neulasta, a drug
to treat granulocyte depletion during chemotherapy [25]. This se-
lective N-terminal attachment of a functional ligand to the PEG
chain can achieve discrete, single-positioned PEGylation and can
usually preserve the conformation and biological activity of the
protein or peptide [16].

The successful modification of SP5.2 was confirmed using the
XPS assay of the nitrogen composition on the nanoparticle surface.
An average of 1660 SP5.2 peptides were conjugated on each nano-
particle and this multivalent conjugation contributes to signifi-
cantly increased, Flt-1 mediated nanoparticle internalization in
HUVEC compared with the non-conjugated nanoparticles (Fig. 2A,
B). Flt-1 receptor may behave differently in different conditions.
Pigment epithelium-derived factor can promote the y-secretase

http://dx.doi.org/10.1016/j.biomaterials.2013.02.017
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mediated cleavage of Flt-1 in endothelial cells with the release of its
intracellular domain fragment into the cytosol [26]; but VEGF can
induce the endocytosis, a process that is probably involved with
clathrin, and degradation of Flt-1 [27,28]. In this study, it appears
that caveolae was involved in the nanoparticle internalization
mediated by SP5.2, which was indicated by the observation of filipin
inhibition (Fig. 2A, B). Similarly, the binding of many other extra-
cellular ligands (folic acid, albumin, and autocrine motility factor) to
their receptors also induce endocytosis via the caveolae [29,30].
Most importantly, the uptake through caveolae-mediated endocy-
tosis can bypass the lysosome and alleviate drug degradation, which
is highly favorable for intracellular drug delivery [31].

The important interactions of SP5.2 and Flt-1 complex were
predicted through homology modeling and docking test (Fig. 2C—E,
Supplementary Fig. 1), indicating that only several amino residues,
but not the full peptide motif, are directly involved in the Flt-1
binding. This finding may help to better understand the binding
interaction of SP5.2 to Flt-1 at a molecular level and provide clues to
design alternative new peptide or small molecule with higher
stability, affinity and specificity to Flt-1.

SP5.2 targeting led to dramatically enhanced antiangiogenic
activity of SP5.2-DTX-NP compared with DTX-NP (Figs. 3, 5 and 7).
It should be noted that the inhibition of HUVEC angiogenesis by
various DTX formulations was not from the direct cytotoxicity of
DTX, because at the given drug concentrations and exposure time,
HUVEC proliferation was not influenced (data not shown).
Compared to other kinds of chemotherapeutics such as DXR, the
capability to inhibit angiogenesis far below the cytotoxic concen-
tration to EC and tumor cells is a prominent virtue of microtubule-
targeting agents [12—14], which is more favorable for low dose
metronomic chemotherapy. SP5.2 conjugation significantly
increased the nanoparticle distribution in tumors, which was
proved in both in vivo and ex vivo imaging study (Fig. 4A, B).
Although Flt-1 receptors are expressed externally in some tumor
cells, MDA-MB-231 cells have Flt-1 receptors that are predomi-
nantly expressed internally and located as one of the intracellular
isoforms transcribed from intron 21 (i21VEGFR-1) in the cytosol
[32]. Thus, it was the targeting of SP5.2-conjugated nanoparticles to
tumor EC, not MDA-MB-231 cells that led to the increased accu-
mulation in tumors. Accordingly, the significant apoptosis of tumor
EC and necrosis of tumor tissues were observed after treatment by
SP5.2-DTX-NP, not DTX-NP (Fig. 5).

The optimal metronomic dose of SP5.2-DTX-NP was determined
based on the MTD estimated by a dose-escalation experiment and
the study of low dose metronomic treatments in decreasing CEPs
(CD457FIk-1"CD317CD117"), a surrogate marker for angiogenesis
[33—35] (Supplementary Fig. 3). The dose (3.2 mg/kg in this study)
that can significantly decrease CEPs was determined to be the
optimal metronomic dose [36,37]. The observation of mice survival,
one of the most important criteria in anticancer therapy, showed
SP5.2-DTX-NP LDM earned the best anticancer efficacy of extend-
ing mice survival compared to SP5.2-DTX-NP MTD (16 mg/kg once
weekly), Taxotere (16 mg/kg once weekly or 3.2 mg/kg every other
day), and other controls (Fig. 6A). Although SP5.2 on the nano-
particle surface exhibited moderate antiangiogenic activity in
HUVEC (Fig. 3), its direct contribution to delay tumor growth in vivo
was minimal (Fig. 6A) and the main role of the peptide was proved
to be as a targeting agent to enable nanoparticle internalization
(Fig. 2A, B). The improved antitumor efficacy of SP5.2-DTX-NP LDM
was found to be well related to the enhanced antiangiogenic ac-
tivity. The immunohistochemical assay revealed the remarkably
decreased MVD and elevated TSP-1 expression in tumors treated by
SP5.2-DTX-NP LDM compared to those of other controls (Fig. 7).

Moreover, the enhanced antitumor efficacy of SP5.2-DTX-NP
LDM was obtained without any accompanied toxicity. SP5.2-DTX-

NP LDM did not led to mice weight loss and anorexia (decreased
intake of feed and water); moreover, such treatment did not lead to
bone marrow suppression, hematological toxicity, and mucosal
injury to the mice (Figs. 8 and 9). On the contrary, various degrees
of toxicities appeared in the mice of other control groups.

5. Conclusion

Using SP5.2-DTX-NP as a model, the present study demon-
strated the superior antitumor efficacy of targeted metronomic
chemotherapy, which was shown in significantly prolonged sur-
vival and minimal toxicity. The distinguishing feature of our study
is that we reveal and highlight the significance of targeted metro-
nomic therapy with nanoparticulate DDS and this new modality of
metronomic therapy warrants further investigation in anti-
angiogenic cancer therapy.
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