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Tumor Specific Delivery and Therapy by Double-Targeted
Nanostructured Lipid Carriers with Anti-VEGFR-2 Antibody
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ABSTRACT: Vascular endothelial growth factor receptors
(VEGFRs) are overexpressed on the surface of a variety of
tumor cells and on tumor neovasculature in situ, which are
potential targets for “double targeting” (tumor- and vascular-
targeting) tumor therapy. This study aimed to develop a
VEGFR-mediated drug delivery system to target chemother-
apeutic agents to VEGFR-overexpressed tumor cells and tumor
neovasculature endothelial cells in vitro and in vivo. An antibody 14
modified docetaxel (DTX)-loaded targeted nanostructured NS
lipid carrier (tNLC) was designed and prepared with DSPE-
PEG-NH, as linker. The cellular cytotoxicity, cellular uptake,

——N.S

in vivo therapeutic effect and biodistribution of tNLC were
investigated. The tNLC showed a particle size about 168 nm
with encapsulation efficiency >95%, drug loading 5.55 & 0.06%
(w/w) and an average ligand coupling efficiency of 3.34 =+
2.63%. Cytotoxicity of tNLC against three human cell lines and
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one murine malignant melanoma was superior to that of Duopafei and nontargeted NLC (nNLC). The tNLC also showed better
tolerance and antitumor efficacy in a murine model bearing B16 compared with Duopafei or nNLC. The studies on cellular uptake
and biodistribution indicated that the better antitumor eflicacy of tNLC was attributed to the increased accumulation of drug in both
tumor and tumor vasculature. These findings suggested that tNLC designed to bind specifically to VEGFR-2 can be used to deliver
DTX to the tumor vasculature and tumor and may inhibit tumor growth.
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1. INTRODUCTION

Currently, chemotherapy still is the one of the most effective
approaches to cancer treatment. However, the crucial problem
in cancer chemotherapy is the adverse toxic side effects of anti-
cancer drugs on healthy tissues.'* In cancer therapy, more than
90% of therapeutic drugs is taken up by normal tissues, whereas
only 2—5% is taken up by tumors."* Invariably the side effects
impose dose reduction, frequent treatment or discontinuance of
therapy. To improve the therapeutic efficacy and limit the severe
side effects of cancer chemotherapy on healthy organs, research
has focused on combinational treatment."

Recently employed strategies of combinational treatment for
cancer therapy are as follows. (1) Combination of two kinds of
drugs. Combination of chemotherapeutic agents and angiogen-
esis inhibitor is now commonly employed in the clinic to treat
cancer.” (2) Combination of two targeting ligands in one delivery
system for “double targeting” tumor therapy.’ The preparation of
one delivery system with two targeting ligands is complicated, so
the research about this strategy is minor.® Hence, the ideal strat-
egy of active target chemotherapy would be a one targeting ligand
medium drug delivery system that is targeted to both tumor
cells and tumor neovasculature endothelial cells. The advantages
of this one ligand for double targeting (“one-double targeting”)
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strategy are obvious and include not only achieving the combina-
tional treatment but also simplifying the manufacturing, while
the crucial step of the one-double targeting strategy is to deter-
mine the one-double targeting ligand.

Vascular endothelial growth factors (VEGFs) are small poly-
peptide growth factors and appear to play important roles in
angiogenesis and tumor growth.7’8 VEGF receptors (VEGFRs)
have been found to be overexpressed, in comparison to normal
tissues, in breast, melanoma, carcinoma cervicis, gastric, and non-
small-cell lung cancer” and on tumor neovasculature in situ.®
Compared with VEGFs, VEGFRs are the better target for its
overexpression on the surface of cell membrane.

Recently, the antibody of VEGFR is increasingly recognized
as an efficient target ligand for cancer therapy, for targeting
VEGFR-expressing tumor neovasculature.” "

DC101 (the monoclonal rat anti-VEGFR-2 antibody) immu-
noliposomes (DC101-IL) displayed a 7-fold better binding to
VEGFR-2-positive 293T cells (pFlkl-transfected immortalized
human kidney cells) in comparison to unspecific liposomes.
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Figure 1. Schematic representation of the antibody-labeled and anti-
body, FITC-colabeled nanostructured lipid carriers.

Compared to blank DC101-IL, free doxorubicin and HEPES/
glucose, the doxorubicin loaded DC101-IL led to a significant
delay in tumor growth by delivering doxorubicin to the tumor
endothelium.” Another study showed that the angiogenesiss
and the growth of human glioblastoma cells in immunodeficient
mice were inhibited by systemic treatment with a monoclonal
antibody against VEGFR-2."> The results of a phase I study on
weekly administration of IMC-1121B (human anti-VEGFR-2
antibody) showed that IMC-1121B can recognize VEGFR-2 and
inhibit angiogenesis and tumor growth."> VEGFRs have been
found to be also overexpressed in many cancer cells, and they
would be connected with inducing proliferation and migration
of cancer cells."* VEGFRs are overexpressed not only on tumor
neovasculature but also in many cancer cells, which would di-
rectly target drug to tumor cells and neovasculature and inhibit
tumor growth. Therefore, “one-double targeting” tumor thera-
pies (tumor and vascular targeting) using anti-VEGFR-2 anti-
body would be implemented via a one drug delivery system based
on the VEGFRs which have been verified to be overexpressed on
both tumor neovasculature and cancer cells.

In this study, a one-double targeting drug delivery system pre-
pared with DSPE-PEG-NH, as linker was developed, in which
nanostructured lipid carriers (NLC) were used as drug carrier
and anti-VEGFR-2 antibody as targeting ligand to deliver doc-
etaxel (DTX) specifically to tumor and tumor neovasculatures
which overexpress VEGFR-2 (Figure 1). The NLC are devel-
oped from a solid lipid nanoparticle (SLN) system.'>'® The
NLC system shares advantages of SLN, e.g. controlled drug re-
lease, biocompatibility and the possibility of production on a
large industrial scale. DTX is a mitotic spindle poison that accele-
rates the microtubule assembly from tubulin and blocks the de-
polymerization of the microtubule.'” It has demonstrated extra-
ordinary anticancer effects both in vitro and in vivo against a
variety of tumors includin§ lung, ovaries, breast, leukemia, malig-
nant melanoma, etc.'®'®" Flk-1(A-3) is a mouse monoclonal
anti-VEGFR-2 antibody raised against amino acids 1158—1345
mapping at the C-terminus of the VEGFR-2 (Flk-1). Flk-1(A-3)
could recognize VEGFR-2 of mouse, rat and human origin.

Considering the important role of the angiogenic vessels in
tumor growth, the cytotoxicity and cellular uptake of nontargeted
NLC (nNLC) and Flk-1(A-3) modified NLC (tNLC) were in-
vestigated against VEGFR-2 overexpressed human umbilical vein
endothelial cells (HUVEC). HUVEC has for many years been
the canonical endothelial cell model system.”® Murine malignant
melanoma (B16) overexpresses VEGFR-2 specifically, and the
level of expression of VEGFR-2 is high in microvasculature of
subcutaneously inoculated B16 tumor.”"** So, in vivo antitumor

efficacy and the biodistribution studies were carried out in Kunm-
ing mice bearing B16. Here we report for the first time that
“one-double targeting” tumor therapies (tumor- and vascular-
targeting) using Flk (A-3) would be implemented via a one drug
delivery system, and antitumor eflicacy of this system against
malignant melanoma was evaluated.

The aim of this study is to evaluate the one-double targeting
strategy on tumor target chemotherapy. The in vitro cytotoxicity
of Duopafei, nNLC and tNLC against two human cancer cell
lines, B16 and HUVEC, were evaluated. The cellular uptake,
in vivo therapeutic effect and biodistribution of tNLC comparing
nNLC and Duopafei were investigated.

2. MATERIALS AND METHODS

2.1. Materials. Injectable soya lecithin (phosphatidylcholine
accounts for 95%, pH = 5.0—7.0) was provided by Shanghai
Taiwei Pharmaceutical Co., Ltd. (Shanghai, China). Pluronic
F68 (F68) was provided by Aladdin Co., Ltd. (Shanghai, China).
Stearic acid, glyceryl monostearate and middle chain triglycerides
were purchased from Shanghai Chineway Pharm. Tech. Co., Ltd.
(Shanghai, China). Duopafei was provided by Qilu Pharma-
ceutical Co., Ltd. (Jinan, China). 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG-NH,) was purchased by Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Anti-VEGFR-2 antibody (Flk-1(A-3))
was purchased by Santa Cruz Biotechnology Inc. (USA). Biotin
and N-hydroxylsuccinimide were purchased from Aladdin Re-
agent Database Inc. (Shanghai, China). Avidin-FITC was pro-
vided by Wuhan Boster Bioengineering Limited Co. (Wuhan,
China). The homobifunctional cross-linker bis[sulfosuccinimidyl]
suberate (BS3) was purchased by Sigma Chemical Inc. (St. Louis,
MO, USA). All the other chemicals and reagents used were of
analytical purity grade or higher, obtained commercially.

Human hepatocellular liver carcinoma (HepG2), lung adeno-
carcinoma (AS49), murine malignant melanoma (B16) and hu-
man normal hepatocellular (HL-7702) cells were obtained from
Shandong Institute of Immunopharmacology and Immunother-
apy (Shandong, China). Human umbilical vein endothelial cells
(HUVEC) were purchased from ScienCell (Carlsbad, CA, USA).

2.2. Synthesis of Biotin-N-hydroxysuccinimide. Biotin-
NHS was prepared from biotin and N-hydroxysuccinimide (NHS)
by coupling with dicyclohexylcarbodiimide (DCC). Briefly, di-
methylformamide (DMF) was vacuum distilled in the presence
of CaH,. Biotin was dissolved into hot DMF, and then NHS and
DCC were added (biotin:NHS:DCC = 1:1.2:1.2). The mix-
ture was incubated at 50 °C for 16 h. The mixture was cooled to
room temperature, and the dicyclohexylurea was filtered off. The
filtrate was dried by the rotary evaporator. The residue was cry-
stallized from isopropanol. The residue was refluxed in isopro-
panol and then filtered.

2.3. Synthesis of DSPE-PEG-biotin. DSPE-PEG (0.2 mmol)
was added into DMF. After addition of NHS-biotin (1 mmol),
the reactants were stirred overnight under nitrogen. The product
was precipitated by the slow addition of diethyl ether, which was
then filtered on a Buchner funnel and washed with diethyl ether.
The molecular weight (MW) of product was confirmed by a
time-of-flight mass spectrometer (TOF MS). Figure 2 shows the
synthesis of DSPE-PEG-biotin.

2.4. Preparation of Nontargeted NLC (nNLC). The drug-
loaded NLC were prepared by solvent diffusion method. Briefly,
the desired amounts of stearic acid, glyceryl monostearate,
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Figure 2. Scheme depicting the synthesis of DSPE-PEG-biotin.
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soya lecithin, middle chain triglycerides, DSPE-PEG-NH, and
DTX were dissolved in 1 mL of ethanol in a water bath at 70 °C.
The organic phase was slowly (12 mL/h) injected by a micro-
syringe pump (KD Scientific, Holliston, MA, USA) into 10 mL
of 1% F68 (w/v) aqueous solution, under mechanical agitation
(DC-40, Hangzhou Electrical Engineering Instruments, China)
with 500 rpm in a water bath at 70 °C for 10 min. Then DTX
loaded PEG-NLC was obtained by solidification in an ice bath.

2.5. Preparatlon of Targeted NLC (tNLC). Using the proce-
dure of Curnis et al.,”® with slight modifications, the homobifunc-
tional cross-linker bls[sulfosuccmlmldyl] suberate (BS3) was used
for the activation of DSPE-PEG(2000)-NH, in nNLC, which
were then coupled to the amino group of the antibody of VEGFR-
2. Briefly, nNLC were incubated for 30 min at room temperature
with BS3 at a final concentration of 3 mM, and then purified,
from unreacted cross-linker, by 0.5 mL of 3K Millipore (Amicon
Ultra). “Activated NLC” were then collected, and antibody was
added. After 2 h incubation at room temperature with gentle
stirring, glycine was added at room temperature for 15 min at a
final concentration of 50 mM in order to neutralize the unreacted
lipidic groups. The antibody—NLC conjugates (tNLC) were
then separated from free antibody by Millipore 0.5 mL (3K). The
amount of free antibody was determined by the coomassie bril-
liant blue G-250 method. The ligand coupling efficiency was cal-
culated by the formula (Weoe — Weee)/ Wiotal-

2.6. Preparation of FITC-NLC. DSPE-PEG-biotin was added
as lipids, and the NLC were prepared as above. Fluorescein iso-
thiocyanate (FITC) was coupled with NLC through the biotin—
avidin system. The avidin-FITC was dropped in NLC solution
and then incubated for 1 h, and the avidin-FITC could be cou-
pled with the biotin of the surface of NLC.

2.7. Determination of Entrapment Efficiency and Drug
Loading. The desired amounts of nNLC and tNLC were dis-
persed in 2.9 mL of 0.5 wt % Tween 80—phosphate buffer solu-
tion (PBS, pH 7.4) and shaken (XW-80A, Instruments factory of
Shanghai Medical University, China) for 3 min to dissolve the
free drugs. The resulting dispersions were centrifuged for 10 min
at 25,000 rpm (3K30, Sigma, Osterode am Harz, Germany). The
drug content in the supernatant after centrifugation was mea-
sured by an HPLC method using an SPD-10Avp Shimadzu
pump and an LC-10Avp Shimadzu UV—vis detector. Samples
were determined by an HPLC method with the following condi-
tions: Venusil XBP C-18 (4.6 mm X 250 mm, pore size S pum,
Agela); mobile phase, acetonitrile:water (55:4S, v/v); flow rate,
1.0 mL/min; and measured wavelength, 230 nm. The original

NLC (0.01 mL) was dissolved in 0.49 mL of methanol, and the
drug content in the original NLC was detected by the same
HPLC method described above. The calibration curve of peak
area against concentration of DTX was A = 12684C — 722.76
(R = 0.9998) under the concentration of DTX 1—50 pug/mL
(R =0.9998, where A = peak area and C = DTX concentration);
the limit of detection was 0.02 ug/mL. The drug entrapment
efficiency (EE) and drug loading (DL) of NLC were calculated
from eqs 1 and 2:

Wtotal - Wfree

EE% = ———— x 100 1
Wiotal ( )
Wo - W ee
DLY% = —2 — 2F o 100 ()
Wlipids

Wiotah Wiee and Wy,iq; were the weight of drug added in
system, analyzed weight of drug in supernatant and weight of
lipid added to system, respectively

2.8. Characterization of NLC. The morphology of nNLC and
tNLC was examined by transmission electron microscopy (JEM-
1200EX, Japan). Samples were prepared by placing a drop of
NLC suspension onto a copper grid and air-dried, following neg-
ative staining with a drop of 2% aqueous solution of sodium
phosphotungstate for contrast enhancement.

The average diameter and polydispersity index were deter-
mined by laser light scattering (Zetasizer 3000SH, Malvern In-
struments Ltd., Malvern, Worcestershire, England). Zeta poten-
tial was measured by laser Doppler anemometry (LDA) on a
ZetaPlus zeta potential analyzer (Brookhaven Instruments Cor-
poration, Holtsville, NY, USA). All measurements were per-
formed at 25 °C. Calculation of the size and polydispersity
indices was achieved using the software provided by the manu-
facturer. The diameter mean value was calculated from the mea-
surements performed at least in triplicate.

2.9. In Vitro Release of DTX-Loaded Nanostructured Lipid
Carriers. In vitro release of DTX from Duopafei, nNLC and
tNLC was evaluated using a dialysis bag diffusion technique.
Typically, 0.25 mL of DTX solution (2 mg/mL, Duopafei diluted
with deionized water), 0.25 mL of nNLC and 0.25 mL of tNLC
(2 mg/mL) were placed into a preswelled dialysis bag with
8—12 kDa molecular weight cutoff. DTX solution should be used
immediately after dilution due to its instability. The bag was in-
cubated in 15 mL of release medium (0.5% of Tween 80 in PBS,
pH 7.4) at 37 °C under horizontal shaking.** At predetermined
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Figure 3. High resolution mass spectrum of the synthesized biotin-NHS.

time points, the dialysis bag was taken out and replaced into a
new container filled with 15 mL of fresh medium.

The amount of DTX released was determined by an HPLC
method with the following conditions: Venusil XBP C-18 (4.6 mm X
250 mm, pore size S um, Agela); mobile phase, acetonitrile:water
(1:1, v/v); flow rate, 1.0 mL/min; and measured wavelength,
230 nm.

2.10. In Vitro Cytotoxicity Studies. The cytotoxicity of
Duopafei, nNLC and tNLC was tested in HepG2, A549 and
mouse B16 cells using the MT'T assay.”® Briefly, cells were seeded
in a 96-well plate at a density of 4000 cells/well and allowed to
adhere for 24 h prior to the assay. Cells were exposed to a series of
doses of Duopafei, nNLC and tNLC, respectively, at 37 °C. After
96 h of incubation, 20 4L of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazonium bromide) solution (S mg/mL) was added
to each well of the plate. After incubating for 4 h, 200 uL/well of
DMSO was added to dissolve the contents in the plate, and the
absorbance of the obtained DMSO solution was measured at 570
and 630 nm by a microplate reader (FL600, Bio-Tek Inc,,
Winooski, VT, USA). All experiments were repeated thrice.

2.11. Proliferation Inhibition on HUVEC. Proliferation in-
hibition of NLC was tested on human umbilical vein endothelial
cells (HUVEC). HUVEC were seeded into 96-well plates and
allowed to attach for 24 h. Cells were exposed to a series of doses
of Duopafei, nNLC and tNLC, respectively, at 37 °C. Control
group received culture medium only. After incubation for 96 h,
20 uL of MTT solution (5 mg/mL) was added to each well of the
plate. After incubation for 4 h, 200 yL/well of DMSO was added,
and the absorbance of the solution was measured at 570 nm and
630 nm by a microplate reader (FL600, Bio-Tek Inc.,Winooski,
VT, USA). All experiments were repeated three times.

2.12. Fluorescence Microscopy and Flow Cytometry Anal-
ysis of NLC Incubated with B16, HUVEC and HL-7720 Cells.
The internalization analysis of tNLC was characterized by incu-
bation of B16, HUVEC and HL-7720 cells with FITC-labeled
nNLC or tNLC. The B16, HUVEC and HL-7720 cells were
seeded in a 12-well plate at a density of 2 x 10° cells per well and
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incubated overnight at 37 °C. At a confluence level of 70—
80%, the growth medium was removed and the cells were washed
twice with PBS buffer and replaced with serum medium or serum
free medium. FITC-labeled nNLC or tNLC was added. The cells
were then incubated for 1 h at 37 °C in the presence of either
nNLC or tNLC at a concentration of 150 nM (2 mg/mL of total
lipids) DTX. They were subsequently rinsed with PBS. GFP
fluorescence in cells was observed using an inverted fluorescence
microscope (Aey 540 nm; Ay, S80 nm; BX40, Olympus, _]apan).
After that, all cells were harvested for trypsinization and washed
in PBS three times and cell-associated fluorescence was quanti-
tatively determined by FACSCalibur flow cytometry (BD Bios-
ciences, USA) by counting 10,000 events. Only the viable cells
were gated for fluorescence analysis. All experiments were per-
formed in triplicate.

2.13.In Vivo Antitumor Efficacy. The Kunming mice (female)
used in this study were purchased from the Medical Animal Test
Center of Shandong University, 6—8 weeks old and weighing
about 15—18 g. All experiments were carried out in compliance
with the requirements of the National Act on the use of experi-
mental animals (People’s Republic of China).

Mice implanted with B16 cell were used to qualify the efficacy
of NLC administrated by intravenous injection. The mice were
subcutaneously injected at the right axillary space with 0.1 mL of
cell suspension containing 10° B16 cells.”® Treatments were
started after 8—10 days of implantation. The mice with tumor
volume of ~50 mm® were selected, and this day was designated
as day 0. The mice were randomly assigned to three treatment
groups, with six mice in each group. Each group of mice was
treated once a week by tail vein injection with the different formula-
tions as described in the following: (A) physiological saline (N.S) as
control group; (B) blank nNLC; (C) blank tNLC; (D) Duopafei
(dosage of 20 mg/kg, diluted in physiological saline); (E) nNLC
(dosage of 20 mg/kg); (F) tNLC (dosage of 20 mg/kg).

All mice were labeled, and tumors were measured every other
day with calipers during the period of study. The tumor volume
was calculated by the formula (W? x L)/2, where W is the tumor
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Figure 5. The time-of-flight mass spectra of DSPE-PEG-g-biotin: (A) DSPE-PEG-NH,; (B) DSPE-PEG-g-biotin.

measurement at the widest point and L the tumor dimension at
the longest point. Each animal was weighed at the time of treat-
ment, so that dosages could be adjusted to achieve the mg/kg
amounts reported. Animals also were weighed every other day
during the experimental ;Jeriod. After 20 days, the tumors were
dislodged and weighed.”

2.14. Pharmacokinetics and Tissue Distribution. Female
Kunming mice bearing B16 (100—200 mm®) were randomly
assigned to three groups and injected intravenously through the
tail vein with Duopafei (20 mg/kg), nNLC (20 mg/kg) or tNLC
(20 mg/kg). In each group, blood samples which were taken
from the retro-orbital plexus at predetermined time points
(0.083, 0.25, 0.5, 0.75, 1, 2, 3, 4, S, 6, 7and 8 h post iv dose)
after drug administration (n = S at each time point) were
centrifuged (4000 rpm, 15 min) and plasma was collected and
stored. The mice were then sacrificed. The tumor, heart, liver,
spleen, lung and kidney were collected, washed, weighed and
homogenized (Ultraturrax homogenizer (IKS T10), IKAWerke
GmbH & Co., Germany), and DTX was extracted with acetoni-
trile and methanol (v/v: 1:1). The amount of DTX in each tissue
was determined by the HPLC assay as described above. The data
were normalized to the tissue weight.

2.15. Pharmacokinetics and Statistical Analysis. The main
pharmacokinetic parameters were calculated by the statistical
moment method using the DAS 2.0 software. The area under the

plasma concentration—time profiles (AUC), the distribution
(t1/2¢) and elimination half-life (¢, /,5), the mean residence time
(MRT) and total plasma clearance (CL) were calculated. A two-
tailed unpaired Student’s t test was performed at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Biotin-NHS. The MW of biotin-NHS
determined by high resolution mass spectrum (HRMS, Figure 3)
was 342.3(100%, M", calculated 341.38 for C;,H;oN305S). The
'"H NMR spectrum of biotin-NHS (Figure 4) was measured in
DMSO-dg using a 400 MHz spectrometer (Bruker Avance DPX
300): 0 = 6.48 (1 H,NH-1), 6.44 (1H,NH-2),4.16 (1H, NH-3),
4.32 (1H, NH-4), 3.11 (1H, NH-SA), 2.82 (1H, NH-5B), 2.75
(H-7,8), 2.19 (1H, H-a), 1.64 (H-f3), 1.76 (H-0), 1.43 (H-¢).

3.2. Synthesis of DSPE-PEG-g-biotin. Figure S showed time-
of-flight mass spectra of DSPE-PEG-NH,(A) and DSPE-PEG-
g-biotin(B), which were determined by time-of-flight mass
spectrometer. The average MW of DSPE-PEG-NH,, was 2800-
(Figure SA), which was in accordance with the theoretical MW
(2788.79). The experimental MW of DSPE-PEG-g-biotin deter-
mined by TOF MS being 3000 (Figure SB) was in accordance
with the theoretical MW (3014.68), which confirmed that the
resulting synthetic product was the anticipant compound.
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Figure 6. Transmission electron photomicrograms of NLC: (A) nNLC;
(B) tNLC; (C) FITC-NLC.
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Figure 7. Release profiles of DTX-loaded NLC. Duopafei was used as
free drug reference. Data were given as mean £ SD (n = 3).

3.3. Design, Preparation and Characterization of tNLC. For
targeted drug delivery toward tumor, small molecule ligands,
peptides, antibody and antibody fragments had all been used.””**
VEGEFR is an important target for its overexpression in many
cancers and on tumor neovasculature in situ. The targeting of
therapeutics to tumor blood vessels, by probes that bind to
specific molecular addresses on the vasculature, has become a
major research area.”” The inhibition of tumor growth via attack
of the vascular supply of the tumor is now a validated target for
anticancer therapy. In this study, a VEGFR-2 mediated drug
delivery system (Figure 1) was developed, in which NLC was
used as vector for drug delivery and anti-VEGFR-2 antibody as
a targeting ligand to deliver DTX specifically to tumor cells
and tumor neovasculatures (double targeting) which overexpress
VEGFR-2.

The nNLC and tNLC were spherical or ellipsoidal in shape
(Figure 6). The mean particle size of tNLC was 168.70 nm +
2.07 nm (polydispersity index 0.195 =& 0.009) with zeta potential
—28.89 & 1.3 mV, entrapment efficiency 98.43 & 0.51%, drug
loading 5.55 + 0.06% (w/w) and an average ligand coupling
efficiency of 3.34 + 2.63%. As control, nNLC showed the
mean particle size 160.23 nm =+ 2.57 nm (polydispersity index

Table 1. IC50 of HepG2, A549 and B16 Cells Incubated with
Duopafei, nNLC and tNLC at 96 h (n = §)

cell line Duopafei nNLC tNLC
HepG 2 0.96 4 0.05 0.40 £ 0.06**“ 0.27 +£0.03"
AS549 0.74 £ 0.02 0.12 £ 0.05** 0.06 +0.01°
B16 0.7240.10 0.35 4 0.09** 0.2140.03
HUVEC 1.96 +0.16 1.60 £ 0.07* 1.2040.06™

“*P < 0.05, *P < 0.01 versus Duopafei. “P < 0.05, “P < 0.01
versus nNLC.

0.212 + 0.010), zeta potential —29.34 £ 1.73 mV, entrapment
efficiency 93.24 £ 0.93% and drug loading 5.95 % 0.07% (w/w).
The mean size of FITC-tNLC was 162.23 & 3.45 nm (poly-
dispersity index 0.198 + 0.010).

3.4. In Vitro Drug Release. In vitro release profiles were
obtained by representing the percentage of drug released with
respect to the amount of DTX encapsulated in NLC (Figure 7).
The release of DTX from tNLC followed the Weibull equation
and could be expressed by the following equation: In In(1/(1 —
Q/100)) =0.7669 In t — 2.8072, r = 0.9952. DTX release profiles
displayed a sustained release phase. This sustained release could
mainly result from the erosion and degradation of the compo-
nents of nanoparticles. The amount of cumulated drug released
over 144 h was 93.1%. The release of DTX from nNLC followed
the Weibull equation and could be expressed by the following
equation: In In(1/(1 — Q/100)) = 0.7199 In t — 2.5212, R =
0.9961. The amount of cumulated drug released over 144 h was
95.2%. It was obvious that DTX released much more slowly from
NLC than from Duopafei. In the first 24 h, only 50—60% DTX of
NLC was released. In contrast, the release of DTX from Duopafei
was fast and approximately 100% of the drug was released after
incubation for 24 h.

3.5. In Vitro Cytotoxicity and Proliferation Inhibition on
HUVEC. In order to know the activity of DTX-loaded NLC, in
vitro cellular cytotoxicity was evaluated by MTT assay. The IC50
values of Duopafei, nNLC and tNLC for HepG2, A549 and B16
(n = 3) are presented in Table 1, respectively. Duopafei, nNLC
and tNLC showed a clear dose-dependent cytotoxicity against
these cells with DTX at an equivalent dose from 0.01 to 10 uM.
tNLC has decreased the ICS50 value for both cell lines, and there
was statistical significance compared to nNLC, implying that
tNLC show higher cytotoxicity against these cells. A possible
mechanism underlying the enhanced efficacy of DTX against
tumor cells may include the enhanced intracellular drug accumu-
lation by ligand—receptor recognition.

There was statistical significance in the IC50 values of nNLC
and Duopafei, implying that nNLC show higher cytotoxicity
against these cells. The results are in accordance with previous
studies that cytotoxicity of DTX-loaded nanoparticles was higher
than that of free drugs.”® A possible mechanism underlying the
enhanced efficacy of DTX against B16 cells may include the en-
hanced intracellular drug accumulation by nanoparticle uptake.>"
On the other hand, blank nNLC and tNLC had no significant
effects on the cell growth (data not shown). These negligible
toxicity results observed for NLC, which are consistent with
other reports,®* could be explained by the low concentration of
NLC present in the experimental conditions of the study.

The cytotoxicity of Duopafei, nNLC and tNLC was investi-
gated against HUVEC. The IC50 values of Duopafei, nNLC and
tNLC were calculated and are shown in Table 1, which presents
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Figure 9. Antitumor effect of NLC. Data represent mean = SD (n = 6). (A) Photographs of tumors from each treatment group excised on day 20.
(B) Variation of tumor volume by intratumoral administration in B16 tumor-bearing mice. Note: **P < 0.01 versus Duopafei. P < 0.05 versus nNLC.

the in vitro inhibition of Duopafei, nNLC and tNLC for HUVEC
(n = 3). There was statistical significance in the ICS0 values of
tNLC and nNLC, implying that tNLC had greater sensitivity to
HUVEC compared to nNLC and could effectively inhibit the
proliferation of tumor vessel endothelial cells. A possible me-
chanism would be in accordance with previous studies that the
enhanced efficacy of DTX may include the enhanced intracellular
drug accumulation by ligand—receptor recognition.

3.6. In Vitro Internalization of NLC. Functionalization of the
NLC by the anti-VEGFR-2 antibody targeting ligand is first
checked in vitro. FITC- labeled tNLC and nNLC are incubated
in the presence of B16, HUVEC and HL-7702 cells. Figure 8 sum-
marizes the results obtained both by fluorescence microscopy and
flow cytometry after incubation with B16, HUVEC and HL-7702
cells. As shown in Figure 8, a little fluorescence was detected in cells
incubated with nNLC after incubation with VEGFR-2-overexpres-
sing B16 and HUVEC, whereas much higher fluorescence intensity
was shown in cells treated with tNLC after 1 h incubation at 37 °C.
Moreover, there were no differences in fluorescence intensity
detected in cells treated with nNLC and tNLC after incubation
with VEGFR-2-deficient HL-7702 cells. In the case of tNLC, inter-
nalization could be enhanced via the ligand—receptor recognition.
It could be speculated that the higher cytotoxicity of tNLC com-
pared with nNLC was mainly a result of better internalization. It
could be speculated that tNLC designed to bind specifically to
VEGFR-2 can be used to deliver DTX to the tumor vasculature and
tumor cells (one-double targeting) in vivo.

2297

The results are similar whatever the absence or presence of
10% fetal bovine serum in cell culture medium, indicating that
nonspecific interactions should not occur between the NLC and
serum proteins. The dense polyethylene glycol coating of the
nanoparticles seems to be efficient in preventing protein binding.

3.7.In Vivo Therapeutic Experiment. Antitumor activity was
evaluated at a dose of 20 mg/kg administered by intravenous
route. The antitumor effect (in terms of tumor growth) was
shown in Figure 9. Obvious tumor regression was observed in
mice treated with Duopafei, nNLC and tNLC, while no anti-
tumor effect was observed in the group of N.S, blank nNLC and
blank tNLC. It was found that the tumor volumes treated with
tNLC were smaller than those treated with nNLC (P < 0.05)
and the antitumor effects of the NLC (nNLC and tNLC) group
were much stronger than that of the Duopafei group (P < 0.01) at
the same dose. At the end of the test, tumor volume in mice
treated with tNLC was 0.20 & 0.35 cm®, which was significantly
smaller than the value of 1.23 4 0.90 cm® for the Duopafei group
(P < 0.01).

These results suggested that tNLC, as a target drug delivery
system, could specifically target chemotherapeutic agents to
tumors which overexpress VEGFR-2 via anti-VEGFR-2 antibody
in vivo. We speculated that the high antitumor activity of tNLC
was achieved by the following mechanisms. First, tNLC and
nNLC both could accumulate in tumor tissue, ultimately reach-
ing high levels in tumor due to the enhanced permeability and
retention effect.>® Then, tNLC bind to and internalize in tumor

dx.doi.org/10.1021/mp200402e |[Mol. Pharmaceutics 2011, 8, 2291-2301



Molecular Pharmaceutics

]
o
=15
2
£ 10
S s
g
=
&
NS blank- blank-  Duopafei  nNLC tNLC
nNLC tNLC
A
=0 ¢ ——N.S
—& blank-nNLC'
160 1 4 plank-tNLC
E 150 - = Duopafei
_‘;:" 140 F =#=nNLC
T - (NLC'
£ 130 +
ze
S0+
@ -
Z 110 H
= 100 3 T~—
9 r
80 1 1 1 1 J
0 s 10 15 20 25
Time(d)
B

Figure 10. Tumor weight (A) and variation of body weight (B) by
intravenous administration in B16 tumor-bearing mice (n = 6). Note:
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Figure 11. Mean plasma concentration of DTX after intravenous
administration of Duopafei, nNLC and tNLC. Data represent mean +
SD (n=25).

cells and tumor neovasculatures via ligand—receptor interac-
tions, resulting in a potent antitumor activity. In contrast, nNLC
remain in the interstitial space and are subject to decomposi-
tion, degradation or phagocytosis, with resulting release of drug.
Detailed studies on mechanism of ligand—receptor interactions
are under our further study.

Figure 10B shows the body weight variations of mice during
the experimental period; obvious body weight loss of the mice
treated with Duopafei was observed compared with the other
two NLC groups (P < 0.01). The analysis of body weight varia-
tions could be used to define the adverse effects of the different
therapy regiments. These results led to a conclusion that nNLC and
tNLC generated less toxicity to mice than Duopafei when adminis-
tered intravenously under the present experimental conditions,
which will facilitate its future clinical application. Moreover, the
mice receiving Duopafei were observed in a weak state, whereas no
obvious alteration was observed in the NLC-treated animals.

Table 2. The Pharmacokinetic Parameters of DTX Formu-
lations after Intravenous Administration (n = 5)

formulations
pharmacokinetic parameters  Duopafei nNLC tNLC
t1 /20 (h) 0.16 + 0.05 032 & 0.05° 0.30 & 0.04*
t1/2p (h) 126 £ 0.16 3.92 £ 026"  3.57 £ 0.24*
AUC)_o (mgL™'h) 2584023 10.75 4 043" 10.86 £ 0.54*
MRT (h) 091 £ 0.14 473 & 0.56™ 440 + 0.35*
CL(Lh 'kg") 7754073 1.86 £ 024" 1.84 & 0.25**

Tonax (h) 0.083 0.083 0.083
Conax (ugmL™") 3.10 4+ 044 3.60 + 043  3.66 £ 0.45
“*P < 0.05, **P < 0.01 vs Duopafei.

Overall, these findings indicate that tNLC showed a higher
efficacy in a murine malignant melanoma model when compared
with nNLC. Compared with Duopafei, nNLC and tNLC showed
higher efficacy and lower side effects in a murine malignant
melanoma model.

3.8. Pharmacokinetic Studies and Biodistribution of NLC.
The concentration in plasma versus time profile of DTX after
intravenous administration of the three formulations in mice is
shown in Figure 11. After injection of nNLC and tNLC, the DTX
in serum was still measurable after 8 h, while was not detectable
even after 4 h for the Duopafei group. There was no statistical
significance of DTX serum concentration between nNLC and
tNLC. The pharmacokinetic parameters after intravenous ad-
ministration of the three DTX formulations are summarized in
Table 2.

The analysis of the results of the pharmacokinetic study data
by the DAS (2.0) program indicates that all formulations fitted to
the two-compartment model following intravenous administra-
tion. The AUC,_,, following intravenous administration of
tNLC and nNLC was significantly higher than that of Duopafei
(P < 0.01). The relative bioavailability of tNLC and nNLC to
Duopafei was 417% and 421%, respectively. The nNLC and
tNLC significantly enhanced the half-life of DTX. Compared
with the Duopafei, MRT and t;,,3 of nNLC increased by about
4.20 and 2.11 times, respectively, while CL decreased by 3.17
times. Compared with the Duopafei, MRT and t,,,5 of tNLC
increased by about 3.44 and 1.83 times, respectively, while CL
decreased by 3.21 times.

The tissue DTX concentrations versus time after intravenous
administration of Duopafei, nNLC and tNLC are shown in
Figure 12 and Table 3. As shown in Figure 12, the concentration
of DTX was high in the heart and kidney after intravenous
administration of Duopafei, which could cause side effects. Both
of the NLC formulations decreased the DTX concentration in
the heart and kindey, which would then be expected to reduce the
side effects of the drug. The accumulation of nNLC and tNLC in
liver, spleen and lung was higher than that of Duopafei.

Furthermore, tNLC resulted in substantial accumulation of
DTX in tumor, and tumor accumulation in the tNLC group was
significantly greater than in nNLC groups and far superior to
the Duopafei, as shown in Table 3 and Figure 13. The overall
targeting efficiency (T.) of tNLC in tumor was improved from
4.04% (Duopafei) to 6.41% (1.59 times), the relative targeting
efficiency (r.) and the maximum concentrations (C,) in tumor
were 2.63 and 1.35 respectively; T. of nNLC in tumor was
improved from 4.04% (Duopafei) to 4.54% (1.12 times), and
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Table 3. Targeting Disposition of DTX after Intravenous
Administration of Duopafei, nANLC and tNLC to Mice (n = 5)

Duopafei nNLC tNLC

tissues T, (%) T, (%) Te Ce  T. (%) Te C.

heart 27.62 11.06 0.68 0.81 11.29 0.68 0.78
liver 13.40 22.64 288 147 20.85 2.58 1.50
spleen 12.19 19.28 270 147 18.58 253 143
lung 15.63 21.03 229 240 21.81 232 223
kidney 22.76 10.80 0.81 0.5 10.01 0.73  0.50
tumor 4.04 4.54 1.92 116 6.41 2.63 135
plasma 4.36 10.65 417 116 11.05 421 118

re and C, in tumor were 1.92 and 1.16, respectively. The relative
tumor accumulation of nNLC and tNLC to Duopafei at 6 h after
intravenous administration was 294% and 533%, respectively.
The mechanisms of targeting nanocarriers to a particular
disease are generally categorized as either active or passive tar-
geting strategies. Active targeting involves the use of disease-
specific targeting ligands such as antibodies (antigen targeting),
lectins (carbohydrate targeting), and peptides (receptor targeting).
Active targeting has the ability to improve the therapeutic index

@ Duopafei
& nNLC
T O tNLC

0.083 025 05 075 1 2 3 4 5 6
o)

Figure 13. Distribution of DTX in tumor tissues after intravenous
administration of Duopafei, nNLC and tNLC to mice at 0.083, 0.25, 0.5,
0.75,1,2,3,4,5,and 6 h (n = 5). Note: *P < 0.05, **P < 0.01 versus
Duopafei; *P < 0.0S, ™ P < 0.01 versus nNLC.

of biologically active agents by increasing target-site accumula-
tion and by improving the pharmacokinetics of the system and
drugs. In this study both the nontargeted and the targeted NLC
provided biodistribution and pharmacokinetic advantages rela-
tive to Duopafei. The quantitative and qualitative biodistribution
profiles of both nanoparticle formulations were almost identical.
These illustrated that the minute difference between the two
formulations (approximately 3% surface modification with the
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anti-VEGFR2 antibody) was not enough to alter the biodistribu-
tion of NLC, and the size of NLC was the crucial factor for
biodistribution of nontargeted and the targeted NLC.** This
antibody modification was, however, enough to alter the phar-
macokinetic profile of the NLC. The tumor accumulation for the
tNLC group was significantly greater than for nNLC groups and
far superior to the Duopafei.

In cancer therapy, to obtain active targeting to tumors,
recently, some considerations have been given to the host endo-
thelial cell of tumor neovasculature.> > For example, develop-
ing and testing a drug delivery system should be analyzed for its
ability to target to the endothelial cells of tumor vessels, and not
just the tumor cells. As described previously,”® VEGFRs have
been found to be overexpressed, in comparison to normal tissues,
in breast, melanoma, gastric, and non-small-cell lung cancer and
on tumor neovasculature in situ. In this work, we have achieved
“double-targeting” antitumor therapy through one drug delivery
system, both of which have attracted considerable attention: the
targeting of antitumor therapeutics to tumor cells via ligands
against receptors which are overexpressed on the surface of many
types of cancer cells and are not overexpressed detectably in normal
organs, and the targeting of antitumor therapeutics to the tumor
vasculature via ligands directed selectively against tumor vasculature
endothelial cells. In addition, passive targeting takes advantage of the
size of nanoparticles and the unique properties of tumor vasculature,
such as the EPR effect.”’ Angiogenic blood vessels in tumor tissues,
unlike those in normal tissues (nearly 100 nm), have gaps as large as
400 to 800 nm between adjacent endothelial cells, thereby, the
particle size of tNLC is too big to penetrate into normal tissues but
still small enough to extravasate through the leaky capillaries in the
tumor tissue with minimal uptake by normal tissues.

Taken together, we demonstrated that the VEGFR-mediated
drug delivery system has several advantages that are necessary in
cancer therapy: (1) enhanced specific cellular uptake and pene-
tration in tumor cells; (2) maximal accumulation and penetration
into tumor site via anti-VEGFR-2 antibody which could bind
specifically to VEGFR2 on tumors; (3) “one-double targeting”
tumor therapies (tumor and vascular targeting) via solo drug
delivery system; (4) less toxicity to normal organs and tissues as
compared with Duopafei. This progress is vital to the application
of target therapy strategies.

4. CONCLUSIONS

Here we report for the first time that Flk (A-3) modified DTX
loaded NLC demonstrated superior antitumor efficacy against
malignant melanoma both in vitro and in vivo. In summary, tNLC,
as a drug delivery system, achieved favorable tumor and vascular-tar-
geted drug delivery and antitumor effects are due to specific binding
and internalization of tumor cells and tumor microvasculature via
anti-VEGFR-2 antibody. Although further investigation on the pre-
cise transfer mechanism of tNLC is required, the findings of our
study represent an important step in advancing the one-double tar-
geting strategy to treat tumors that overexpress VEGFR-2.
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