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ABSTRACT

Purpose The complementary strategy by combining targeting
ligand-mediated selectivity and CPP-mediated transmembrane
function could be exploit synergies for enhancing cellular uptake
of nanoparticles with negative charge. A heparin-based nanopar-
ticles with negative charge was fabricated by complementary
strategy, which was expected to attain efficient uptake and simul-
taneously exert great anticancer activity.

Methods We synthesized heparin-based nanoparticles with
targeting ligand folate and CPP ligand Tat to deliver paclitaxel (H-
F-Tat-P NPs). The NPs were characterized by 'H NMR, DLS and
TEM, respectively. The effect of dual ligands on system behavior in
aqueous solution was investigated. Moreover, its cellular internal-
ization and anticancer activity were detected by flow cytometry,
confocal microscopy and MTT.

Results Folate played a key role in the formation of heparin-
based NPs dependent on the balance of amphiphilic Tat and
hydrophobic folate. Atthough H-F-Tat-P NPs primarily entered
FR specific and non-specific cells by similar routes, there were
no comparability due to cell-type specific variation. Unlike non-
specific cells, the complementary ligands could help negative-
charged NPs to enhance cellular uptake facilitating its endosome
escape in specific cells thereby exhibiting great anticancer activity.
Conclusions The complementary strategy for negative-charged
NPs was presented a promising delivery system for diverse anti-
cancer agents enable simultaneously targeting and drug delivery.

KEY WORDS complementary ligands - intracellular uptake -
nanoparticles - negative charge

ABBREVIATIONS

H-F-Tat-P NPs  Heparin-Folate-Tat-Paclitaxel Nanoparticles
FR Folate Receptor

Tat Transactivating transcriptional activator peptide
CPP Cell-penetrating peptide

MBCD Methyl-3-cyclodextrin

CPz Chlorpromazine

DLS Dynamic light scattering

TEM Transmission electron microscope

INTRODUCTION

Polymeric nanoparticles have received much attention in drug
delivery systems due to their diverse surface chemistry, appro-
priate size scale and unique pharmcokinetics, which make
them combine and deliver several functionalities simulta-
neously and specifically to tumor site (1,2). Heparin is a
natural polysaccharide with biocompatibility, biodegradabili-
ty, and water-solubility. Beside its well-known anticoagulant
property, heparin has numerous important biological activites
interacting with proteins in application of heparin-containing
systems (3,4). It can exert antitumor activities in the tumor
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progression and metastasis (5—7). Therefore, the development
of heparin-based nanoparticles has significant implications for
cancer therapy. Although several recent attempts to explore
heparin-based nanoparticles involve combining targeting
moieties and therapeutic agents, the strategies mainly present
single specific ligand (for example folate) to decorate heparin
backbone for drug delivery systems (8—11). A more effective
targeting system has been damanded to enhance drug intra-
cellular uptake and further improve therapeutic effect.
Potentially, cellular uptake and selectivity of nanoparticles
can be improved by the introduction of functional ligands
promoting cell binding and internalization. Therefore, it will
be desirable to fabricate multifunctional heparin-based nano-
particles thereby enhancing its internalization ability by sur-
face functionalization.

Many functionalized nanoparticulate strategies have
employed various of ligands with complementary function to
present great cellular internalization, for example targeting
ligands (to induce cell surface adhere and receptor-mediated
endocytosis) and endosomal escape ligands (to imporve delivery
to cytosol and escape endolysosomal degradation) (12). Among
them, folate can selectively bind to folate receptor (FR) of cell-
surface significantly upregulated in malignant tumors and has
been served as a targeting moiety to differentially deliver anti-
cancer drugs (13—17). Transactivating transcriptional activator
peptide (Tat) is a well-studied cell-penetrating peptide (CPP),
another commonly utilized class of ligands capable of facilitat-
ing the efficient uptake of cargos ranging from small peptide
sequences to large biomolecules (18—21). However, a significant
hindrance for its potential applications  viwois lack of targeting
selectivity in cell entry. Hence, the combination of FR-
mediated selectivity and CPP-mediated transmembrane ability
may be a complementary strategy for production of new drug
delivery system for further application. Many research groups
have reported nanoparticles with folate and Tat dual-ligand
(12,22,23) displayed positive or neutral charge based on the
successful transduction coming from direct contact between the
positive charge of Tat and the negative charge in cell surface
(20,24). But the application of positive-charged NPs can easily
cause significant toxic effect (25,26). In addition, although the
majority of NPs are accumulated in the organs of reticuloendo-
thelial system (RES) after intravenous injection (i.v.), it has re-
ported that slightly negative-charged NPs can reduce non-
specific uptake in liver and spleen to some extent attributed to
the electrostatic repulsion between negative-charged NPs and
cellular surface of RES organs (27,28). Therefore, the develop-
ment of negative-charged NPs with good internalization ability is
highly desirable. Although the negative-charged NPs is unfavor-
able CPPs’ exertion of transmembrane function, the comple-
mentary strategy by combining the targeting ligand-mediated
selectivity and CPP-mediated transmembrane function may
facilitate negative-charged INPs to efficiently deliver therapeutic
agents thereby enhancing their cellular internalization.

We have previously reported the fabrication of folate-
targeted heparin-based nanoparticles to deliver paclitaxel
(29). Using incorporation of folate at the distal end of PEG,
the nanoparticles can be differentially delivered to FR specific
cells. However, due to the structure of PEG, the introduced
amount of folate in PEG may be too low to exhibit a greater
intracellular uptake. In this study, we have fabricated dual-
functionalized NPs composed of heparin-based polymer con-
jugated with folate and Tat peptide to differentially deliver
paclitaxel (H-F-Tat-P NPs) (Fig. 1). Paclitaxel delivery by such
construction can be attractive to improve its uptake, as it
would take profit of complementary function from targeting
ligand-mediated selectivity and CPP-mediated internalization
ability. To the best of our knowledge, no one has thus far,
utilized folate and Tat dual functionalities to decorate
negative-charged heparin resulting in the enhancement of
intracellular uptake thereby exhibiting significant anticancer
activity. In addition, studies reported in the literatures folate
conjugation to the polysaccharide promoted the formation of
self-assembly nanoparticles (30,31); however, it is unknown
the influence of folate combining with amphiphilic peptide on
system self-assembly behavior. Herein, we have investigated
the effect of dual functionalities on system behavior in aqueous
solution; moreover, we have aimed to explore its intracellular
trafficking of dual-functionalized NPs. Particularly, it is nec-
essary to test the cellular uptake pathway of negative-charged
NPs with complementary ligand as well as the colocalization
of NPs with endocytosis marker in cells. The work may pro-
vide useful information about construction of selected intra-
cellular compartments.

MATERIALS AND METHODS
Materials

Heparin sodium salt (Mn=1.25 kDa, 189 U/mg) was purchased
from Sinopharm Chemical Reagent Co. (Shanghai,
China). Oregon green488 cadaverine was obtained from
Invitrogen Co. 4-dimethylaminopyridine (DMAP), N-
hydroxysuccinimide (NHS) and 1-ethyl-3,3-dimethylamino-
propylcarbodiimide hydrochloride (EDC), and were purchased
from Medpep Co. (Shanghai, China). Seven hundred thirty-
two cation-exchange resins were purchased from Shanpu Co.,
Ltd. (Shanghai, China). Paclitaxel was obtained from Tianfeng
Co. (Shenyang, China). TAT peptide (Tyr-Gly-Arg-Lys-Lys-
Arg-Arg-GIn-Arg-Arg-Arg, Mw 1,560 Da) was synthesized by
ChinaPeptides Co. Ltd. (Shanghai, China). All other
chemicals and reagents were from Sigma Co. Folate-
NHy was prepared in our lab. Spectra/Por 3 Dialysis
Membrane (MWCO 3,500) was from Pharmacia (Piscataway,
NJ). Ultrapure water (Mili-Q, 18 M * Q ) was used in the
experiment.
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Fig. I Designed strategy of a
dual-functionalized nanoparticles, COOH Folate.NH CO-NH-Tat
(@) Preparation of Heparin- OH _COOH 2 OH _COOH
. 7 Tat-NH,
Folate-Tat conjugate (H-F-Tat), Coou e OH
(b) Preparation of Heparin- coon C/NHS CO-NH-Folate COooH
Folate-Tat-Paclitaxel nanoparticles
(H-F—Tat—P NPs), Succinylated-heparin Heparin-Folate-Tat Conjugate
b Paclitaxel

/\/ ©99

Cancer target moiety

(Folate)

Heparin-Folate-Tat

Synthesis of Succinylated-heparin

Succinylated-heparin was synthesized by previous method (29).
Briefly, 0.25 g of heparin in water was passed through a H" 732
column at low temperature. Its pH was adjusted to 6.0 by
addition of tributylamine and excess tributylamine was evapo-
rated. The concentrate was dissolved in water and lyophilized to
produce 0.5 g of heparin tributylammonium salt. The 0.5 g of
tributylammonium salt in dry DMF was cooled down to 0°C.
Succinic anhydride (1.3 g, 13 mmol), DMAP (0.036 g, 0.3 mmol)
and triethylamine (1.31 g, 13 mmol) were added and reacted at
room temperature for 24 h. The solvent was evaporated and the
concentrate dissolved in a little water followed by passing
through a H" 732 column. The collected solution was dialyzed
by a membrane (MWCO 3,500). Then solution was neutralized
and lyophilized as a white powder (0.20 g). 'H NMR (D,O): 6 =
2.5 ppm (—CH,CH,COOH, succinylated group).

Synthesis of Heparin-Folate-Tat (H-F-Tat)

Succinylated-heparin in dry DMSO was stirring by gentle
heating. Some amount of Folate-NH,, Tat peptide, EDC
and NHS were mixed and reacted at room temperature for
24 h. The deionized water was then added and dialyzed in a
dialysis membrane. The solution was then lyophilized and
obtained a yellow powder. Oregon green488-labled H-F-Tat
was synthesized by a similar procedure as that of H-F-Tat. "H
NMR (DyO): & 2.8 ppm (—CH,CH,;COOH, succinylated-
heparin), 6.8 and 7.6 ppm (folate).

Preparation of Heparin-Folate-Tat-Paclitaxel NPs
(H-F-Tat-P NPs)

NPs were prepared by a nano-precipitation method with
minor modifications (32). H-F-Tat and paclitaxel was mixed
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Transmembrane

ligand (Tat)

Dual-functionalized nanoparticles
(Heparin-Folate-Tat-Paclitaxel)

in dry DMSO at 35°C for 6 h. The mixture was dialyzed by a
dialysis memberane (MWCO 3,500) for 48 h. The excess
water was concentrated followed by filtering through a
450 nm membrane. The H-F-Tat-P NPs was lyophilized
and obtained a light yellow powder. "H NMR (D,O): §
2.8 ppm (—CH,CH,COOH, succinylated-heparin),
6.8 ppm, 7.6 ppm (folate). (DMSO-dg): & 1.02 ppm
(17,16-CHs, taxol), 1.51 ppm (19-CHj, taxol), 1.78 ppm
(18-CHs, paclitaxel), 2.09 ppm (C4-OAc, paclitaxel),
2.21 ppm (C10-OAc, paclitaxel), 7.2~8.0 ppm (benzene ring,
paclitaxel).

Characterization

The "H NMR spectra of the product were determined by a
Bruker-400 MHz NMR in DMSO-dg and DO. The weight of
the succinlyated group was quantitatively analyzed by 'H
NMR using pyridine as an internal standard, whose pyridine
signals are 6 7.4, 7.9 and 8.4 ppm. The weight of folate on H-F-
Tat was caculated by UV spectrometer (UV-2,401, Shimadzu)
based on a folate standard curve of concentration-absorption at
366 nm. The amount of Tat was determined using UV method
by quantifying the FITC-labeled Tat based on a FITC-labeled
Tat standard curve of concentration-absorption at 488 nm.
The content of paclitaxel was determined by HPLC based on
paclitaxel standard curve. H-I-Tat-P were dissolved in water
and stirred gently. The aliquots were extracted by chloroform
three times and then the organic fraction was concentrated.
The residue was mixed with 1 mL of methanol analyzed by
HPLC (Waters 2,487 series) using a C18 silica column (4.6 X
250 mm, 5 um, Kromasil), a mobile phase of acetonitrile :
0.2% phosphoric acid in water (76: 24) pumped at a flow rate of
1.0 mL./ min. A 30 pL sample was injected, and the effluent
was detected at 227 nm by a UV detector. The encapsulation
efficiency (E.E.%) were calculated by equation: amount
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of paclitaxel in nanoparticles / initial amount of
paciltaxel X 100%.

Zeta potentials and size distributions of NPs were detected
at 25°C by dynamic lighting scattering (DLS) using a Zetasizer
Nano-Zs (Malvern Instruments, UK). The concentration of
samples in different condition was constant at 0.3 mg/mlL.
The morphology of NPs was detected by Transmission elec-
tron microscope (TEM, Hitachi HC-1, 80 KV) following
negative staining with phosphotungstic acid.

The n vitro release of NPs was measured in PBS (pH=7.0)
containing 0.1% Tween-80 using the dialysis method. Briefly,
2 mL of NPs solution was suspended in a dialysis bag (MWCO
3,500), and the bag was then immersed in PBS (48 mL) and
shaken horizontally (100 rpm) at 37°C. At predetermined
mtervals, 1 mL aliquots were withdrawn and replaced with
an equal volume of fresh PBS. The concentration of paclitaxel
in the collected samples was analyzed using HPLC according
to the above chromatographic conditions.

Cell Culture

A human breast carcinoma cell lines, MDA-MB231 cells (FR
specific cell lines), and a human lung epithelial carcinoma cell
lines, A549 cells (FR non-specific cell lines) were come from
ATCC. MDA-MB231 cells and A549 cells were cultured
L-15 and RPMI 1,640 in 5% COq at 37°C, respectively.
The culture media were supplemented with 10% fetal bovine
serum, 100 units/mL penicillin/streptomycin and 2 mmol/L
glutamine.

Cellular Uptake Studies of NPs

Oregon green488 labeled H-F-P NPs and H-F-Tat-P NPs
were synthesized by the similar procedure as above described.
The weight percentage of folate and paclitaxel was about
15.45% and 12.1% in Oregon green488 dye-labeled H-F-P
NPs. MD-MBA-231 cells were plated in 6-well plates at a
density of 2.5% 10” cell per well in medium and incubated for
24 h. All uptake experiments were in serum free medium. The
temperature blocking experiment was pre-incubated MD-
MBA-231 cells at 4°C for 1 h and treated with Oregon
green488 labeled H-F-P NPs and H-F-Tat-P NPs for | h at
4°C. To test the effects of endocytosis inhibitors on the cellular
uptake of NPs, MD-MBA-231 cells were pre-incubated for
I h at 37°C with 50 pM of amiloride to inhibit
macropinocytosis, 200 uM of genistein to inhibit lipid-raft
mediated caveolae, 10 mM of methyl-B-cyclodextrin
(MBCD) to inhibit caveolae, and 10 pg/mL of chlorproma-
zine (CPZ) to inhibit the formation of clathrin vesicles, and
then treating the cells with Oregon green-488 labeled H-F-P
NPs and H-F-Tat-P NPs for an additional 1 h. Next, to
eliminate trace product the incubated cells were washed three
times by cold PBS, and detached with EDTA-PBS and then

suspended in PBS (0.1% BSA). The suspended cells were
directly detected a FACSort flow cytometer (Becton
Dickinson, USA) equipped with a 488 nm argon ion laser.
Data for 10,000 fluorescent events were obtained by record-
ing forward scatter and side scatter with 530/15 nm fluores-
cence. The autofluorescence of cells was taken as a control.

In order to visualize nanoparticles colocalization with lyso-
somes, MDA-MB231 cell lines and A549 cell lines were
incubated in the chambered slide. Cells were washed with
PBS after treatment of Oregon green488 labeled NPs for 4 h
and then incubated with Lysotracker-Red for an additional
30 min. The cells were fixed using 4% (w/v) para-formalde-
hyde solution followed by Hochest33342 staining. The fluo-
rescence images were observed by confocal microscope
(Olympus FV1000, Japan).

To investigate the cellular uptake of carrier with single
targeted ligand and dual ligands, Dil as model drug was
entrapped into H-F and H-F-Tat to detect drug release into
MDA-MB-231 cells. MDA-MB-231 cells were incubated with
H-F-Dil NPs and H-F-Tat-Dil NPs for 4 h. The treatment
method was the same as the previous colocalization study.

MTT Assay for Cell Viability

MDA-MB-231 were reseeded in 96-well plate at an initial
density of 4x 10° cells/well in 200 pL. RPMI1640 containing
10% FBS at 37°C in humidified 5% CO,. After incubated
with 24 h, the culture medium/ per well was replaced with
200 pL fresh medium containing different concentrations of
free paclitaxel and H-F-Tat-T NPs. 24 h later, the media were
detached and replaced with 25 pL. of M'TT solution (1 mg/
mL) followed by incubation for 4 h. Then, the solution was
replaced with DMSO and the plates were slightly shaken. The
plate was detected at 570 nm using a microplate reader
(Biotek, USA). Cells without samples were taken as the
control.

Flow Cytometric Detection of Cell Cycle

MDA-MB-231 cells were seeded on a 6-well plate and incu-
bated for 24 h. And then cells were coincubated with pacli-
taxel and H-F-Tat-P NPs (an equivalent drug concentration
of 30 png/mkL) for 6 h. The cells were washed and detached by
trypsinization followed by spining down by centrifugation and
dispersing in PBS. The cells were fixed in 70% ethanol /PBS
(10:1) for 1 h and washed with PBS, and then stained by PI
and RNase. The cell cycle of suspended cells was analyzed by
a flow cytometer.

Statistical Analysis

Statistical analysis was made to determine differences between
the measured properties in each group. One-way analysis of
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variance was analyzed by a statistical program (SPSS, 10.0 V,
SPSS Inc., USA). All of data were processed in triplicate or
sextuplicate and showed a mean value with standard deviation
(meantSD.)

RESULTS
Preparation and Characterization of H-F-Tat-P NPs

The H-F-Tat conjugate was initially synthesized by a coupling
reaction between the amine groups of aminated folate and
Tat and the carboxyl groups of succinlyated-heparin obtained
from O-acylation. Next H-F-Tat conjugate displayed an am-
phiphilic property capable of physically entrapping with hy-
drophobic anticancer drug paclitaxel by necessary chemical
modification of heparin (Fig. 1). Nanoparticles were prepared
using a nano-precipitation method (32).

The typical '"HNMR spectra of H-F-Tat in DMSO-dg and
DO are presented in Fig. 2a and b. It showed peak signal at
2.7 ppm and weak signals at 6.8 ppm and 7.6 ppm attributed
to the succinylated group in heparin and the fraction of folate,
respectively. Although the partial structure of Tat could be
observed in both solvents, it was hard to clearly attribute due
to its complex structure thereby requiring other characterized
method.

Direct proofs confirming drug entrapped into H-F-Tat
come from Fig. 2c¢ and d. Part of paclitaxel structure could
be detected at peaks from 5 to 9 ppm in DMSO-dg.
Interestedly, paclitaxel peaks disappeared while the proton
peaks at 6.8 and 7.6 ppm corresponded to folate in DyO.
The weight percentage of succinylate groups was about 15%
in heparin by 'H NMR analysis, indicating that sufficient
carboxyl groups could raise reaction activity. Figure 2e pre-
sents UV spectrum of H-F-Tat conjugate. Clearly, the char-
acterized absorption peak of folate appeared at 276 nm and
366 nm in H-F-Tat conjugate. To quantitatively analysis Tat,
we selected Tat labeled with FITC as materials and the UV
spectrum of H-F-FITC/Tat conjugate were measured,
wherein the absorption peaks of folate were sheltered by
FITC signal appearing around 500 nm in Fig. 2f.

To investigate the effect of dual-functionalities on system
self-assembly behavior, we prepared H-F-Tatl and H-F-Tat2
with different folate and Tat ratio to entrap paclitaxel (H-F-
Tat-P1 NPs and H-F-Tat-P2 NPs) and their characterization
was shown in Table I. It was found when the content of folate
and Tat was about 8.4% and 5.5%, H-F-Tat-P1 NPs
contained about 8.3% paclitaxel and the encapsulation effi-
ciency was about 95%; however H-F-Tat2 didn’t display
encapsulation ability as good as H-F-Tatl. We also test the
stability of two NPs in different condition by DLS. It was
shown in water the size of H-F-Tat-P1 NPs and H-I-Tat-P2
NPs was around 78 nm and 101 nm respectively, but both of
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them displayed increased trend in different PBS solution;
especially, their zeta potential changed from around
—32 mV in water to —17 mV in PBS, indicating the polymer
charge involved in self-assemble process of NPs formation and
the addition of ionic could as well affect it. To further observe
the morphology of two NPs, TEM images of H-F-Tat-P1 NPs
and H-F-Tat-P2 NPs were taken (Fig. 3a and b). H-F-Tat-P1
NPs clearly displayed an approximately spherical shape, while
only a small part of H-F-Tat-P2 NPs were observed and most
of them displayed compromised morphology difficult to
identify particle shape. The controlled release kinetics of
paclitaxel from H-F-Tat-P1 NPs and H-F-Tat-P2 NPs is
shown in Fig. 3c. H-F-Tat-P2 NPs displayed a slightly
faster release rate than H-I-Tat-P1 NPs. Approximately
30% of paclitaxel from NPs was released at the initial 18 h of
dialysis. After 72 h, both of them had released about
60% of paclitaxel into PBS, indicating a slow release of
H-F-Tat-P NPs.

Cellular Uptake Mechanism of NPs

Based on the complexity of H-F-Tat-P INPs, it was necessary
to precisely delineate the role of individual factor on cellular
uptake. We first synthesized Oregon green488 labeled H-F-P
NPs and H-F-Tat-P NPs and tested the cellular uptake of
these NPs in presence of specific inhibitors (Fig. 4). We could
not conduct the intracellular uptake experiments of H-Tat-P
NPs due to lack of its optimal formulation. A549 cells and
MDA-MB-231 cells were employed as FR overexpressing and
deficiency cancer cells treated with Oregon green488 labeled
NPs and evaluated the effect of individual ligand, dual ligands
and negative-charged NPs.

Regard to A549 cells, the internalization of H-F-P NPs was
decreased in presence of MBCD and genistein, the inhibitors
of caveloae. Along with the introduction of Tat, we found the
internalization of H-F-Tat-P NPs was blocked by multiple
inhibitors (MBCD, genistein and CPZ); furthermore the
MBCD inhibition was enhanced compared with that of
H-F-P NPs (Fig. 4a). In view of FR overexpressing MDA-
MB-231 cells, the uptake of H-F-P NPs was restricted by
multiple inhibitors and the order of inhibition was
MBCD>CPZ>genistein. Interestedly, despite of the addition
of Tat, internalization of H-F-Tat-P NPs was suppressed by
the same inhibitors as that of H-F-P NPs, wherein the inhibi-
tion of MBCD and CPZ was strengthened and the inhibition
of genistein (>80%) could be negligible compared with that of
H-F-P NPs (Fig. 4b). Additionally, incubation of all NPs at
4°Ci for 1 h resulted in an inhibition of endocytosis, and the
cellular uptake of H-F-Tat-P NPs was affected more but still
significantly compared with that of H-F-P NPs against
both cells. Note that amiloride , the inhibitor of
macropinocytosis, had no significant effect in case of H-F-Tat-
P NPs and H-F-P NPs.
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Fig. 2 'H NMR spectra of

H-F-Tat conjugate in (@) DMSO-d,

and (b) D,O; H-F-Tat-P NPs
in (€) D,O and (d) DMSO-d;
UV spectra of (e) H-F-Tat
conjugate and (f) H-F-FITC/Tat
conjugate.

Table | Characterization of H-F-Tat-P NPs
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Colocalization Study

Here, to elucidate the intracellular localization of H-F-
Tat-P NPs, MDA-MB-231 cells and A549 cells were
treated with Orgeon green488 labeled H-F-Tat-P NPs
for 4 h, and then exposure with Lysotracker Red probe
for 30 min. The position of nucleus in ecach cell was
labeled with Hochest33342 staining (blue). The confocal
laser scanning microscopy images of MDA-MB-231 cells
and A549 cells are shown in Fig. 5. It could be observed
the colocalization of H-F-Tat-P NPs with lysosome pro-
duced a yellow fluorescence in merged images. Regard
to MDA-MB-231 cells, some of Oregon green488 labeled
NPs adhered to the cytoplasm and lysosome caused yellow
fluorescent signal, especially it was clearly observed a part of
green nanoparticle spots distributed in nucleus (Fig. 5a).
However, most of Oregon green488 labeled H-F-Tat-P
NPs was distributed in the cytoplasm and represented
yellow fluorescence merged with lysosome in A549 cells
(Fig. 5b).

In order to evaluate the ligand effect of NPs on cellular
uptake, we designed Dil as model drug entrapped into H-F
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Fig. 3 Transmission electron microscopy photograph of (@) H-F-Tat-P | NPs and (b) H-F-Tat-P2 NPs; () The controlled-release kinetics of H-F-Tat-P | NPs and

H-F-Tat-P2 NPs in PBS (pH 7.0).

and H-F-Tat conjugate and detected its location in FR
spectfic cells (Fig. 6). It was obviously detected model
drug Dil was located in cytoplasm of cells treated with
NPs with single targeting ligand, while the red fluores-
cent signal was observed in not only cytoplasm but also
nucleus of cells in exposure with NPs with dual complemen-
tary ligands (Fig. 7).

In Vitro Assay

We performed cytotoxicity experiments of free paclitax-
el, H-F-P NPs and H-F-Tat-P NPs against MDA-MB-
231 cells. In comparison with that of paclitaxel and H-
F-P NPs, H-F-Tat-P NPs exhibited greater cytotoxicity
(IC50 45.8 pg/mlL). Also, in absence of Tat transmem-
brane function H-F-P NPs was not complete but effective to
kill the specific cells. To examine dual-functionalized NPs
effect on cell cycle, MDA-MB-231 cells were treated with
NPs and positive control free paclitaxel for 6 h. The control
cell cycle distribution displayed 18.65% of the cells were in the
G2/M phase, while it was increased to 36.93 and 32.83% for
paclitaxel and H-F-Tat-P NPs treated MDA-MB-231,
respectively.
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DISCUSSION

Accumulating documents showed that NPs with positive
charge could easily enter cells due to its electrostatic attraction
with the negative-charged plasma of cells, but the positive-
charged NPs might cause higher toxic effect compared with
the negative-charged (25,26). In particular, it was reported
that negative-charged NPs would be advantageous for cancer
therapy due to its reduced plasma protein adsorption and low
rate of non-specific cellular uptake (28). Therefore, it was
expected to fabricate efficient negative-charged NPs enhanc-
ing their cellular internalization and simultaneously exerting
great anticancer activity. Over the last years, CPPs were
widely exploited for the intracellular delivery of different
cargoes (18,20,33). The direct electrostatic interaction be-
tween the positive charge of Tat and negative charge of cell-
surface proteoglycans was a prerequisite for the transduction
of Tat (20,24). Accordingly, the conjugation of Tat to
negative-charged carrier was not conducive to its cellular
uptake. However, complementary strategy by combining
targeting ligand-mediated selectivity and CPP-mediated in-
ternalization function could be developed synergies for en-
hancing cellular uptake of negative-charged NPs. Hence, we
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Fig.4 Investigation of the mechanisms of cellular internalization by using inhibitors of endocytosis. (@) A549 cells and (b) MDA-MB-23 | cells were incubated with
() H-F-P NPs and ([ll) H-F-Tat-P NPs for | h. Cells were incubated either at 37°C or 4°C. Prior to the incubation with NPs, cells were pretreated with
amiloride, genistein, methyl-3-cyclodextrin (MBCD) or chlorpromazine (CPZ). The internalization ratio was normalized to that of the control (internalization of

NPs in the absence of inhibitors).
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Hochest 33342 NPslabeled with  Lysotracker-Red Merge
Oregon-green

a
b

Fig. 5 Confocal microscopicimages of (@) MDA-MB-23 | cells and (b) A549 cells after 4 h incubation with H-F-Tat-P NPs, and then incuabated with Lysotracker-
Red. The left images were nucleus staining by Hochest33342 (blue); the second were cell treated with Oregon green488 labeled NPs (green); the third were cell
treated with Lysotracker-Red; the right were merged pictures from previous three. X 60.

designed heparin-based NPs with dual functionalities to  investigated its potential feasibility for tumor-targeted drug
differentially delivery paclitaxel (H-F-Tat-P NPs) and  delivery. Negative-charged NPs was expected to attain

Fig. 6 Confocal microscopic Hochest33342 NPstrapped Dil Merge

images of MDA-MB-23 | cells after

= . .
a

b

and (b) H-F-Tat-Dil NPs. The left
images were nucleus staining by
Hochest33342 (blue); the second
were cell treated with NPs with
Dil (red); the right were merged
pictures from previous two

and bright field. X 60.
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Fig. 7 (@) Cell viability of
MDA-MB-23 | cells after treatment
with free paclitaxel, H-F-P NPs and
H-F-Tat-P NPs for 24 h. (b) Cell
cycle was determined by flow
cytometric detection of MDA-MB-
231 cells treated with free paclitaxel
and H-F-Tat-P NPs for 6 h.

The results represent the
mean=+SD, n=6.
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efficient uptake with aid of targeting ligand, transmembrane
peptide and nanoparticles size effect.

It was shown that the introduction of amphiphilic mole-
cules to heparin could benefit to its lipophilic property im-
provement (29). As depicted in Fig. 2, H-F-Tat structure could
be identified in DMSO-dg and DyO, suggesting H-F-Tat
displayed amphiphilic property. In addition, partial structure
of folate and paclitaxel was appeared in both solvents, sug-
gesting the carrier was oriented outside with exposing folate
and Tat capable of entrapment of paclitaxel in aqueous
solution. As such, H-F-Tat-P could self-organize into
core/shell type nanoparticle.

Park K et al reported folate conjugation to the heparin
backbone promoted the formation of self-assembled nanopar-
ticles (11). Meanwhile, we found the self-assembled behavior
of heparin-folate conjugate occured using a sufficient amount
of folate in accordance with Nie’s report (34). Hence, we
synthesized H-F-Tatl and H-F-Tat2 conjugates with different
folate and Tat ratio and examined their encapsulation ability.
In addition, in view of the selectivity of NPs, we couldn’t
discuss H-F-Tat conjugate with lower folate content.
Although it was found that both of them had self-assembled
behavior in aqueous solution by DLS, the encapsulation abil-
ity of H-F-Tat2 wasn’t as good as H-F-Tatl; in addition, H-F-
Tat-P1 NPs and H-F-Tat-P2 NPs appeared obviously differ-
ent morphology in TEM. Tran et al reported the presence of
folate favored the encapsulation of hydrophobic molecule into
heparin-based conjugate (30). The peptides generally
displayed amphiphilic property, but Tat peptide contained
more hydrophilic amino acid sequences resulting in unfavor-
able entrapment of hydrophobic molecules into heparin.
Therefore, in comparison with the physicochemical property
of folate and Tat, the introduction of folate played a major
role in the formation of heparin-based NPs. It was also con-
firmed by our experiment that H-Tat conjugate displayed bad
encapsulation capacity and formed the larger size particles
(300~600 nm) (data not shown). Interestedly, H-F-Tat-P2
NPs could not self-organize optimal nanoparticles, demon-
strating the blind increase of folate content might cause self-
assemble behavior restriction. As such, the formation of

@ Springer

heparin-based NPs was dependent on the balance of amphi-
philic Tat peptide and hydrophobic folate. It was worth
noting that size of both NPs changed a little bit large and their
zeta potential inclined toward positive in PBS compared with
those in water, suggesting negative charge of heparin involved
in nanoparticles formation resulting in NPs’ loosened trend
after the replacement of PBS. Accordingly, compared with
construction of H-F-Tat-P2 NPs, H-F-Tat-P1 NPs presented
compact state thereby producing slightly slower liberat-
ed rate in PBS.

Many research groups have reported more than one mech-
anism works for CPP-mediated intracellular delivery of small
and large molecules, including the clathrin-mediated endocy-
tosis, caveoloae-mediated clathrin-independent endocytosis,
the lipid-raft-mediated caveoloae endocytosis and
macropinocytosis, etc (20). A widely held view was FR-
mediated intracellular pathway primarily involved clathrin-
mediated endocytosis in specific cells (35). Considering com-
plementary effect of dual ligands, it was necessary to gain
mnsight into its cellular uptake pathway. Herein, we tested
the cellular uptake of H-F-P NPs (Zeta—35 £ 3 mV) and H-
F-Tat-P NPs in presence of endocytic inhibitors against FR
specific and non-specific cells.

We found cellular uptake of H-F-P NPs was inhibited by
MBCD and genistein (caveolae inhibitors) against FR non-
specific cells, demonstrating the negative-charged heparin-
based NPs was endocytosed via a caveolae-pitted mechanism.
It was agreed with Zhang’s report the negative-charged nano-
particles entered into cells primarily through caveolae-
mediated endocytosis (36). Along with the introduction of
Tat, H-F-Tat-P NPs was inhibited by not only MBCD and
genistein but also CPZ (clathrin inhibitor), indicating the its
inhibition pathways were increased (caveolae and clathrin-
mediated endocytosis); furthermore the caveolae effect was
enhanced compared with that of H-F-P NPs, implying the
addition of Tat brought out clathrin and caveolae endocytic
pathways. It was suggested that the mechanism of endocytosis
for H-F-Tat-P NPs was mediated by caveolae and clathrin
corresponding to the effect of Tat and negative-charged
nanoparticles.
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In contrast, multiple inhibitors (MBCD, CPZ and genis-
tein) affected the uptake of H-F-P NPs treated with FR specific
cells, indicating the caveolae and clathrin-mediated endocy-
tosis was attributed to effect of targeting ligand and negative-
charged nanoparticles. Irrespective of the effect of Tat, the
same inhibitors as that of H-F-P NPs took effect on the
internalization of H-F-Tat-P NPs, while note that
MBCD and CPZ had enhanced effect on NPs’ uptake
in accordance with the phenomena of A549 cells. In case of
FR specific cells, the internalization pathway of H-F-Tat-P
NPs was mediated by caveolae and clathrin endocytosis from
a synergistic effect (targeted ligand, tansmenbrane ligand and
nanoparticles).

Also, the cellular uptake of all NPs was blocked under 4°C.
The low temperature experiments suggested that the pre-
pared NPs entered cells via energy-dependent endocytosis.
Interestedly, the cellular uptake of H-F-P NPs and H-F-Tat-
P NPs was no obvious change in presence of amiloride,
indicating the internalization of prepared NPs could not be
mediated by macropinocytosis. It might be macropinocytosis
occurred CGPP-conjugated to large cargoes (MW>30,000 Da)
or larger size particles (20). Due to IR effect, internalization of
H-F-Tat-P NPs into specific cells was more complex than that
of non-specific cells, thus the uptake mechanism of H-I-
Tat-P NPs remained unclear in MDA-MB-231 cells.
Although these data implied that H-F-Tat-P NPs pri-
marily entered (MDA-MB-231 and A549) cells by similar
routes including caveolae-mediated endocytosis and clathrin-
mediated endocytosts, there was no comparability due to cell-
type specific variation.

Another method to investigate intracellular trafficking of
nanoparticles was colocalization study with specific endocyto-
sis markers. Generally, the cellular uptake of NPs was com-
pleted by enclosing them into endosomes (37). It was docu-
mented that clathrin-mediation could cause the primary
endosomes formation consequently forming late endosomes
and lysosomes, acidic organelles with low pH values (38). In
this experiment, we utilized lysotracker exposure with cells
after H-F-Tat-P NPs uptake. As shown in Fig. 5, parts of H-F-
Tat-P NPs was detected in nucleus indicating the dual com-
plementary functionalities could help internalization of NPs
thereby facilitating its endosomes escape against specific cells.
The behavior could be attributed to the folate targeting effect,
Tat transmembrane function and nanoparticle effect. The
fluorescence microscopic experiments demonstrated the
nanoparticles with single folate ligand could not be observed
in non-specific cells (31). As for FR non-specific cells, the
observation of H-F-Tat-P NPs in cytoplasm resulted in the
transmembrane function of TAT peptide. Although the up-
take pathway of H-F-Tat-P NPs in MDA-MB-231 cells was
similar as that of in A549 cells, the different microscopic
observation could be due to the effect of targeting ligand. In
addition, we selected Dil in place of paclitaxel entrapped into

H-F and H-F-Tat, followed by confocal observation to com-
pare the effect of single targeting ligand and dual complemen-
tary ligands. In Fig. 6, there was obvious difference between
NPs with single targeting ligand and dual ligands; namely,
dual functionalities could promote drug uptake into nucleus
facilitating NPs endosome escape compared with effect
of single targeting ligand. Taken together, with aid of
dual functionalities the cellular uptake was strengthened
facilitating the enhancement of drug uptake in cells.
More importantly, heparin-based NPs with complemen-
tary ligand preferred to the specific cells, in which dual ligand
function in parallel to enhance cell binding and uptake.

Several reports were proposed to explain the synergistic
effect of targeting ligand and CPP ligand on the biological
activity of anticancer drugs (12,22,23). To further verify our
hypothesis about uptake enhancement of H-F-Tat-P NPs
triggered by not only targeting ligand but also transmembrane
ligand, we performed cytotoxicity experiments of free pacli-
taxel, H-F-P NPs and H-F-Tat-P NPs against to FR specific
cells. The MTT assay demonstrated higher cytotoxicity of H-
F-Tat-P NPs was achieved by enhancement of drug uptake
induced by the effect of complementary functionalities. The
cytotoxicity of H-F-Tat-P NPs were consistent with the results
of intracellular trafficking of H-F-Tat-P NPs by flow cytome-
try and microscopy, suggesting the targeting nanoparticles
with transmembrane function was potentially suitable for
specific cancer cell therapy. Paclitaxel was an antimicrotubule
agent which could promote the microtubule assembly from
tubulin dimers and stabiliz microtubules by preventing
depolymerization during the G2 mitotic phase of cell
cycle. It was shown that H-F-Tat-P NPs block the cell
cycle in G2/M. It was in accordance with Schiff et al.
reports indicating paclitaxel in NPs induced the same
function as free drug to cause cell cycle arrest in the
G2/M and, ultimately, cell death by apoptotic mecha-
nisms (39). The complementary strategy for negative-
charged NPs could accelerate internalization of negative-
charged NPs thereby enhancing drug concentration in
cells and exhibiting significant cytotoxicity. The dual-
functionalized NPs represented a promising delivery system
for diverse anticancer agents enable simultaneously targeting
and drug delivery.

CONCLUSION

In summary, our data suggested that the complementary
strategy for negative-charged NPs could enhance drug
uptake efficiency and exhibited great cytotoxicity in-
duced by targeting ligand and transmembrane ligand
and nanoparticle effect. It might provide useful infor-
mation about construction of selected intracellular
compartments.
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