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ABSTRACT

The objective of this study was to develop polymeric nanospheres (NPs) that are able to selectively target
the activated vascular endothelium and to deliver co-encapsulated anti-angiogenic agents for improved
treatment efficacy in inflammatory diseases with an angiogenic component. We evaluated a novel
poly(p.)-lactide (PLA)-based polymer, grafted with a synthetic ligand specific for selectin (PLASEL), for
the preparation of functionalized NPs. The NPs were produced according to a double emulsion-solvent
diffusion/evaporation method, allowing the co-encapsulation of hydrophilic and lipophilic drugs.

Incorporation of the functionalized polymer enhanced the internalization of fluorescein-labeled NPs by
lipopolysaccharide-activated vascular endothelial cells relative to control NPs, as evidenced by confocal
laser scanning microscopy and quantitative fluorescence measurements. Two anti-angiogenic agents,
endostatin and paclitaxel, were co-loaded in the functionalized NPs. Respective drug loadings were opti-
mized by adjusting polymer composition, as well as by the microemulsion technique.

NPs loaded with either of the chosen drugs or with a combination of them were tested for their anti-
angiogenic efficacy in human umbilical vascular endothelial cell (HUVEC) culture in vitro and rat aorta
tissue culture ex vivo models. An enhanced anti-proliferative effect on HUVECs and heightened anti-
angiogenic action on rat aorta ring cultures was observed for the loaded drugs compared to the free mol-
ecules. Moreover, combined loaded treatments were found to be more potent, evoking additive and even
synergetic outcomes (at lower doses) greater than the corresponding single-loaded treatments in inhib-

iting new vessels sprouting in rat aortic rings.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the recent decades, the process of pathological angiogenesis
has become the focus of interest in many research laboratories
[1]. This can be easily understood by virtue of the evident contribu-
tion of such processes in many serious diseases, such as solid tu-
mors, arthritis, psoriasis, diabetic retinopathy and atherosclerosis
[2]. Angiogenic inhibitors have been approved for the treatment
of cancer in the USA and European Union, nevertheless, malignant
tumors have been shown to develop resistance to anti-angiogenic
monotherapy by producing redundant angiogenic factors that are
not matched by the inhibitors used [3]. In this respect, it has been
demonstrated that the combination of angiogenesis inhibitors can
broaden their therapeutic efficiency and could be very valuable in
preventing refractory states of cancer [4,5].
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Many inhibitors have been investigated, from hydrophilic pep-
tidic endogenous regulators to hydrophobic chemotherapeutic
agents, and some of them have already reached clinical trials. For
example, endostatin (EN) is a COOH- terminal fragment of collagen
XVIII, consisting of 184 amino acids. It was initially isolated from
the conditioned medium of hemangioendothelioma cells [6]. EN
represents a broad-spectrum angiogenesis inhibitor, since it tar-
gets angiogenesis regulatory genes on more than 12% of the human
genome [7]. Perhaps the most interesting features of EN are the
lack of side-effects, and no acquired resistance is induced by its
prolonged administration [8]. However, systemic delivery of re-
combinant EN raises a number of problems, such as its short
half-life in vivo and the need for long-term treatment whether con-
tinuous or intermittent [9]. Therefore, the design of an appropriate
drug delivery system would be worthwhile for the development of
successful therapy.

On the other hand, a number of chemotherapeutic agents have
recently been studied for their anti-angiogenic activity. Paclitaxel
(PX) is considered to be one of the most outstanding candidates
to join the arsenal of anti-angiogenic drugs [10,11]. At lower doses
than those required for cytotoxic effects, PX has been shown to in-
hibit tumor growth by suppressing the expression of basic growth
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factor and vascular endothelial growth factor [10,12]. However, PX
delivery is hampered by its poor water solubility, resulting in the
use of Cremophor®, an adjuvant responsible for serious adverse ef-
fects. Thus, many groups have attempted to increase PX’s thera-
peutic efficacy and to reduce its systemic side-effects through
microencapsulation in polymeric nanospheres (NPs) [12-14].

Pathological angiogenesis is always associated with acute or
chronic inflammation, with specific receptors being overexpressed
by the vascular endothelium [15]. For instance, E-selectin is a sur-
face membrane receptor upregulated in many disease conditions
characterized by inflammation and recruitment of leukocytes,
including malignant tumors and their metastases, arthritis, inflam-
matory bowel disease, psoriasis and dermatitis [16]. Therefore, we
hypothesized that NPs made from a polyester-based, ligand-
grafted polymer [17], that can specifically adhere to the endothe-
lium overexpressing selectins, could be valuable by targeting
anti-angiogenic treatment towards the pathological vasculature.
In fact, NPs prepared from biodegradable polyesters are an attrac-
tive tool to achieve this goal; besides active targeting, polymeric
NPs prepared by the double emulsion-solvent diffusion/evapora-
tion method may allow the co-encapsulation of lipophilic and
hydrophilic therapeutic molecules [18,19]. Regarding the NPs tar-
geting capabilities, we choose as the targeting ligand, a synthetic
analog of Sialyl Lewis™ that has been shown to be specific for E-
and P-selectins [20].

The aim of this work was to optimize the co-encapsulation of
two anti-angiogenic molecules with distinct physicochemical fea-
tures interfering on different pathways, to obtain a highly effective
anti-angiogenic treatment. EN, a hydrosoluble peptide, was loaded
in the aqueous phase of w/o/w NPs, whereas PX was incorporated
in the polymeric matrix. Thus, NPs loaded with either EN or PX or
both were produced according to the solvent diffusion/evaporation
method with the objective of optimizing their respective encapsu-
lation efficiencies (EEs). The selective cellular uptake of NPs pre-
pared, using poly(pL)-lactide-based polymer grafted with a
selectin-specific ligand (PLA®El), was investigated in human
umbilical vascular endothelial cell (HUVEC) cultures. Finally, the
anti-angiogenic efficacy of NPs loaded with either EN or PX (or
both) was assessed in vitro by quantifying the proliferation of HU-
VECs via their enzymatic activity and ex vivo in a tissue culture
model, rat aortic rings. The latter model allows the monitoring of
tubule formation as an angiogenesis index over a long period of
time.

2. Materials and methods
2.1. Materials

PX was a kind gift from BioexelPharma Inc. (Saint-foy, Que.,
Canada), whereas mouse EN was purchased from EMD Biosciences
(San Diego, CA, USA). Mouse endostatin EIA kits were procured
from Cytimmune (Rockville, MD, USA). The murine macrophage
cell lines Raw 264.7 and Huvec-ec (CRL1730) were from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA, USA), and cell
culture media were from Gibco (Invitrogen, Burlington, Ont., Can-
ada). All reagents were from Sigma-Aldrich (St.-Louis, MO, USA),
whereas reagent-grade solvents were from Laboratoire MAT (Mon-
treal, Que., Canada).

2.2. Ligand and polymer synthesis

The selectin ligand (SEL) was synthesized and grafted on poly-
ester-based polymer in the laboratory, as described previously
[21]. Briefly, PLA®SEL was synthesized from PLA functionalized
with 1% pendant acid chloride groups [17]. Grafting was then

achieved through the reaction of this active pendant group with
an unprotected non-essential hydroxyl group on the ligand mole-
cule. Finally, hydroxyl groups of the ligand moiety were de-pro-
tected by catalytic hydrogenation, and the polymer obtained was
freeze-dried. The molecular weight (M,,) of the polymer was found
to be 40,791 Daltons (Da), as determined by size exclusion chroma-
tography (SEC). Similarly, fluorescein molecules were grafted on
the same functionalized PLA to yield PLA®V by reacting the hy-
droxy group of fluorescein with pendant acid chloride group. Unre-
acted fluoresceins were eliminated by repeated polymer
precipitations in water, and the fluorescent polymer was freeze-
dried until further use.

PLA was prepared by the ring-opening polymerization of
dilactide under argon atmosphere, employing tetraphenyl tin as
catalyst. The multiblock co-polymer of poly(p.L)-lactide and
poly(ethyleneglycol) (PLA-PEG-PLA), was synthesized according
to Quesnel and Hildgen [22]. The respective M,,s were found by
SEC to be 50,000 Da for PLA and 16,000 Da for the multiblock co-
polymer. Commercial poly(lactide-co-glycolide) (PLGA, Resomer®
RG504), M,, 48,000 Da, was from Boehringer-Ingelheim (Ingelheim
am Rhein, Germany).

2.3. Polymer cytocompatibility studies

Raw 264.7 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin (Invitrogen, Burlington, Ont.,
Canada). The cells were grown in tissue culture flasks and incu-
bated at 37 °C in 5% carbon dioxide atmosphere.

2.3.1. Proliferation assay

Polymers dissolved in 10 pl dimethyl sulfoxide (DMSO) were
added in 96-well flat-bottomed microplates (Corning Inc., Corning,
NY, USA), in triplicate. The amounts tested were 250, 100, 10, 1, 0.1
and 0.01 pg. DMSO was subsequently removed under vacuum. The
Raw 264.7 cells were diluted in complete medium at a final con-
centration of 5 x 10° cells/ml and plated (100 pl/well). The plates
were incubated for 24 h, after which cell proliferation was assessed
by MTT assay [23]. Briefly, 10 pl of thiazolyl blue tetrazolium bro-
mide (Sigma, St.-Louis, MO, USA), dissolved in phosphate-buffered
saline (PBS, (10 mM, pH 7.4) at a concentration of 5 mg/ml and fil-
tered on 0.22 um sterile filter (Millipore, Bedford, MA, USA), was
added to each well. After 3-h incubation time at 37 °C in 5% carbon
dioxide atmosphere, 50 pl of a lysing solution (Isopropanol, 10%
Triton X-100, 0.1 N HCl) was added to each well to dissolve the
dark blue formazan crystals. Absorbance was read at a 570 nm
wavelength on a microplate reader (SAFIRE®, Tecan, Austria).

2.3.2. Lysis assay

The presence of lactate dehydrogenase (LDH) in supernatants
from proliferation assays served as an indicator of cell lysis and
cytotoxicity. It was quantitated with commercial dosing kits (Sig-
ma, St.-Louis, MO, USA), as directed by the manufacturer. Briefly,
after 24-h incubation of Raw 264.7 cells in the presence of the
tested material, 5 pul of cell supernatants was transferred to new
microplates and incubated in the dark with the reaction mixture
for 30 min. The reaction was stopped with 0.1 N HCl. The micro-
plates were read by microplate reader, at 450 nm wavelength (ref-
erence wavelength 690 nm). The results are plotted in reference to
positive control wells, 100% Triton X-100 lysed cells.

2.4. Preparation of NPs
2.4.1. Drug-loaded NPs

All NPs were prepared according to an adjusted double emul-
sion-solvent diffusion/evaporation technique [24,25]. Briefly, the
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organic phase consists of 0.25 g of the polymer (or polymer blend)
plus 0.125, 1.25, or 12.5 mg of the lipophilic ingredient PX, dis-
solved in 10 ml dichloromethane (DCM). The organic phase incor-
porated variable amounts of Span 80, as described previously [25],
and was associated with n-butanol as co-surfactant in certain
batches (see Table 2 for quantities). The w/o/w double emulsion
was prepared by a 2-step emulsification procedure. First, different
quantities of the hydrosoluble peptide EN (250, 500, or 1000 pg)
were dissolved in 250 pl of citrate-phosphate buffer, pH 6.2. The
w/o primary emulsion was then obtained by dispersing EN
aqueous solution in the previously described organic phase, by
vortexing for 1 min, followed by 15s homogenization with a
high-speed turbo stirrer. The primary w/o emulsion was then
gently syringed into 100 ml of 15% w/v sucrose aqueous solution
containing a surfactant mixture (2.5% Tween 20/0.5% PEG oleate),
while emulsification was being achieved by means of high-pres-
sure homogenization with Emulsiflex C30 (Avestin, Ottawa, Ont.,
Canada) at 10,000 psi for 3 min to generate a multiple w/o/w emul-
sion. The latter was collected, and its volume was adjusted to 250-
300 ml with the external aqueous phase. Finally, it was stirred for
3 h under reduced pressure to allow extraction of the volatile or-
ganic solvent and, hence, the subsequent solidification of NPs.
Batches containing either EN or PX were prepared by the same pro-
cedure, except for omitting either EN in the aqueous phase or PX in
the organic phase. Batch names along with the formulation param-
eters of each batch are presented in Table 1.

2.4.2. Fluorescein-labeled NPs

For targeting studies, blank NPs were prepared according to the
above-mentioned procedure where citrate-phosphate buffer, pH
6.2, was used as the internal aqueous phase of the w/o/w emulsion.
Fluorescein labeling of blank NPs was achieved by blending in DCM
fluorescein-labeled PLA (PLA¢FtV) with the other polymer(s)in a ra-
tio of 1:3 (w/w) for all batches, before the double emulsion (Table 3).

2.4.3. Recovery of NPs

Freshly prepared NP dispersions were purified and concen-
trated according to a modified diafiltration technique, as reported
previously [25]. Complete removal of surfactants was monitored
during the course of the diafiltration by measuring surface tension
using a Surface Tensiomat®21 (Fisher Scientific, Ottawa, Ont., Can-
ada). NP concentrates were aliquoted and conserved at —20 °C. For
characterization purposes, a fraction of each drug-loaded batch
was recovered and washed by conventional ultracentrifugation/
re-dispersion cycles. Finally, NPs were dispersed in deionized
water, freeze-dried, and stored at -20°C for subsequent
investigation.

2.5. Determination of EEs and loading

Ten milligrams of lyophilized NPs were weighed in a sterile vial,
and re-dispersed in 3 ml PBS, pH 7.4. The dispersed NPs were then
degraded with 2 ml chloroform, and extraction was facilitated by
rotating the vials end-over-end in a rotating plate for 6 h at ambi-

Table 1
Formula names of NP batches according to their variable manufacturing parameters.

Formula name Polymer ratio (per weight) Co-surfactant (% v/v)*

PLASSEL PLA Multiblock n-Butanol
PLA-S 1 1 - -
BuPL-S 1 1 - 16.6
MuPL-S 2 1 1 -
BMPL-S 2 1 1 16.6

2 n-Butanol volume was calculated on the basis of total volume of the organic

phase in the w/o primary emulsion.

ent temperature. The samples were then centrifuged at 14,000 rpm
for 5 min, and 1000 pl of the aqueous supernatant was drawn off
by micro-tipped pipette. EN was assessed in the aqueous layer by
enzyme immunoassay (Mouse Endostatin Competitive EIA Kkit,
Accucyte®), following the manufacturer’s instructions. EE was cal-
culated as drug percentages in NPs relative to the initial amount:
EE = Drug in NPs/Initial amount x 100.

The PX fraction extracted in the aqueous layer was analyzed by
the first-derivative spectrophotometry at 240 nm, and its concen-
tration was quantitated with reference to a standard calibration
curve. To assess PX content in the organic layer, 0.5 ml of the chlo-
roform layer was mixed with 10 ml ethanol to precipitate the poly-
mer. After centrifugation, PX concentration was determined by
spectrophotometry in supernatant alcoholic solution as mentioned
above. PX determination was done by measuring the valley ampli-
tude at £ =240 nm in the first-derivative curve. The linear range of
detection was found to be between 0.25 and 0.5 pg/ml. Total PX EE
was calculated as follows: PXotal = [PXaqueous phase + PXorganic phasel/
Initial amount x 100.

2.6. Determination of particle size and zeta potential of NPs

NP particle sizes were measured by photon correlation spec-
troscopy (PCS) in a N4Plus Coulter Nanosizer (Coulter Electronics,
Miami, FL, USA). Measurements were taken at 25 °C with a scatter-
ing angle of 90°, and the mean (£SD) of at least three readings was
calculated. Moreover, zeta potential of the NPs was analyzed by at
least three consecutive readings of sonicated NP dispersion in 0.22-
wm filtered, diluted PBS, with a zeta potential analyzer (Zetasizer
Nanoseries, Malvern Instruments, Worcestershire, UK).

2.7. Uptake of NPs by HUVECs

2.7.1. Cell culture

HUVECs (ATCC, cell line CRL1730) were grown in F-12 Kaighn
modification medium supplemented with 15% FBS, 100 pig/ml pen-
icillin/streptomycin, 300 pg/ml endothelial cell growth supple-
ment (ECGS), and 120 pg/ml heparin (Sigma, St.-Louis, MO, USA).
The medium was renewed every 3 days until 70% confluency.

2.7.2. Qualitative study

Glass cover slips were sterilized and mounted in 24-well culture
plates. HUVECs were then seeded in the wells at 2 x 10 cells per
well. To enhance cell attachment, coverslips were pre-treated with
a 10 pg/ml fibronectin solution (Chemicon, Millipore, Bedford, MA,
USA). The culture was incubated at 37 °C for 48 h. After renewal of
the nutrient medium and 4-h induction with LPS (lipopolysaccha-
ride from Escherichia coli), the uptake of fluorescein-labeled NPs
was initiated by exchanging the medium with a NP dispersion ad-
justed to the same tonicity of the culture medium by lyophilized F-
12 Kaighn medium. The final concentration of NPs was 100 pg/ml.
The culture was then re-incubated for 12 h. At fixed time intervals,
the experiment was stopped in pre-selected wells by discarding
NPs containing medium and washing 3-4 times with pre-warmed
Hank’s balanced salt solution (HBSS) to eliminate excess unbound
particles.

Specimens were prepared for confocal laser scanning micros-
copy by fixing the cells with 4% formaldehyde in HBSS solution.
Cover slips were then mounted on glass slides with GelTol®
mounting medium (Thermo Electron Corporation, Waltham, MA,
USA). The samples were finally kept at 4 °C until subsequent exam-
ination. Confocal laser scanning microscope images were acquired
at 40x and 100x, with a Leica TCS SP2 confocal system (Leica
Microsystems, Heidelberg, Germany), using FITC filters (‘exc.
495 nm, Aem. 510 nm). All images were processed with ImagePro®
software (MediaCybernetics, Bethesda, MD, USA).
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2.7.3. Quantitative studies

The experiments in this section were conducted in 75 cm? cul-
ture flasks. HUVECs were allowed to proliferate to 70% confluence.
Medium was substituted by complete growth medium premixed
with 1 ml of NP dispersion with adjusted tonicity as mentioned
above (NP final concentration 100 pg/ml). The tested cultures were
further incubated for 12 h. To end the experiment, the medium
was removed and the cell monolayer was washed three times with
HBSS to eliminate excess particles. Afterwards, the cells were de-
tached from the bottom of the flask with a sterile scraper, and
transferred to sterile tubes, then precipitated by centrifugation at
1500 rpm for 10 min. The cell pellet and the uptaken NPs were
lysed with lysing solution (0.25% Triton X-100 in 1 N NaOH). Fluo-
rescence was assessed by spectrofluorometry (rexc. 488 nm, Aem.
530 nm), and an equivalent amount of fluorescein was calculated
with reference to a fluorescein standard calibration curve. NP fluo-
rescein content was quantitated by spectrofluorometry, by dissolv-
ing 10 mg of NPs in NaOH/Triton X-100 and by comparing the
value obtained with a fluorescein calibration curve in the same
medium. Fluorescence measurements were normalized with total
protein content quantitated with BCA protein assay Kkits (Pierce,
Rockford, IL, USA), according to the manufacturer’s instructions.

2.8. Validation of anti-angiogenic activity

2.8.1. HUVEC proliferation assay

To assess the effects of free drugs, blank and drug-loaded NPs
on endothelial cell proliferation, MTT assays were performed on
HUVECs cultured on 96-well plates at 2 x 10% cells/well. After
overnight incubation, the medium was renewed and LPS (5 pg/
ml) was added. After 4-h incubation, aliquots of the free drug,
blank or drug-loaded NP dispersions (NP dispersions isotonic with
culture medium) were added to the wells and incubated for 72 h.
The assay was replicated eight times for each treatment tested.
Endothelial cell viability and cell growth in vitro were quantitated
by colorimetric MTT assay, as described in Section 2.3.1 [23].

2.8.2. Rat aortic ring assays

An established tissue culture model involving rat aortic rings
was adapted for our purposes [26]. First, 24-well culture plates
were pre-coated with collagen gel, which had been prepared by
quickly mixing rat-tail collagen solution (3mg/ml) prepared
according to [27]_and DMEM with glutamine, supplemented with
7% fetal calf serum and 0.1 N sodium hydroxide (6:7.5:1 v/v) at
4 °C. Each well was coated with 0.5 ml of the mix, and gelation
was allowed for 1 h at 37 °C. After removing fibro-adipose tissues,
1-mm thick rings of cleaned aorta were washed in sterile HBSS,
and then carefully placed in the collagen pre-coated wells. Aliquots
of the tested preparation (either free drug solution, blank or drug-
loaded NP dispersions normalized with lyophilized culture med-
ium, as explained above, or controls) were deposited on the center
of each aortic ring. Control wells were treated with blank condi-
tioned medium solution with or without blank functionalized
NPs. These 24-well plates were incubated at 37 °C for 20 min, fol-
lowed by the application of the second layer of the collagen mix-
ture on each well. After gelation, 0.5 ml of enriched medium
consisting of supplemented DMEM, ECGS (15 mg/ml), epidermal
growth factor (10 ng/ml), and insulin (5 pg/ml) was added to the
wells and the culture was incubated at 37 °C in 5% carbon dioxide
atmosphere.

Photos of the embedded artery rings were captured on the 7th
and 14th days of culture, by Canon PowerShot A95 digital camera
(Canon, Canada) with an Axiovert S100 inverted microscope under
40x magnification (Zeiss, Oberkochen, Germany). The images were
then processed for the quantification of new tubules and their ram-
ifications by photo binarization to black/white, according to the vi-

sual inspection of vascular morphology [28] with PaintShop Pro®
software. Vascular density was quantitated by Optimas7® image
analysis software and expressed as percentages of blackened tu-
bules relative to the whitened background (see Fig. 5). Four images
per well (n = 3) and condition were analyzed. Finally, the data were
normalized with those of positive control wells for each plate, to
reduce plate to plate variability.

2.9. Statistical and drug effect analyses

Quantitative data were calculated as means + SD. Statistical
analysis of HUVEC proliferation assays and rat aortic ring assays
was achieved by one-way ANOVA after testing for normality and
equality of variances. Data were analyzed by Fisher’s lower signif-
icance difference (LSD) test with Sigmastat 3.0 (Systat Software,
CA, USA). Differences were considered significant when p < 0.05.
T-test was performed to determine the statistical significance of
putative additive or synergetic effects of multiple drug treatments.
Significance was established by pairing the results of multiple drug
treatments with data on single drug exposures under the same
conditions and doses.

3. Results and discussion
3.1. Cytocompatibility of PLASEL

The cytocompatibility of two different batches of the synthe-
sized polymer was assessed, as described in the experimental sec-
tion on the Raw 264.7 cell line. MTT colorimetry was undertaken to
quantitate enzymatic activity as an index of cell proliferation, since
it measures the tetrazolium ring cleavage by the active mitochon-
dria of living cells [23]. Besides, LDH levels in culture supernatants
indicate the extent of cell lysis. MTT assay demonstrated no effect
on cell proliferation with the polymer batches tested in the 0.1 to
1000 pg/ml concentration range (Fig. 1A). Moreover, LDH assay re-
vealed no significant cell death (Fig. 1B). The results obtained were
comparable to those from the parallel assessment of a standard
sample of FDA-approved poly(lactide-co-glycolide) co-polymer
(Resomer® RG504, Boehringer-Ingelheim). Similarly, the other
polymers employed in the preparation of NPs were tested and
showed no toxicity in the same concentration range [29].

3.2. Encapsulation efficiencies

Efforts, undertaken in the field of microencapsulation of hydro-
soluble macromolecules, such as proteins, peptides, and DNA plas-
mid, in polymeric NPs, have led to many strategies for improved
loading. For example, polymer blends represent one of the most
interesting approaches to enhance protein loading. A polyester
polymer can be mixed with a more hydrophilic PEGylated co-poly-
mer or polymeric surfactant to improve protein affinity for the
polymeric matrix. Sanchez et al. suggested a PLGA/poloxamer
blend to improve the loading recovery of interferon alpha [30].
Alternatively, the incorporation of some stabilizing agents, such
as bovine serum albumin or a non-ionic surfactant in the inner
aqueous layer, has also been valuable in increasing the loading effi-
ciency and stability of microencapsulated proteins [31,32].

In the previous work, we demonstrated that the microemulsion
technique could significantly improve the EE of a hydrosoluble
macromolecule model [25]. Coupling this technique with the
incorporation of a PEGylated co-polymer, such as (PLA-PEG-PLA),,
has further enhanced the loading values. Yet, the issue should be
re-considered in cases of co-encapsulation of a lipophilic agent
with a hydrophilic macromolecule. It has been observed that the
above-mentioned techniques, aiming to enhance the loading of
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Fig. 1. Polymer cytocompatibility assays. (A). MTT assays on Raw 264.7 cells for
two prepared batches of the ligand-grafted polymer PLA#EL, Standard PLGA is used
as reference. (B). LDH assays on Raw 264.7 cells for two prepared batches of the
ligand-grafted polymer PLAEL, Standard PLGA is used as reference.

hydrophilic agents, usually have a negative impact on the loading
of poorly water-soluble drugs [19,33]. Hence, in the current work,
we tried to achieve optimal balance in loading efficiency between
the two anti-angiogenic drugs, knowing that EN as a protein is one
of the most difficult molecules to encapsulate, while the EE of PX in
polyester NPs can reach 100% [34].

Both the microemulsion technique (addition of Span 80/n-buta-
nol) and the incorporation of PEG-PLA multiblock co-polymer
raised the EE of EN compared to standard conditions (Table 2).
Nevertheless, as expected, the PX-loading rate was reduced by
both the approaches, with a more pronounced effect associated
with n-butanol incorporation. Moreover, the combination of both
techniques further raised the EE of EN to 71.3%, whereas the EE
of PX was reduced to 56.8% (batch 4). The hydrophilic contribution
of PEG-PLA multiblock co-polymer (limited to 25% of polymer
weight) appeared to be responsible for the slight decrease in PX
loading as a consequence of its reduced affinity for the polymeric
matrix. On the other hand, the partially water-miscible solvent

Table 2

n-butanol, as co-surfactant, seemed to facilitate PX diffusion into
the external aqueous phase during preparation of the double emul-
sion. Such events could also account for significant depression of
its EE (Table 2). As expected, coupling of the two techniques re-
sulted in a kind of double-headed additive effect that enhanced
EN retention from one side, and decreased that of PX from the
other side. As a consequence, batch 4 (Table 2), showing the high-
est EN-loading along with fair PX loading, was retained for further
efficacy assays.

3.3. Particle size distribution and zeta potential

Particle size data analysis revealed that all batches were in the
nanometric (200-250 nm) range without wide variations between
batches (Table 2). Moreover, the values were consistent with those
observed in a previous work [25]. This means that the surfactant
blend (here Tween 20/PEG oleate) could successfully substitute
for PVA as the stabilizer of the secondary emulsion [35]. PVA,
due to its suspected carcinogenic and cytotoxic effects, should be
avoided in the parenteral applications [35], while the group of
non-ionic surfactants such as Tween (polyoxyethylene-based sur-
factants) is acceptable [36]. On the other hand, it is noteworthy
that the enhancement of EN-loading efficiency was accompanied
by a slight increase in the mean particle size of the loaded NPs (Ta-
ble 2). Since the peptide was incorporated as an aqueous buffer
solution, such a finding could be explained by the higher retention
of this solution in the NP matrix, which, in turn, reflects the en-
hanced stability of the primary emulsion. No effect of PX loading
has been observed on NP size.

Zeta potential is an important index of NP surface charge in
aqueous dispersions. High electric charge on surface-loaded NPs
ensures enough repellent forces among particles and prevents
their aggregation [37]. All prepared batches were found to be neg-
atively charged, with an average value of —24.5 mV for NPs made
from PLA/PLA®SEL polymer blend (Table 2). However, the (PLA-
PEG-PLA), co-polymer in NP preparations induced a decrease in
their zeta potential which moved to an average value of
—10.0 mV due to the presence of PEG moieties at the NP surface.

The clearance of surfactants in NP preparations was tracked by
surface tension measurement using a standard tensiometer. The
dialysis was continued until the surface tension of the dispersion
solution has been raised to approach that of deionized water (data
not shown).

3.4. NP uptake by HUVECs

NP uptake was studied with blank NPs (without loaded drugs),
prepared according to the same procedures as for drug-loaded NPs.
Particle size and zeta potential data on blank, fluorescein-labeled
NPs used in uptake experiments are tabulated along with their
polymer blend compositions in Table 3. The particle size values ob-
tained were in good accordance with those depicted earlier in Ta-
ble 2 for drug-loaded NPs. Four hours before the start of either the

Characteristics of drug-loaded NP formulations. NPs were co-loaded with 2 ng/mg polymer of endostatin (EN), and 50 pig/mg polymer of paclitaxel (PX) was prepared by the

double emulsion-solvent evaporation method (means + SD, n = 3).

Batch No. Formula name EN loading % EE for EN PX loading % EE for PX Mean diameter (nm) Zeta (mV)

1 PLA-S 0.53 +0.05 264+2.7 39.91+1.28 79.8+2.4 209.7 £14.5 -24.6+20
2 BuPL-S 1.07 £ 0.04 53.4+23 32.81+1.51 65.6 £3.0 2124+48 —-23.9+23
3 MuPL-S 0.92 +0.05 46.0+2.5 36.37+1.30 72.7+2.6 231.5+58 -99+1.2
4 BMPL-S 1.43 £0.08 71.3+4.0 28.41+1.73 56.8+3.5 246.1 £14.0 -103+1.6
5 BMPL-S 1.46 +0.07 73.2%3.6 - - 2448 +£9.3 -10.0£1.5
6 MuPL-S - - 35.71+1.51 71.13 221.6+7.8 -9.7+05

Drug loadings, pig/mg of polymer, % EE, encapsulation efficiency. Mean diameter was measured by PCS; ¢ (zeta) potentials were quantitated as described in Section 2.
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Table 3

Polymer blending, particle size and zeta potential data on blank fluorescein-labeled NPs in uptake studies.

Formula name Polymer ratio (per weight) Mean diameter (nm) Zeta (mV)
PLA€SEL PLA Multiblock PLA&FLU

PL-F - 3 - 1 217.1+£4.2 —25.0+£3.3

PLS-F 2 1 - 1 2257+6.8 —233+24

MuPLS-F 2 - 1 2349+74 -10.6 £0.8

qualitative or quantitative experiments, HUVECs were treated with
LPS to induce the expression of selectin molecules on their surface
[38].

3.4.1. Qualitative studies

Fig. 2 presents a gallery view of HUVEC populations captured by
confocal microscopy after 6 or 12 h of incubation with either func-
tionalized (PLS-F) fluorescent NPs (Fig. 2A and B) or control (PL-F)
fluorescent NPs (Fig. 2C and D). The overall uptake of functional-
ized NPs was found to be higher than that of control NPs at both
incubation periods. HUVECs treated with the NP vehicle only
showed low-level auto-fluorescence not detectable at the settings
used to view fluorescent NPs.

To further characterize uptake, single cell views were captured
by confocal laser scanning microscopy. Serial z-sections presented
fluorescence accumulation inside the cells, not only at the surface
(Fig. 2E). The uptake of fluorescent particles by the cells was mon-

A C

Fig. 2. Gallery-view micrographs as observed by confocal laser scanning micros-
copy. Images acquired after 6 and 12 h of incubation of activated HUVECs with
either functionalized NPs (A and B) or PLA NPs (C and D). Single cell confocal images
were acquired after 12-h incubation, with functionalized NPs (E) or PLA control NPs

(F).

itored at different time points. Representative views of 12-h incu-
bation times appear in Fig. 2: 2E depicts the uptake pattern of the
functionalized NPs (PLS-F), while, in parallel, the uptake pattern of
control fluorescent NPs (PL-F) is displayed in 2F. At 2 h, PLS-Fs
were already adherent and integrated in the cell membrane. After
12-h incubation, the cytoplasm appeared to be fully illuminated by
the infiltration of NPs and/or their fragments. Moreover, the nu-
cleus seemed to gain at least part of the fluorescence (Fig. 2E). In
contrast, the internalization process proceeded at a slower rate
for PL-F (control NPs). At 2 h after initiation of the procedure, fluo-
rescent entities could hardly be seen in the vicinity of the cell
membrane. At 12 h, fluorescence emitted from the cellular cyto-
plasm (Fig. 2F) revealed reduced cellular internalization of PL-F
compared to PLS-F.

3.4.2. Quantitative studies

To confirm the above observation, total HUVEC fluorescein con-
tent was quantitated at the end of the internalization experiment.
After cell lysis, the amount of internalized particles was calculated
per pg of cellular protein (Fig. 3). PLS-F uptake was also tested in
HUVECs with no LPS pre-treatment to investigate the contributions
of selectin overexpression. After 6 h of incubation, cell uptake effi-
ciencies for PLS-F and MuPLS-F were, respectively, 3- and 4.3-fold
higher than those for PL-F. In the absence of LPS induction, PLS-F
uptake was similar to that of control NPs (PL-F). After 12-h incuba-
tion, cell uptake efficiencies of PLS-F and MuPLS-F were, respec-
tively, 3 and 4 times higher than those of PL-F, whereas in the
absence of LPS induction, PLS-F uptake was only slightly higher
(1.20-fold) than that of PL-F. These results suggest that PLA®SE
in NP production has considerably enhanced their internalization,
and, hence, support the confocal microscopy findings.

Interestingly the incorporation of the multiblock co-polymer in
the NP matrix (MuPLS-F) induced their enhanced uptake by HU-
VECs (Fig. 3). It has been reported that increasing matrix hydrophi-
licity through the incorporation of hydrophilic co-polymer
augments the cellular uptake of colloidal particles by the different
species of normal and cancerous cells [37,39]. We found that the
zeta potential of functionalized NPs dropped from -23.3 to
—10.6 mV by incorporation of the PEGylated co-polymer. Hence,
a reduced negative surface charge may minimize electrostatic
repulsion between the particles and the negatively charged cellular
membrane, facilitating particle adhesion to the cell surface with
subsequent internalization.

It has been suggested that particle size plays a key role in adhe-
sion to and interaction with living cells [40]. In this respect, NPs in
the size range of 100-250 nm can be internalized by endocytosis,
while larger particles have to be phagocytosed [41]. The role of
selectins (E and/or P) in the functionalized NP uptake has been
confirmed by the results obtained without LPS induction (Fig. 3).
Indeed, no (after 6 h) or little (after 12 h) uptake improvement
was seen for the functionalized NPs versus control NPs. Taken to-
gether, since all the tested particles were in the same size range
(200-250 nm), these observations suggest that uptake is mainly
mediated by a mechanism in which selectin could be involved, per-
haps by receptor-mediated endocytosis, as reported for immuno-
liposomes directed to E-selectin [42].
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Fig. 3. Effect of NPs on polymer matrix composition and cellular uptake by HUVECs.
Incubation times: 6 and 12 h at 37 °C (Data represent the means * SD, n = 3). Details
of NP polymer composition are given in Table 3. *Cells not treated by LPS.

3.5. Anti-angiogenic efficacy of free and loaded agents

Having established the activated endothelium-targeting capa-
bilities of these new NPs, both free and drug-loaded NPs were
tested for their anti-angiogenic activity in two models. EN and
PX efficacy in inhibiting endothelial cell proliferation was assessed
in HUVECs in vitro. Rat aortic ring assays served as a complete, rep-
resentative model of angiogenesis. As an organ culture, it is consid-
ered to come closest to simulating the in vivo situation, as new
vessels present all the phases of angiogenesis, from cell prolifera-
tion, migration and invasion to tube formation [43]. Combined
treatments with NPs were achieved by preparing different batches
of NPs co-loaded with different proportions of EN and PX according
to the BMPL-S formula (Table 2, batches 3, 5 and 6). The NP concen-
tration required to fulfill each scheduled combined treatment was
calculated on the basis of the required dose and the loading effi-
ciency of either EN or PX; then, the dose of the other agent was ad-
justed, whenever necessary, with batch 5 or 6 (Table 2).

3.5.1. HUVEC proliferation assay in the presence of blank or drug-
loaded NPs

Although the polymers used for NP preparation were shown not
to be toxic, NPs can display specific toxicity because of their size,
their accumulation and degradation in cells after internalization
or because of the adjuvants included in their preparation [44]. To
evaluate the possible toxicity of empty NPs, cell proliferation stud-

% Cell proliferation / Control

0 T T T 1
0.1 1 10 100 1000 10000

NP concentration (ug/ml)

Fig. 4. MTT assay for different formula batches of functionalized NPs in HUVEC
culture. NPs were incubated with HUVECs for 72 h before the addition of MTT.
Details of NP polymer composition appear in Table 1.

ies were conducted with NPs produced according to three different
formulas for the functionalized NPs (Table 1). The assays showed
no influence on HUVEC proliferation in the 0.1-250 pg/ml concen-
tration range for a 3-day incubation time (Fig. 4). Such findings
indicate that NP burden will not affect proliferation assay results
conducted with drug-loaded NPs for the same incubation time.

HUVEC proliferation was then followed in response to free
drugs or the functionalized NPs loaded with EN or PX or both (Ta-
ble 2). These experiments were performed on LPS-activated cells.
The inhibitory effects of cell proliferation, resulting from the treat-
ments tested, are expressed, as percentage inhibition with refer-
ence to control groups (cells treated with drug or NP vehicle
only) in each experiment (Table 4).

EN has been reported to block endothelial cycle progression and
to reduce the expression of proliferation genes [7]. It induces endo-
thelial cell proliferation [6] and apoptosis pathways in the pg/ml
range [45]. In our experiments, we noted 20% proliferation inhibi-
tion in response to 1 pg/ml under a 3-day incubation period in
immortalized HUVECs, while lower doses (0.25 and 0.5 pig/ml)
had no effects. When encapsulated, the 1 pg/ml dose of EN gave
about 70% inhibition of proliferation. Even the 0.5 pug/ml dose,
when encapsulated, gave significant inhibition (Table 4). Similar
observations were made for single PX treatment, as dose-depen-
dent proliferation inhibition was apparent. This anti-proliferative
effect was again more pronounced when PX was encapsulated (Ta-
ble 4), but the difference was mostly seen at the highest
concentrations.

Combinations of the two agents displayed a more pronounced
inhibitory action than single treatments as either free or loaded
NPs. Statistically significant differences were noticeable between
all single free and single-loaded drugs except for PX at the lower
dose (0.1 uM). Significant differences were also discerned between
all free and drug-loaded combinations (Table 4). The inhibitory ef-
fect induced by several single-loaded treatments was not signifi-
cantly different from that evoked by some combinations of the
free molecules (see data bearing the superscripts of the same let-
ters in Table 4).

Although surprising (generally encapsulation decreases drug
toxicity), it could be explained by protection offered by the nano-
carriers against degradation [13,37]. It could also be explained by
the contribution of NPs targeting cell membranes, ensuring drug
release near the cell surface. Or it could be explained by NP cellular
uptake, as reported previously in targeting studies (Section 3.4),

Table 4
Percentage inhibition of enzymatic activity of HUVECs after 72 h incubation with
either free or loaded anti-angiogenic agents: endostatin (EN) and/or paclitaxel (PX).

Free EN Conc. EN 025ugml™' 0.5 pugml! 1 pugml~!
% Inhibition  1.75+7.85 11.47 +20.56 27.08 +5.88¢
Free PX Conc. PX 0.1 uM 1uM 10 pM
% Inhibition 26.82 *3.61 31.10+5.22 45.04 +2.45°¢
Combination Conc. EN 0.25ugml~'/ 1pgml™!/ 0.5 pg ml~!/
free EN/PX Conc. PX 0.01 pM 0.1 uM 1 uM
% Inhibition 36.14 + 9.66 51.47 +10.98° 65.79 +6.39%
Loaded EN Conc. EN 025pugml!  0.5ugml! 1pgml!
% Inhibition 23.01+5.16 4238 £8.89° 68.67 £4.44*
Loaded PX Conc. PX 0.1 uM 1puM 10 pM
% Inhibition 26.96+7.719  50.92+3.13" 73.97 £3.00
Combination Conc. EN 025pugml!/  1pgml/ 0.5 pg ml~'/
loaded EN/PX Conc. PX 0.1 uM 1uM 10 uM
% Inhibition 46.94 +6.18 79.98 +2.35 88.06 = 1.40

Differences between mean values having similar letters as superscripts are not
statistically significant at p < 0.05.
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that could provide on-spot delivery of the drug cargo in targeted
cells, increasing their efficacy [46].

It is noteworthy that the doses of NPs, given to HUVECs to ob-
tain the anti-angiogenic drug levels displayed in Table 4, were in
the 50-500 png/ml range (based on load value in Table 2) and were
not expected to affect cell proliferation, as illustrated in Fig. 4. In-
deed, one of the advantages of co-encapsulation is to decrease NP
quantity and thus the polymer burden for the same therapeutic
effect.

3.5.2. Rat aortic ring assays: free and single treatment-loaded NPs
Angiogenesis was monitored by the rat aortic ring method with
image analysis. Fig. 5 illustrates the different steps of treatment for
the tissue culture images obtained. It is important for consistency
to ensure the same distance from the aortic ring in the captured
culture fields prior to analysis. Hence, images were pre-selected
to include a small edge of the aortic artery wall. Vascular density
values were computed after the binarization of the treated images
(Fig. 5C). For each image, areas showing no vascular growth, such
as the aortic wall corner, were excluded from the analysis. The per-
centage inhibition induced by the tested treatments was calculated

Fig. 5. Processing of a representative picture showing tubular outgrowth from an
aortic ring. (A) Raw image of a control culture after 7 days of incubation. (B)
Blackening of the emerged tubules. (C) Image binarization. (40x).

with reference to control well data, blank NPs presenting no effect
on new vessel sprouting.

Loaded EN was found to be more potent than free EN at the
same dose level (Fig. 6), and this outcome was apparent with 7-
and 14-day incubation times. Similarly to the results of HUVEC
proliferation assays, a significant inhibitory effect of free EN was
observed only at the highest concentration tested (1 pg/ml), as
no significant action was seen with 0.5 pg/ml. The inhibitory effect
increased by 4.5-fold for EN 1 pg/ml in loaded NPs, compared to
free drug. A similar, dramatic increment was observed for the
0.5 ng/ml dose, as no inhibition was evidenced when EN was
added as a free agent, while a 33% inhibition was documented
when EN was added as a NP-loaded agent.

The inhibitory outcome of free and loaded PX at the two con-
centrations tested was not significantly different after 1 week of
treatment. After 2 weeks, however, only the loaded agents mani-
fested persistent action, with the inhibitory values of the free mol-
ecules being much lower (F-EN-1, F-PX-1 and F-PX-10). Inhibition
values after 7 or 14 days were not significantly different (one-way
ANOVA and Fisher’s LSD test) for drug-loaded NPs (L-EN-1, L-PX-1
and L-PX-10). These findings support the benefits of microencapsu-
lation to ensure prolonged angiosuppressive activity by either EN
or PX. In this respect, it is not surprising to see free EN highly vul-
nerable to enzymatic degradation by proteases secreted by prolif-
erating tissue, or free PX susceptibility to inactivation by
epimerization and hydrolysis during the 2-week study period.

The angiogenesis inhibition levels of PX- and EN-loaded NPs can
be explained by the fact that encapsulation protects drugs from
degradation and serves as a drug reservoir for sustained release
over an extended period of time. NP targeting and cellular uptake
were unlikely to contribute to PX and EN activity in this experi-
ment as the NPs were embedded in collagen matrix at the center
of the rat aortic ring. The positive effect of PX encapsulation was
essentially seen on a long-term basis (14 days), and was consistent,
at the same time, with these formulation considerations and with
the reported mechanisms of its action [34,47].

3.5.3. Rat aortic ring assays: single and combined treatment-loaded
NPs

Fig. 7 depicts the inhibition of angiogenesis induced by the
microencapsulated agents either as single treatment or in the form
of combined treatment. Sustained angiogenesis inhibition was
again observed throughout the study period (7 vs. 14 days) with
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Fig. 6. Inhibition of angiogenesis in rat aortic ring tissue culture in response to free
or loaded anti-angiogenic treatment after 7 and 14 days. Endostatin doses. F-EN-0.5:
0,5 pg/ml; F-EN-1: 1 pg/ml free EN; L-EN-1: 1 pg/ml EN-loaded NP; L-EN-0.5:
0.5 ng/ml EN-loaded NPs. Paclitaxel doses. F-PX-10: 10 uM free PX; F-PX-1: 1 uM
free PX; L-PX-10: 10 uM PX-loaded NP; L-PX-1: 1 uM PX-loaded NP (means + SD,
n=4).
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Fig. 7. Inhibition of angiognesis in rat aortic ring tissue culture induced by single
and combined anti-angiogenic treatment loaded in functionalized NPs. Single
treatment doses: EN-1: 1 pg/ml; EN-0.5: 0.5 pg/ml; EN-0.25: 0.25 ng/ml; PX-10:
1 uM; PX-1: 1 uM; PX-0.1: 0.1 pM. Combined treatment doses: EN/PX-1: 0.25 g/
ml/0.1 uM; EN/PX-2: 0.5 pg/ml/1 uM; EN/PX-3: 0.25 pg/ml/10 uM; EN/PX-4: 0.5 ng/
ml/10 pM (means + SD, n = 4).

a non-significant difference for all treatments, single or combined
(except for EN-1).

It should be noted that EN and PX combination (concentrations
of 1 pg/ml and 10 pM, respectively) induced the total inhibition of
vascular growth for the entire study period. Indeed, the four com-
binations presented a powerful inhibitory effect relative to the cor-
responding concentrations of single treatment with either EN or
PX. For example, double treatment, including EN/PX (0.25 pg/ml/
0.1 uM), manifested an inhibitory action comparable to 10 M of
PX on day 7 of the experiment, and this inhibitory effect was still
maintained after 2 weeks.

Sums of the inhibition values from single drug treatment with
either EN or PX were compared statistically (paired t-test), with ac-
tual inhibition induced by the corresponding combination of both
drugs (same doses and incubation times). Co-loading seemed to
engender additive effects in most cases (no significant difference
between summation and the actual inhibition results obtained
with co-loaded drugs). However, with the lower doses of EN and
PX (0.25 pg/ml and 0.1 puM, respectively), a statistically significant
synergetic outcome was observed at 7 and 14 days (9% and 14% dif-
ference in inhibition, respectively). These data could be explained
by the anti-angiogenic impact of PX prevailing at low doses, while
at higher doses its cytotoxic profile offsets its anti-angiogenic
properties. Yet, microencapsulation appears to be important for
such an effect to be clearly expressed, either via its targeting or be-
cause of continuous release at the action site, ensuring long-term
delivery of a constant concentration (reservoir effect) and a con-
stant ratio of the two drugs.

4. Conclusion

The preparation of a new nanoparticular carrier bearing syn-
thetic selectin ligand was optimized. The NPs showed improved
uptake by activated HUVECs in vitro, and according to the results
obtained, we may assume that receptor-mediated endocytosis is
one of the mechanisms of internalization. Co-encapsulation of
two anti-angiogenic agents was optimized by either microemul-
sion, incorporation of a hydrophilic multiblock co-polymer, or both
techniques. These methods have been shown to adequately en-
hance the loading of hydrophilic peptides without inducing a con-
siderable decrease in lipophilic drug entrapment. Compared to free
drugs, drug-loaded NPs exhibited a powerful and sustained phar-
macological action in in vitro and ex vivo models. Moreover, NPs
co-loaded with both EN and PX at lower concentration exhibited

a synergetic anti-angiogenic effect. Taken together, the results
could be exploited to develop many combined targeted treatments
with a variety of anti-angiogenic molecules.
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