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a b s t r a c t

Normalization of the tumor microenvironment is a promising approach to render conventional
chemotherapy more effective. Although passively targeted drug nanocarriers have been investigated to
this end, actively targeted tumor priming remains to be explored. In this work, we demonstrate an
effective tumor priming strategy using metronomic application of nanoparticles actively targeted to
tumor neovasculature. F56 peptide-conjugated paclitaxel-loaded nanoparticles (F56-PTX-NP) were
formulated from PEGylated polylactide using an oil in water emulsion approach. Metronomic F56-PTX-
NP specifically targeted tumor vascular endothelial cells (ECs), pruned vessels with strong antiangiogenic
activity and induced thrombospondin-1 (TSP-1) secretion from ECs. The treatment induced tumor
vasculature normalization as evidenced by significantly increased coverage of basement membrane and
pericytes. The tumor microenvironment was altered with enhanced pO2, lower interstitial fluid pressure,
and enhanced vascular perfusion and doxorubicin delivery. A “normalization window” of at least 9 days
was induced, which was longer than other approaches using antiangiogenic agents. Together, these
results show that metronomic, actively-targeted nanomedicine can induce tumor vascular normalization
and modulate the tumor microenvironment, opening a window of opportunity for effective combination
chemotherapies.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Tumor progression is dependent upon the interaction of cancer
cells with the tumor microenvironment, which consists of multiple
stromal cells (infiltrating immune cells, cancer-associated fibro-
blastic cells, and angiogenic vascular cells) [1], signaling molecules
and extracellular matrix [2], and is characterized with abnormal
vasculature, hypoxia and acidity [3]. Nanoscale drug delivery
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platforms that target these elements of the tumor microenviron-
ment are of considerable interest. Previous research efforts have
produced nanoconstructs that respond to the elements of the tu-
mor microenvironment, such as pH [4], matrix metalloproteinases
[5] and hypoxia [6,7]. Several pioneering reports have shown that
nanoscale drug delivery systems can affect the stromal cells to
induce tumor immunity and challenge the suppressive tumor
microenvironment [8e13]. Priming the tumor microenvironment
through vascular normalization and/or solid stress alleviation has
shown promising results in the enhancement of drug delivery and
anticancer efficacy [14e16]. The passive accumulation of liposomal
doxorubicin in tumors has ever been demonstrated to prime tu-
mors [17]. However, there have been few reports of the effects of
actively targeted nanomedicines with respect to priming the tumor
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microenvironment [18].
In the past decade, anti-angiogenic therapy has acquired

considerable prominence [19]. As one anti-angiogenic strategy,
metronomic chemotherapy with frequent and low dose adminis-
tration of certain chemotherapeutics (with short drug-free break)
has achieved encouraging progress and entered into phase III trials
[20e23]. We recently presented preclinical data demonstrating the
concept of metronomic chemotherapy using a targeted nano-drug
delivery system (nano-DDS) [24]. Compared to the free drug,
metronomic chemotherapy using nano-DDS improved tumor spe-
cific biodistribution, decreased off-target effects from the inhibition
of physiological angiogenesis, and reduced the total accumulated
dose, which is related to secondary side-effects [24]. Recent reports
suggest that metronomic chemotherapy can induce phenotypic
features of tumor vascular normalization, such as increased tumor
perfusion and oxygenation [25,26].

Tumor vascular normalization has been demonstrated with
antiangiogenic agents [27,28]. During the “normalizationwindow”,
the typically tortuous and abnormal tumor blood vessels shift to
have a more mature vessel structure and give rise to homogeneous
blood flow, reduced interstitial fluid pressure (IFP) and reduced
hypoxia. These alterations can facilitate synergistic antitumor ac-
tivity with combination treatment using chemotherapy, radio-
therapy, and immunotherapy [29]. This paradigm is the principal
motivation for combining antiangiogenic agents with other thera-
peutic modalities. However, metronomic chemotherapy together
combined with other anti-cancer modalities has been disap-
pointing in clinical trials [30,31]. One possibility is that metronomic
chemotherapy may only temporarily normalize the tumor vascu-
lature and microenvironment, and combination therapy outside
the normalization window could be a predominant factor respon-
sible for the unsatisfying clinical observations.

In this work, we explore the efficacy of a metronomic tumor-
vessel targeted nanomedicine, F56-conjugated paclitaxel-loaded
nanoparticles (F56-PTX-NP). F56 is a peptide ligand with high
binding affinity to the Flt-1 receptor (VEGFR-1) highly expressed on
tumor vascular endothelial cells (ECs) [32,33]. Paclitaxel is a clas-
sical antiangiogenic model agent [34]. We found that metronomic
F56-PTX-NP resulted in a length of at least 9-day normalization
window in a subcutaneous MDA-MB-231 xenograft mouse model,
and significantly enhanced the antitumor effect of concomitantly
injected doxorubicin (DOX) in that period. This demonstrates that
tumor-vessel targeted nanomedicine, when given in a metronomic
manner, can actively modulate the pathophysiological status of
tumor vasculature and normalize tumor vessels and the microen-
vironment (Fig. 1).

2. Materials and methods

2.1. Materials, cell culture, and animals

Aldehyde poly (ethylene glycol)-poly (lactide) (aldehyde-PEG-
PLA, MW 64 kDa; aldehyde-PEG unit MW 5000, PLA unit MW
59,000) and Methoxy PEG-PLA (MW 61 kDa; Methoxy PEG unit
MW 5000, PLA unit MW 56,000) block copolymers were synthe-
sized and characterized by ring opening polymerization in our lab
as previously described [35] and according to the literature [36].
Paclitaxel (PTX) was supplied by Knowshine Pharmachemicals
(Shanghai, China). F56 peptide (WHSDMEWWYLLG) was synthe-
sized by GL Biochem (Shanghai, China). Doxorubicin hydrochloride,
sodium cholate, coumarin 6, and 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI) were from Sigma-Aldrich (St. Louis, MO).
Double distilled water was obtained from 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 (HUVECs) and
M200 medium with LSGS were obtained from Life Technologies
(Carlsbad, CA). Cells at 3 to 5 passages were used in the experi-
ments. Human MDA-MB-231 breast cancer cells were obtained
from the American Type Culture Collection (Manassas, VA) and
cultured in L-15 medium supplemented with 10% fetal bovine
serum (FBS) and antibiotics (100 mg/mL of streptomycin and 100 U/
mL of penicillin) at 37 �C in a humidified incubator with 5% CO2.

Female BALB/c nude mice (~20 g) were provided by Shanghai
Laboratory Animal Center (Chinese Academy of Sciences, Shanghai,
China). The animal experiments designed in this study were
approved by the ethical committee of Shanghai JiaoTong University
School of Medicine.
2.2. Preparation and characterization of F56-PTX-NP

F56-PTX-NP were engineered by emulsion and solvent evapo-
ration method with a following surface functionalization. Briefly,
1.5 mg PTX was dissolved in a 1 mL solution of 30 mg blend of
aldehyde-PEG-PLA and Methoxy-PEG-PLA (1:9, w/w) in dichloro-
methane and acetone (2:1, v/v). Next, 3 mL of 1% (w/v) sodium
cholate was slowly poured into the solution and then sonicate of
the mixture was at 200 W for 25 s (Scientz Biotechnology, Ningbo,
China). The oil in water emulsion was further diluted in 40 mL of
0.5% (w/v) sodium cholate solution and the organic solvent was
removed by rotary evaporation under reduced pressure. The
resulting PTX-loaded nanoparticles (PTX-NP) were collected by
centrifugation (11,000 � g, 30 min, 4 �C; Eppendorf AG 5810R,
Germany) and washed twice to remove the excessive emulsifier.
Then, PTX-NP was incubated with F56 at a 1:3 M ratio of aldehyde
to the N-terminal amine of F56. The conjugation reaction was
processed in 0.01 M PBS (pH 7.4) at room temperature for 10 h in
the presence of NaCNBH3 as a reducing reagent. Unconjugated F56
was removed by centrifugation (11,000 � g, 30 min, 4 �C) and F56-
PTX-NP was collected. The coumarin 6-labeled nanoparticles were
prepared in the same way except that in the oil phase PTX was
replaced or mixed with 0.05% (w/v) coumarin 6.

The morphology of the nanoparticles was observed using
transmission electron microscopy (TEM) (H-600, Hitachi, Japan)
and atomic force microscopy (AFM) (Multimode Scanning Probe
Microscope, Digital Instruments, USA). For TEM observation, the
nanoparticle samplewas negatively stainedwith a 2% (w/v) sodium
phosphotungstate solution. For AFM detection, one drop of nano-
particle suspension was mounted on metal slabs, air-dried and
scanned by the AFM with a Nanoscope III in tapping mode. The
particle size and zeta potential were determined using a Zetasizer
Nano ZS instrument (Malvern, Worcestershire, UK).

Encapsulation efficiency was expressed as the percentage of the
drug amount found in the nanoparticles to the total amount used to
prepare the nanoparticles, and drug loading was expressed as the
percentage of the drug amount found in the nanoparticles. The
amount of paclitaxel and coumarin 6 was determined by high
performance liquid chromatography (HPLC, Shimadzu Corporation,
Japan) methods. The peptide conjugation efficiency (CE%) was
determined by estimating the amount of nanoparticle-associated
peptide using CBQCA Protein Quantitation Kit (Life Technologies,
Carlsbad, CA). The calculation formula is as follows: CE% ¼ (amount
of F56 conjugated on the nanoparticle surface/total amount of F56
added) � 100%.

The colloidal stability of nanoparticles was evaluated in phos-
phate buffered saline (PBS, pH 7.4, 0.01 M) with 10% FBS at 37 �C
according to the literature [37], and the hydrodynamic size of the
nanoparticles was examined at various incubation time for 24 h.



Fig. 1. Overview of tumor vascular normalization after metronomic tumor-vessel targeted nanomedicine. Metronomic F56-PTX-NP specifically target the tumor vascular ECs via
multivalent peptide ligands, prune vessels through the antiangiogenic activity and induce high TSP-1 expression. The tumor vasculature is normalized through increased coverage
of basement membrane (BM) and pericytes. The tumor microenvironment is consequentially transformed to the phenotypes of high pO2, low vascular leakage, and enhanced
perfusion for facilitated drug delivery.

X. Luan et al. / Biomaterials 95 (2016) 60e7362
2.3. Internalization of F56-conjugated nanoparticles in HUVECs

HUVECs is a cell model mimicking tumor vascular ECs and most
widely used for the evaluation of tumor angiogenesis in vitro. For
cell uptake experiments, HUVECs were cultured at a density of
5 � 103 cells/well in 96-well plates. When the cells reached about
80% confluence, the culture medium was replaced with 200 mL of
coumarin 6-labeled nanoparticles (coumarin 6-labeled NP) or
coumarin 6-labeled F56-conjugated nanoparticles (coumarin 6-
labeled F56-NP) in medium at coumarin 6 dose of 0.2 mg/mL or
0.5 mg/mL for 0.5e12 h, respectively. After removing the nano-
particles andwashing thewells three times with PBS, the cells were
fixed with a 4% formaldehyde solution for 15 min, and the cell
nuclei were stained with 100 ng/mL DAPI for 8 min. Then, cellular
uptake was assayed by quantifying the intracellular fluorescence
intensity on a Thermo Scientific ArrayScan XTI High Content
Analysis Reader using a FITC filter (Ex: 490 nm, Em: 520 nm).
Quantitative results were acquired based on 15 randommicroscope
fields (containing ~1500 cells) in each well, and the tests were
replicated three times.

Nanoparticle internalization was also assayed using flow
cytometry. Briefly, HUVECs were cultured in 96-well plates, and
were incubated with 200 mL of coumarin 6-labeled NP or F56-NP in
the medium at coumarin 6 dose of 0.2 mg/mL or 0.5 mg/mL. After 2 h
incubation, the cells were harvested, washed by centrifugation
(1000 rpm, 10 min) for twice to remove free nanoparticles, and
aliquoted up to 1 � 106 cells/100 mL PBS in FACS tubes. The cell-
associated fluorescence was analyzed on Accuri C6 flow
cytometer (Becton Dickinson, San Jose, CA). The cells incubated in
themediumwithout nanoparticles were set as the negative control.

2.4. Real-time and dynamic monitoring of cell proliferation using
impedance

Dynamic cell proliferation during metronomic treatment with
empty F56-NP, Taxol (Bristol-Myers Squibb, Latina, Italy), and F56-
PTX-NP at indicated drug concentrations were monitored in real
time using a xCELLigence RTCA DP instrument (ACEA Biosciences,
San Diego, CA) [38]. Briefly, 1000 HUVECs or 2000 MDA-MB-
231 cells per well were seeded in E-Plate 16, and then RTCA station
was placed in a humidified incubator at 37 �Cwith 5% CO2. The cells
were incubated in the drug-contained medium first for 8 h, and
then in fresh medium for 16 h. This procedure was performed for 6
consecutive days to mimic metronomic treatment. The continuous
and quantitative measurements of the cell index in each well were
detected through electronic sensors. The cell index is a quantitative
measure reflecting the number of the cells attached to the elec-
trodes. The cell index is defined as (Rn � Rb)/15, where Rn is the
cell-electrode impedance of the well when it contains cells and Rb
is the background impedance of the well with the media alone.

2.5. Assay of cell viability, migration, and tube formation

HUVEC viabilities after a 6 daymetronomic treatment with F56-
NP, Taxol and F56-PTX-NP at the indicated drug concentrations
were determined using Cell Counting Kit-8 (Dojindo Laboratories,
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Kumamoto, Japan). The metronomic treatment protocol was the
same to that used in the cell proliferation assay.

HUVECs migration and tube formation were assayed as previ-
ously described [35]. The HUVECs migration assay was performed
after 8 h treatment in a 24-well Transwell Boyden chambers with
polycarbonate filters of 8 mm pore size (Corning, Tewksbury, MA).
HUVECs tube formation after 10 h treatment was evaluated using
the Chemicon In Vitro Angiogenesis Assay Kit (Merck Millipore,
Billerica, MA).

2.6. Mouse model and treatment protocol

Female BALB/c nude mice were subcutaneously inoculated with
MDA-MB-231 cells (5 � 106) in the right flank. When the tumors
reached �100 mm3 (7 days after inoculation), metronomic treat-
ment was initiated by multiple dosing with a two-day break (day 7,
10, 13, 16, 19, 22, 25 and 28) through the caudal vein.

For the assay of the tumor vessel structure and microenviron-
ment, four groups (21 mice in each group) were used: (1) saline
(Control); (2) empty F56-NP; (3) Taxol (2.5 mg/kg); (4) F56-PTX-NP
(2.5 mg/kg). At day 10, 13, 16, 19, 22, 25 and 28, three mice from
each group were sacrificed, and the tumors were removed and
processed for sections and immunofluorescence staining for tumor
vascular ECs, pericytes, and basement membrane. The tumor
oxygenation and microvessel density were evaluated at day 10, 16
and 25.

In the investigation of combination therapy, six groups (5 mice
in each group) were included: (1) saline; (2) DOX (2 mg/kg) at day
16; (3) F56-PTX-NP (2.5 mg/kg); (4) F56-PTX-NP (2.5 mg/kg)þ DOX
(2mg/kg) at day 10. (5) F56-PTX-NP (2.5mg/kg)þDOX (2mg/kg) at
day 16. (6) F56-PTX-NP (2.5 mg/kg) þ DOX (2 mg/kg) at day 25. The
tumor volume and mice body weight were monitored throughout
the study. Tumor volumes (mm3) were calculated as
½ � length � width2. At the end of the study (day 31), the mice
were sacrificed and tumors were removed, photographed, and
processed for paraffin sections and pathological and immunohis-
tochemical assay.

2.7. Immunofluorescence and immunohistochemistry

The tumor vascular ECs, pericytes and basement membrane
were stained with rat anti-mouse CD31 (1: 200, BD Biosciences,
Shanghai, China), rabbit anti-alpha SMA (1:200, Abcam, Hong
Kong), and rabbit anti-collagen IV antibodies (1: 200, Merck Milli-
pore, Billerica, MA), respectively. The secondary antibodies in the
immunofluorescence assay were Alexa Flour 488 donkey anti-rat
IgG (Life Technologies, Shanghai, China) for ECs and Alexa Flour
647 donkey anti-rabbit IgG (Life Technologies, Shanghai, China) for
pericytes and basement membrane. The slides were observed with
confocal fluorescence microscopy for CD31 (Ex: 495 nm, Em: BP
505e550 nm) and alpha SMA and collagen IV (Ex: 650 nm, LP Em:
668 nm). Tumor cell apoptosis and proliferation were identified
using ApopTag Peroxidase In Situ Apoptosis Detection Kit (Merck
Millipore, Billerica, MA) and mouse anti-human antibody against
PCNA (Santa Cruz, CA), respectively. For the microvessel density
(MVD) assay, immunohistochemistry sections stainedwith rat anti-
mouse CD31 were photographed using a Leica DFC 320 photo-
microscope and analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics, Bethesda, MD). Quantitative histological data were
from three to five tumors per group, and five high-power fields
were counted for each tumor.

2.8. 3D reconstruction of tumor vessel images

High-resolution confocal image stacks of MDA-MB-231 tumor
vessels stained with anti-CD31 antibody (green) and anti-collagen
IV antibody (purple) were 3D-reconstructed through isosurface
rendering using Imaris software (version 7.2; Bitplane AG) [39].
This software reproduces the vessel pattern, evaluates the presence
and integrity of the basement membrane, and estimates the area of
tumor vascular ECs and basement membrane. The coverage ratio of
basement membrane was thus calculated as the number of base-
ment covered-ECs area to that of the total ECs area. Three fields per
mouse from a total of 3 mice per group were analyzed. The 3D
reconstruction images of ECs (green) and pericytes (red) were also
processed using the same method.

2.9. Human TSP-1 detection in conditioned media by ELISA

HUVECs and MDA-MB-231 (1 � 103 cells/well in 96-well plate)
were grown in their respective media containing F56-NP, Taxol or
F56-PTX-NP at drug concentrations of 0.01, 0.1 and 1 nM, respec-
tively, and metronomically treated with the same protocol as the
cell viability assay for consecutive 6 days. The media were collected
and assayed for TSP-1 using the Human Thrombospondin-1
Quantikine ELISA Kit (R&D, Minneapolis, MN) [40]. The optical
density at 490 nm was determined using a microplate reader Var-
ioskan Flash (Thermo Scientific, Waltham, MA). TSP-1 secretion
from the cells treated with medium alone was set as a control.

2.10. Tumor vascular permeability

Tumor permeability was assessed by the Evans blue as previ-
ously described [41]. At day 10, 16 and 25, Evans blue (30 mg/kg)
was injected intravenously to the mice and the tumors were
excised 30 min later. They were dried at 60 �C for 24 h and then the
dye was extracted with 1 mL formamide at 55 �C for 16 h. The
concentration of the dye was determined at 620 nm.

2.11. Tumor oxygenation

At day 10, 16, and 25, 60 mg/kg pimonidazole was injected
through the caudal vein to 3 mice from each group (saline, F56-NP,
Taxol and F56-PTX-NP) 1 h before the tumors were harvested and
processed for paraffin sections. To detect the formation of pimo-
nidazole adducts, tumor sections were immunostained with
Hypoxyprobe-1-Mab1 (Hypoxyprobe-1 Kit, Chemicon, MA)
following the manufacturer's instructions. The sections were
counterstained in methyl green.

Also at day 16, a fiber-optic oxygen sensor (Oxylite, Oxford
Optronix, Abingdon, UK), based on the principle of oxygen
quenching of luminescence, was used for tissue oxygenation
pressure (pO2) monitoring in the tumors from 6mice in each group
[42].

2.12. Tumor vascular perfusion

The Vevo 2100 micro-ultrasound imaging system (FujiFilm
VisualSonics, Toronto, Canada) was used to evaluate tumor vascular
perfusion [43]. Briefly, at day 16 in the metronomic treatment with
F56-PTX-NP, three nude mice from each group (Saline, F56-NP,
Taxol, and F56-PTX-NP) were anaesthetized with the mixture of
3.0% isofluorane and medical air mixture and placed on the
warmed platform. A contrast agent (MicroMarker, VisualSonics)
was prepared with a final concentration of 2 � 109 microbubbles in
1mL saline solution, and a 50 mL bolus was delivered to themice via
tail vein catheter, and then image acquisition started. Three
representative characteristic parameters (Time to Peak, Peak
Enhancement, Wash in Perfusion index) describing the speed and
extent of the vascular perfusion were calculated with the software



Fig. 2. Characterization and cellular uptake of F56-conjugated nanoparticles. A, AFM photograph. Bar, 200 nm. B, TEM photograph. Bar, 200 nm. C, Size determined by dynamic light
scattering. D, Zeta potential. Representative HCA photographs of HUVECs after 2 h incubation with coumarin 6-labeled NP (E) and coumarin 6-labeled F56-NP (F) at coumarin 6 dose
of 0.5 mg/mL. Bar, 50 mm. G, Quantitation (means ± SD, n ¼ 5) of fluorescence intensity of coumarin 6 in HUVECs after 0.5e12 h incubation. H, HUVECs-associated fluorescence after
2 h incubation at coumarin 6 dose of 0.2 and 0.5 mg/mL was also assayed using flow cytometry.
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Vevo LAB 1.7.0 (FujiFilm VisualSonics, Toronto, Canada).

2.13. Doxorubicin intratumoral distribution in combination therapy
with metronomic F56-PTX-NP

DOX (5 mg/kg) was intravenously injected at day 16 to the mice
treated receiving metronomic F56-PTX-NP (2.5 mg/kg) or other
controls (saline, F56-NP and Taxol). At 2, 4, 6, 8 and 12 h after the
injection, the tumors (3 from each group) were excised and ho-
mogenized. Proteins were precipitated by adding five volumes of
acetonitrile for the DOX sample preparation. Analyses were per-
formed, according to previous reports [44,45], on an Agilent 6410
triple quadrupole mass spectrometer (Agilent Technologies, USA)
equipped with electrospray ionization (ESI) and an Agilent 1200
HPLC system (Agilent Technologies, USA). A Merck ZIC-HILIC col-
umn (2.1 mm � 100 mm, 3.5 mm) was used for analyte separation.
Isocratic elution with a mobile phase consisting of acetonitrile and
water (80: 20, v/v, the aqueous phase contained 0.1% formic acid)
was used for the separation. Two MRM transitions, DOX (m/z
543.9e360.9, fragmentor 120 eV, collision energy 20 eV) and IS
(daunorubicin, m/z 528.5e321.1, fragmentor 120 eV, collision en-
ergy 20 eV) were monitored. Data processing of MS was performed
on the MassHunter software package (VersionB.04.00, Agilent
Technologies, USA). The area under the curve of DOX in tumors was
calculated with the WinNonlin software (Version 6.1 Pharsight,
Mountain View, CA, USA) according to non-compartmental model.

2.14. 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 com-
parison tests. Differences were considered significant if P values
were less than 0.05.

3. Results

3.1. Nanoparticle characterization and cellular uptake

AFM and TEM images showed that F56-PTX-NP were spherical



Fig. 3. F56-PTX-NP showed antiangiogenic activity of inhibiting HUVECs proliferation, viability, migration and tube formation. A, Cell proliferation was real-time and dynamic
monitored using xCELLigence RTCA DP instrument in the 6-day metronomic chemotherapy. B, Cell viability at the end of the metronomic treatment was examined using CCK-8
assay. C, Cell migration after 8 h treatment was assayed using the Transwell Boyden chamber. The migrated cells were visualized by staining with crystal violet, and quantified
using Image-Pro Plus 6.0 software. D, Tube formation after 10 h treatment was examined on the Matrigel pre-coated 96-well plates. The representative photographs of cell
migration (E, bar 100 mm) and tube formation (F, bar 50 mm) after various treatment of 1 nM paclitaxel were shown. For empty F56-NP, the nanoparticle concentration was adjusted
to be the same in all cases with nanoparticles involved. In the RTCA assay, F56-NP only at the nanoparticle concentration same to that of 10 nM F56-PTX-NP were shown. Values in B,
C, and D are expressed as mean ± SD, n ¼ 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in shape with PEG corona and no aggregation (Fig. 2A, B). The
nanoparticles had hydrodynamic diameters of 164 nm (Fig. 2C),
zeta potential of �21.9 mV (Fig. 2D), encapsulation efficiency of
33.7%, and drug loading of 2.9%. F56-NP had a size of 145.8 nm and a
zeta potential of �20.4 mv. The nanoparticles exhibited colloidal
stability in 10% FBS during 24 h incubation, and no obvious ag-
gregation were observed (Fig. S1, Supporting information). The
determined conjugation ratios of F56 were 31.8% for F56-NP, and
32% for F56-PTX-NP. Thus, it is estimated that less than 5% free
aldehyde groups remained on the particle surface. F56 conjugation
dramatically facilitated nanoparticle uptake in HUVECs, and this
effect was dose and time-dependent, which was shown in the High
Content Analysis and flow cytometry (Fig. 2EeH).

3.2. Cell growth inhibition

The xCELLigence RTCA systems, based on electrical impedance,
allows real-time, rather than endpoint, and label-free measure-
ment of cell proliferation and cytotoxicity. Moreover, the obtained
cell index reflects a comprehensive characterization including cell
adhesion and spreading. For HUVECs treated with 10 nM paclitaxel
in Cremophor EL (Taxol), the time-dependent cell response profile
(TCRP) exhibited a typically initial decline in cell index followed by
a recovery rebound (Fig. 3A). Such a pattern of TCRP has been re-
ported when cells are treated with tubulin-modulating agents such
as paclitaxel [38]. In contrast, paclitaxel formulated in the F56-PTX-
NP at 10 nM steadily decrease the cell index and effectively
inhibited the rebound, which may be ascribed to the targeted and
controlled-release properties of the nanoparticles (Fig. 3A). For
MDA-MB-231 cells, a slowly increasing cell index was shown even
at the highest concentration (10 nM) (data not shown), demon-
strating that these tumor cells were less sensitive to paclitaxel
compared to ECs.
3.3. HUVEC viability, migration and tube formation

Metronomic F56-PTX-NP led to significantly higher cytotoxicity
to HUVECs compared to empty F56-NP and Taxol at drug concen-
trations of 1 nM and 10 nM (Fig. 3B). In contrast, nearly 80% MDA-
MB-231 cells remained viable after 6-day metronomic treatment
even at the highest drug concentration (10 nM) (Fig. S2, Supporting
information). These results are in agreement with the observation
of impedance assay and clearly demonstrated that HUVECs were
more sensitive to metronomic paclitaxel, especially when the drug
was formulated in the tumor-vessel targeted F56-PTX-NP. F56-NP
did not decrease the viability of both cells even at the highest
nanoparticle concentration corresponding to that of 10 nM F56-
PTX-NP (Fig. 3B), implying that the PEG-PLA polymer and F56
peptides conjugated on the nanoparticle surface were non-toxic to
the cells. Metronomic F56-PTX-NP exhibited higher activity of
inhibiting HUVECmigration (Fig. 3C, E) and tube formation (Fig. 3D,
F) at drug concentrations of 1 nM and 10 nM, compared to F56-NP
and Taxol. These in vitro results suggested that metronomic F56-
PTX-NP possesses strong antiangiogenic activity.



Fig. 4. Metronomic F56-PTX-NP increased the coverage of pericytes and basement membrane on the tumor vascular ECs. A, Schematic plan for the administration of F56-PTX-NP to
tumor-bearing mice. At day 10, 13, 16, 19, 22, 25 and 28 in the metronomic therapy, 3 mice from each group (saline, F56-NP, Taxol and F56-PTX-NP) were sacrificed and the tumors
were resected for immunofluorescence staining. The representative photographs (B and E, bar 20 mm) of immunofluorescence staining at day 16 and the quantified CD31/alpha-SMA
(C) and CD31/collagen IV (F) ratio at all time points were shown. Values are expressed as mean ± SD, n ¼ 4. The tumor vessel covered by pericytes (D) and basement membrane (G)
at day 16 were 3D-reconstructed through isosurface rendering using Imaris software, and the coverage ratios are shown at the top-right corner in each image.
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3.4. Pericytes and basement membrane coverage on tumor vascular
ECs

Pericyte and basement membrane coverage along the vessel
wall are the signatures of normalized tumor vessels [46,47]. Absent
coverage and detached structures were characteristic of the tumors
treated with saline, F56-NP or Taxol. In contrast, a dramatical in-
crease in the fraction of a-SMA-positive pericytes (Fig. 4B) and
collagen IV-positive basement membrane covered vessels (Fig. 4E)
were observed in the tumors treated by metronomic F56-PTX-NP.
The time-dependent ratio of total area of green staining (ECs) to red
(pericytes) and pink (basement membrane) staining revealed an at
least 9-day (from day 13 to day 22) “normalization window” in the
tumors treated with F56-PTX-NP (Fig. 4C, F). Metronomic Taxol
could also increase the coverage of pericytes at day 13 and 16 and
basement membrane at day 19; however, such effect was much
weaker than that caused by F56-PTX-NP. We chose the tumor
sections of the F56-PTX-NP at day 16, when the coverage ratios
reached almost the highest level, for 3D reconstruction of the vessel
structure (Fig. 4D, G). The resulting images demonstrated the
dramatically improved coverage of the pericytes and basement
membrane on ECs in the tumors treated by metronomic F56-PTX-
NP compared to other groups.

3.5. Metronomic F56-PTX-NP increases TSP-1 secretion from ECs
and in tumor tissues

Enhanced TSP-1 expression is considered to be an important



Fig. 5. Metronomic F56-PTX-NP increased TSP-1 secretion from ECs and expression in MDA-MB-231 tumor tissues. TSP-1 were specifically secreted from HUVECs (A), but not MDA-
MB-231 cells (B) when exposed to 6-day metronomic F56-PTX-NP and other controls. C (Bar 50 mm) and D, TSP-1 expression was significantly increased in the tumor tissues treated
with paclitaxel-contained formulations, among which F56-PTX-NP induced the highest TSP-1 expression in tumors. Noticeably, the TSP-1 expression appeared cord-like pattern
(white arrows) in the tumors treated by Taxol and F56-PTX-NP. Values are expressed as mean ± SD, n ¼ 3.
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mediator of the antiangiogenic effect of metronomic chemo-
therapy, which has been demonstrated in a number of in vitro cell
and in vivo studies involving knockout mice [40,48e50]. F56-PTX-
NP significantly increased TSP-1 secretion from HUVECs up to
nearly 150% compared to the control (Fig. 5A). Though the total
secreted TSP-1 remained relatively stable between the different
F56-PTX-NP dose treatments, the TSP-1 level when normalized to
cell numbers tended to be increased, due to the significant
decreased cell viability along with the increased concentration of
paclitaxel (Fig. 3A, B). This phenomenon is consistent with the
previous report, in which SN38 at higher concentration resulted in
more TSP-1 secretion from HUVEC [40]. Taxol at 0.01 and 0.1 nM
could also induce ~20% increased TSP-1 expression compared to the
control (Fig. 5A). However, no pronounceable change in the TSP-1
secretion were shown from MDA-MB-231 cells subject to the
same exposure (Fig. 5B). These observations were in agreement
with the previous study demonstrating that TSP-1 secretion were
positively modulated by metronomic SN-38 specifically in two
endothelial cells (HMVEC-d andHUVECs), but remained unchanged
or significantly reduced in cancer cells (HT-29 and SW620) [40].

Intriguingly, higher TSP-1 expression was observed in tumors
treated by F56-PTX-NP, compared to that by F56-NP and Taxol
(Fig. 5C, D). It has been reported that metronomic chemotherapy
can induce strong TSP-1 secretion from perivascular tumor stromal
cells [51]. Thus, it is conceivable that with long-circulating and
active targeting (Fig. 2EeH) [33,35], metronomic F56-conjugated
nanomedicine conferred more paclitaxel exposure than Taxol to
interact with the ECs and stromal cells, and led to enhanced TSP-1
expression in tumors as shown in the immunohistochemical sec-
tions (Fig. 5C, D).

3.6. Metronomic F56-PTX-NP prunes tumor vessels, decreased
vascular leakage, and improved tumor oxygenation

Dramatically decreased tumor microvessel density was
observed at day 16 and 25 after metronomic treatment with F56-
PTX-NP, compared to other controls (Fig. 6A, B). For Taxol, the
vessel pruning effect was only observed after a longer treatment, at
day 25.

The Evans blue leakage assay is a classical method to evaluate
the permeability of tumor vasculature. At day 16 in the normali-
zation window, the content of Evans blue in the tumors treated
with metronomic F56-PTX-NP decreased by 41% compared to the
control, 49% compared to F56-NP, and 37% compared to Taxol,



Fig. 6. Metronomic F56-PTX-NP pruned tumor vessels, decreased tumor vascular leakage, and alleviated hypoxia. The representative Immunohistochemical sections (A, Bar 75 mm)
at day 16 and quantitative analysis (B) of CD31 (microvessel density, MVD) at day 10, 16, and 25 after metronomic treatment were shown. C, Tumor vascular leakage at day 10, 16 and
25 was evaluated using Evans blue as the probe. D, Tumor partial oxygen pressure (pO2) at day 16 was examined using an Oxylite fiber-optic oxygen sensor. Representative
photographs of the immunohistochemical sections stained with Hypoxyprobe-1-Mab1 at day 16 (E, Bar, 250 mm in low-power fields and 75 mm in high-power ones) and the
quantified assay (F) of the tumor hypoxia area at day 10, 16, and 25 were shown. The hypoxia region was darkly stained and distributed mainly on the edge of necrosis area. Values
are expressed as mean ± SD, n ¼ 3.
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respectively, indicating a pronouncedly declined vascular leakage
(Fig. 6C) [52].

The oxygen level in the tumor microenvironment was evaluated
with both a fiber-optic oxygen sensor and immunohistochemistry
using the Hypoxyprobe-1-Mab1 antibody. Metronomic F56-PTX-
NP resulted in a remarkable increase in pO2 (Fig. 6D) and decrease
in hypoxia area (Fig. 6E, F) in the MDA-MB-231 xenograft at day 16,
compared to saline, F56-NP, and Taxol. Moreover, at day 25, hypoxic
areas of the tumors in F56-PTX-NP group were still smaller
compared to that in the groups of saline and F56-NP (Fig. 6E, F).
Taxol treatment could also increase the pO2 and shrink hypoxic
areas, but the effect was much weaker than that of F56-PTX-NP.
3.7. Metronomic F56-PTX-NP improves tumor perfusion

At day 16 during the metronomic treatment, the tumors of the
mice in F56-PTX-NP group exhibited higher perfusion-related ul-
trasound signal based on microbubble visualization using an ul-
trasound imaging system, indicating significantly enhanced
perfusion in the tumors (Fig. 7A, B). Quantification of three repre-
sentative parameters (Time to Peak, Peak Enhancement, and Wash
in Perfusion index) characterizing the perfusion process showed
that metronomic F56-PTX-NP was capable of increasing the
perfusion speed and extent compared to other controls (Fig. 7CeE).
Taxol treatment did not seem to improve tumor perfusion.
3.8. Metronomic F56-PTX-NP strengthens DOX antitumor efficacy
by facilitating drug uptake in tumors during the normalization
window

Since a normalization window was induced from day 13 to day
22 during metronomic F56-PTX-NP, we hypothesized that the
antitumor efficacy of DOX could be enhanced if the drug were
administered in this window (Fig. 8A). Metronomic F56-PTX-NP
plus DOX at day 16 significantly delayed the growth of MDA-MB-
231 tumors compared with other combination therapies before
(day 10) or after (day 25) the normalization window, DOX only
(day 16), and metronomic F56-PTX-NP only (Fig. 8B, C). There were



Fig. 7. Metronomic F56-PTX-NP improved tumor vascular perfusion. Tumor vascular perfusion was examined using the Vevo 2100 micro-ultrasound imaging system at day 16
during the metronomic treatment. Image acquisition was started when the contrast agent was injected to the mice. A, Tumor perfusion images at the baseline before contrast agent
injection. B, Tumor images at the moment of the strongest contrast signal. Each tumor was shown in three different visualization display. B-mode (brightness mode) was acquired as
original data. Maximum intensity persistence (MIP) mode showed the microvascular network distribution. Pseudo-color parametric mode displayed the intensity of perfusion
kinetics. Tumors are outlined in green circles. Bar, 5 mm. Three representative parameters, Time to Peak (C), Peak Enhancement (D) and Wash in Perfusion Index (E) were sta-
tistically quantified using the Vevo LAS 1.7.0 software. Values are expressed as mean ± SD, n ¼ 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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no significant differences in body weight before and after the
various treatments (Fig. 8D). Pathological and immunohisto-
chemical analysis of tumor sections showed that DOX given during
the normalization window induced by metronomic F56-PTX-NP
led to significantly increased necrosis area (Fig. 8E, H), TUNEL-
positive cells (Fig. 8F, I) and decreased PCNA-positive cells
(Fig. 8G, J) compared with other control groups, which was
consistent with the enhanced anticancer effect. The central regions
of the tumors normalized by metronomic F56-PTX-NP and treated
by DOX were found to be massively necrotic, and small amount of
the tumor cells (<20%) at the peripheral region were proliferative
and many of them (>60%) were positively stained with apoptosis
indicators.

To further examine whether the enhanced curative effect was
related to elevated DOX uptake in tumors, the pharmacokinetics of
DOX in tumor tissues were determined using the established HPLC-
MS/MS method. Metronomic F56-PTX-NP plus DOX at day 16 had
the highest peak concentration and area under the curve in the
tumor compared with other controls (Fig. 9A, B).

4. Discussion

Several anti-cancer nanomedicines such as Doxil and Abraxane
have successfully entered the clinic, spurring interest in engineer-
ing new nano-DDS [53e56]. For targeting the tumor microenvi-
ronment, approaches have been based on “passive” response of
nanoparticles due to properties such as the EPR effect, acidity,
hypoxia, and elevated MMPs expression. To date limited research
has made efforts of using nanomedicine to “actively” affect and
modify the pathophysiology of tumor vasculature and thereby
prime the tumor microenvironment. Tumor vasculature is the
major component of the complex ecosystem of tumor microenvi-
ronment, and also the validated target of antiangiogenic therapy.
Antiangiogenic therapy was achieved with the two emerging
methods of metronomic chemotherapy and tumor-vessel targeted
nanomedicine. To our knowledge, this study is the first to show that
biomaterials (such as PEGylated PLA, a well biocompatible poly-
mer), when acting as a nanocarrier for chemotherapeutics and
metronomically targeted to tumor vessels, can normalize the tumor
vasculature and microenvironment.

Here, we explored the effect of metronomic tumor vessel-
targeted nano-DDS on the pathophysiology of tumor vasculature
and microenvironment. We hypothesized there exists an underly-
ing, but ignored, adjustment to the tumor vessel into a “normali-
zation” status in the process of metronomic chemotherapy. We
proved this postulation using F56-PTX-NP as a targeted nano-DDS
model. F56-PTX-NP can specifically target and bind Flt-1 re-
ceptors highly expressed on tumor vessels in a mice model bearing
MDA-MB-231 xenograft. The expression of Flt-1 in MDA-MB-
231 cells was previously proved to be expressed particularly in the
cytoplasm, but not on the membrane, conferring it a suitable cell
model in current study [57].

The data demonstrated the targeted antiangiogenic potency of
F56-PTX-NP both in vitro and in vivo. Along with the pruning effect
on tumor vessels, increased coverage of pericytes and basement
membrane on ECs were observed in the tumors treated with



Fig. 8. Metronomic F56-PTX-NP strengthened DOX antitumor efficacy in the normalization window. (A) Schematic plan for the administration of DOX only (day 16, 2 mg/kg) or
metronomic nanomedicine (2.5 mg/kg) or metronomic nanomedicine (2.5 mg/kg) plus DOX (day 10, 16 or 25, respectively, 2 mg/kg). The tumor size (B, C) and mice body weight (D)
were monitored every 3 days till day 31, when mice were sacrificed and the resected tumors were photographed (B) and processed for pathological and immunohistochemical assay
for the necrosis area (E, H), TUNEL (F, I) and PCNA (G, J) positive tumor cells. Bar, 75 mm in E and 50 mm in F and G. Values are expressed as mean ± SD, n ¼ 5.
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metronomic F56-PTX-NP (2.5 mg/kg with 2-day break). The time-
course monitoring of the coverage ratio uncovered an at least 9-
day normalization window, which lasted longer than those re-
ported previously (<7 days) [28]. We used F56-NP as the control to
exclude the contribution of the vehicle compared to F56-PTX-NP.
Although non-targeted PTX-NP were not experimentally
investigated in vivo in this study, the superior effect of F56-PTX-NP
relative to Taxol suggests that targeted delivery of paclitaxel was
better than the free, non-targeted drug in inducing vascular
normalization. Moreover, our previously reported results using the
same nanoparticle system and various targeting peptides demon-
strated that the active targeted nanomedicines are more effective



Fig. 9. Metronomic F56-PTX-NP enhanced the DOX uptake in tumor sites. DOX (5 mg/kg) was administered, at day 16 during the metronomic treatment, to the mice through the
caudal vein, and the tumors of 3 mice at each time point (2, 4, 6, 8, and 12 h) after DOX injection were excised. The DOX concentration in tumor tissues were determined by LC-MS/
MS. (A) DOX concentration profiles in tumors. (B) Area under the curve of DOX in tumors calculated using WinNonlin software according to non-compartmental model. Values are
expressed as mean ± SD, n ¼ 3.
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than passive ones in pruning the angiogenic tumor vasculature
[24,33,35], which is important for inducing tumor vascular
normalization [19]. Since the abnormal tumor vasculature resulted
from the overwhelming action of angiogenic stimulators, and
vascular normalization is thought to be mainly achieved by
restoring balance between proangiogenic and antiangiogenic
signaling in the ECs, we then examined the in vitro and in vivo
expression of TSP-1, a key mediator of metronomic therapy
[48e50]. Metronomic treatment with F56-PTX-NP induced nearly
50% higher TSP-1 secretion specifically from HUVECs, while
secretion from MDA-MB-231 cells remained unchanged. Immu-
nohistochemical assay of TSP-1 expression after metronomic
chemotherapy in vivo also demonstrated the higher TSP-1
expression in tumors treated by F56-PTX-NP. Intriguingly, we
noticed TSP-1 expression appeared in a cord-like pattern in the
tumors treated by Taxol and F56-PTX-NP, where the distribution of
TSP-1 is well co-localized with CD31-positive ECs, confirming the
specific secretion from ECs. Corresponding to the vascular
normalization, Evans blue leakage decreased, pO2 increased, and
hypoxia area shrinked in the tumors of F56-PTX-NP group. Ultra-
sound imaging showed improved perfusion in the tumors treated
by metronomic F56-PTX-NP, showing that this treatment induces
the phenotype of vascular normalization. It should be realized that
orthotopic breast cancer model may offer more realistic tumor
microenvironment and better mimic the clinical condition. Also,
tumor type and microenvironment are key factors influencing the
normalization window, since tumor tends to recruit alternative
pro-angiogenic pathways to escape the effects of antiangiogenic
treatment and shifts to the phenotype of revascularization [58].
Thus, future studies with various orthotopic models are needed for
the comparison with the findings in current study.

We performed combination therapy with metronomic F56-PTX-
NP and single dose of DOX to mimic a clinical regimen in which
metronomic therapy is combined with chemotherapy. Metronomic
F56-PTX-NP plus DOX in the normalization window (day 16)
delayed tumor growth, and the tumor size at the end of the study
was 56% and 68%, respectively, smaller than that when DOX was
given before (day 10) or after (day 25) the normalization window.
This enhanced anticancer efficacy can be ascribed to the higher
DOX concentration and distribution in the tumor. Compared to
Taxol, the DOX peak concentration and area under the curve in
tumors were 50% and 60% significantly increased, respectively. It is
expected better efficacy can be achieved after further optimizing
the regimen of both F56-PTX-NP and DOX.
To date, tumor vascular normalization remains a complex phe-
nomenon, of which themechanisms have not been fully elucidated.
Previous studies have shown a number of new targets or methods
to regulate vascular normalization [41,59e61], among which anti-
angiogenic molecular-targeted agents have been discussed [28]. As
metronomic therapy is also an antiangiogenic approach and it in-
duces expression of the antiangiogenic inhibitor (TSP-1), it is
possible that this strategy may also lead to vascular normalization.
Such effect, though relatively weak, was shown in our study of
metronomic chemotherapy with conventional Taxol. However, at
the same dose and regimen, metronomic F56-PTX-NP exhibited a
more robust potency to enable a more extended normalization
window. This advantage can be ascribed to the favorable pharma-
cokinetic behavior and the ECs-targeting of F56-PTX-NP, as the
modulation of vascular normalization depends much on the
available dose of the antiangiogenic agents [62].

5. Conclusions

In this study, metronomic chemotherapy using tumor-vessel
targeted nanomedicine led to vascular normalization, and
enhanced anticancer effects from conventional chemotherapeutics
(DOX) administered during the induced normalization window.
The normalization window opened using the targeted nano-DDS
was superior compared to conventional paclitaxel. Thus, the tar-
geted nano-DDS appear to be well-suited for tumor priming to
improve the efficacy of established chemotherapy.
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