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PEO-PPO-PEO/PEG shell cross-linked nanocapsules encapsulating an oil phase in their nanoreservoir structure

was developed as a target-specific carrier for a water-

insoluble drug, paclitaxel. Oil-encapsulating P&O

PEO/PEG composite nanocapsules were synthesized by dissolving an oil (Lipiodol) and an amine-reactive PEO
PPO-PEO derivative in dichloromethane and subsequently dispersing in an aqueous solution containing amine-
functionalized six-arm-branched poly(ethylene glycol) by ultrasonication. The resultant shell cross-linked
nanocapsules had a unique core/shell architecture with an average size of29.0.iWm at 37C, as determined

by dynamic light scattering and transmission electron

microscopy. Paclitaxel could be effectively solubilized in

the inner Lipiodol phase surrounded by a cross-linked PBEBO-PEO/PEG shell layer. The paclitaxel-loaded
nanocapsules were further conjugated with folic acid to achieve folate receptor targeted delivery. Confocal
microscopy and flow cytometric analysis revealed that folate-mediated targeting significantly enhanced the cellular
uptake and apoptotic effect against folate receptor overexpressing cancer cells. The present study suggested that
these novel nanomaterials encapsulating an oil reservoir could be potentially applied for cancer cell targeted
delivery of various water-insoluble therapeutic and diagnostic agents.

Introduction

with heparin, polyethylenimine, or gold nanoparticles at an
organic/aqueous interface. Polyethylenimine cross-linked-PEO

Over the past decades, various nanoparticulate carriers suctbpo-pgQ nanocapsules exhibited a 40-fold volume transition
as polymer-drug conjugates, polymeric micelles, nanoparticles, (ca. 332.5 nm at 20C and ca. 95.2 nm at 37C) and a

and liposomes have been explored to deliver anticancer agentsf
specifically to cancerous tissues for enhanced therapeutic

efficacy and reduced systemic toxicity2 Among them, hy-

drogel nanoparticles (nanogels) have attracted growing interest

in diverse biomedical applications, including drug delivery, gene
delivery, and molecular imagirfg® Nanogels have been
extensively investigated as target-specific delivery vehicles for

eversible swelling/shrinking behavior when the temperature was
cycled between 20C and 37°C.

In the present study, a new class of PERPO-PEO
nanocapsules encapsulating a Lipiodol oil phase in their
nanoreservoir structure is presented. Lipiodol is an iodinated
derivative of poppy seed oil and has been exploited as a

various bioactive macromolecules and anticancer agents becausgomputed tomography (CT) contrast medium, embolic agent

of their nanoscale size (5200 nm) and thermodynamic
stability favorable for intravenous administration and cellular
uptaket® 12 For example, poly(ethylene glycol) nanogels cross-
linked with polyethylenimine were ionically interacted with
oligonucleotides to form a compact polyelectrolyte complex for

and vehicle for lipophilic anticancer agents such as styrene
maleic acid neocarzinostatin (SMANCS) to treat hepatocellular
carcinoma??-24 For synthesis of Lipiodol-encapsulating PEO
PPO-PEO/PEG nanocapsules, a mixture of Lipiodol and PEO

targeted penetration of the gastrointestinal epithelium and bIood-PPOTPEO copolymer preactivated with an Iamine-spec.i_fic
brain barriet314Acid-degradable nanogels were also produced éactive group in dichloromethane was ultrasonically emulsified

for intracellular delivery of plasmid DNA and proteins via N an aqueous solution containing amine-functionalized six-arm-
hydrolysis of the polymer chain in acidic lysosomal compart- branched poly(ethylene glycol). The resultant nanocapsules are

ments!>16

PEO-PPO-PEO triblock copolymers are macromolecular
surfactants composed of poly(oxyethyletd)ek-poly(oxypro-
pylene)blockpoly(oxyethylene) (Pluronic or Poloxamer series).
Interestingly, they undergo self-assembly into spherical micelles
in aqueous solution above a critical micelle temperature by
hydrophobic interactions between the PPO middle bldékS.
Taking advantage of the temperature-responsive micellization
characteristics, we have recently developed a series ofPEO
PPO-PEO nanocapsules that can expand and shrink rapidly in
response to temperature chai@e! These nanocapsules were
produced by shell cross-linking of PEE®PO-PEO copolymers
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expected to effectively solubilize water-insoluble anticancer
agents in the inner hydrophobic oil phase stabilized by a
covalently cross-linked PEOPPO-PEO/PEG shell layer.
Moreover, the drug-loaded nanocapsules were conjugated with
folic acid, which is an active recognition moiety for folate
receptors highly expressed in several human tumors including
ovarianand breastcancers, to achieve tumor-selective targfetifig.
The size, shape, and dispersion stability of the nanocapsules
were investigated by dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The potential of the
folate-conjugated nanocapsules as target-specific carriers for
paclitaxel was evaluated by examining cellular uptake and
apoptosis-inducing effects on KB cells overexpressing folate
receptors on its surface.
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Experimental Section consisting of acetonitrile/water (50/50 v/v) was delivered at a flow rate
of 1.0 mL/min. Eluted peaks were monitored at 227 nm. The
Materials. PEO-PPO-PEO triblock copolymer ((PE@Q}(PPO})s- concentration of paclitaxel as low as 1@/mL could be reliably

(PEO)oo, Pluronic F127,M,, = 12 600) was obtained from BASF  detected by the HPLC method.

Corporation (Parsipanny, NJ). Amine-functionalized six-arm-branched  Conjugation of Folic Acid. Paclitaxel-loaded nanocapsules were
poly(ethylene glycol) M,, = 20 000) was purchased from Sunbio conjugated with folic acid. Folic acid (4.4 mg, Hnol) dissolved in
(Walnut Creek, CA). Lipiodol, an iodized ethyl ester of fatty acids anhydrous DMSO was reacted with 6 mg (@@ol) of DCC and 4 mg
from poppy seed oil with 38% iodine by weight, was purchased from (30 umol) of NHS for 30 min to activate the carboxylic acid groups in
Laboratories Guerbet (Aulnay-sous-Bois, France). Paclitaxel obtained folic acid. The activated folic acid solution was added to 25 mL of the
from Wako (Osaka, Japan) wa®7% (w/w) pure and was used without  nanocapsule solution (6 mg/mL). After 1 day of reaction, the product
further purification. Folic acidp-nitrophenyl chloroformateptNPC), was filtered through a 0.4bm cellulose filter and then was dialyzed
N,N'-dicyclohexylcarbodiimide (DCC)\-hydroxysuccinimide (NHS), against deionized water (MW cutoff: 50 kDa) for 1 week in a dark
4’ ,6-diamidino-2-phenylindole (DAPI), and propidium iodide (Pl) were room. The amount of conjugated folic acid was determined by the
purchased from Sigma Chemical Co. (St. Louis, MO). Cell-counting fluorescamine ass&y.

kit-8 (CCK-8) was obtained from Dojindo laboratories (Kumamoto,  Paclitaxel Release and Cytotoxicity StudiesFor release experi-
Japan). All other chemicals were of analytical grade. ments, 5 mL of paclitaxel-loaded nanocapsules (6 mg/mL) was placed
Synthesis of Lipiodol-Encapsulating PEG-PPO—-PEO/PEG Nano- into a dialysis bag with an MW cutoff of 6 kDa. The bag was immersed

capsulesLipiodol-encapsulating PEOPPO-PEO/PEG nanocapsules  in 500 mL of phosphate-buffered saline (PBS) supplemented with
were prepared by using an emulsification/solvent evaporation method 0.05% (w/v) Tween 20 at 37C. At a given time point, the amount of
with modifications!®2° PEO-PPO-PEO copolymer was first preac-  paclitaxel released into the medium was determined by HPLC as
tivated withp-NPC at its two terminal hydroxyl groups as previously  described above. The cytotoxicity of the drug-loaded nanocapsules was
described! A mixture of the activated PEGPPO-PEO copolymer evaluated by examining the inhibition of cancer cell growth. The
(50 mg) and Lipiodol (0, 25, 50, or 100% w/w relative to the polymer) nanocapsule solution was diluted with PBS solution to give a final
dissolved in dichloromethane (2Qd.) was added dropwise to an  concentration of paclitaxel from 0.005 to &/mL. For comparison,
aqueous solution (2 mL, pH 9) containing 10 mg of amine-function- Taxol formulation was prepared according to a reference méthod.
alized six-arm-branched poly(ethylene glycol). As a control experiment, Human nasopharyngeal epidermal carcinoma KB cells (folate receptor
Lipiodol emulsion was prepared with unmodified PEPPO-PEO overexpressing cell line) were seeded in a 96-well plate at a density of
copolymer at the same concentration. The solution was sonicated fors x 1C? cells per well and were grown in RPMI medium supplemented
3 min using a Branson sonifier 450 (20 kHz, output control 3) and with 10% (v/v) fetal bovine serum for 24 h at 3T. The culture
then was neutralized by HCI. The oil-in-water emulsion was quickly medium was replaced with folate-deficient RPMI medium containing
transferred to a rotary evaporator with a water bath set atCGi@o different paclitaxel formulations and was further incubated for 24 h at
remove residual dichloromethane. The resultant solution was dialyzed 37 °C. The number of viable cells was determined by the CCK-8 cell
against deionized water by a Spectra/Por dialysis membrane with anviability assay?!
MW cutoff of 50 kDa and was subsequently filtered through a 0.45-  Evaluation of Cellular Uptake and Apoptosis-Inducing Effect
um cellulose filter to remove large aggregates. of Paclitaxel-Loaded NanocapsulexB cells were plated over a cover
Characterization of Lipiodol-Encapsulating PEO—PPO—-PEO/ slide on a six-well plate at a density of2 10 cells per well and were
PEG Nanocapsules.The hydrodynamic diameters of Lipiodol-  cultivated for 24 h at 37C. The cells were incubated with different
encapsulating PEOPPO-PEO/PEG nanocapsules were evaluated by paclitaxel formulations (Lg/mL in paclitaxel) in folate-deficient RPMI
using a dynamic light scattering instrument (Zeta-Plus, Brookhaven, medium for 24 h at 37°C. To visualize intracellular uptake, a
NY). The measurement was carried out in triplicate at a concentration hydrophobic Nile Red dye was incorporated into the Lipiodol phase
of 6 mg/mL over the temperature range frorf®to 37°C. The amount  within the nanocapsules by simply adding 0.1 mg of Nile Red into the
of Lipiodol encapsulated inside the nanocapsules was measured byl jpiodol/PEO-PPO-PEQO mixture prior to the preparation of pacli-
spectrophotometric detection of iodine released from Lipiodol by taxel-loaded nanocapsules. The cells were fixed with 4% (w/v)
m-chloroperbenzoic acid mediated oxidation as previously repétted. formaldehyde solution in PBS and were stored for 20 min 4C4
'™ NMR spectra were recorded for the nanocapsules suspended inAfter washing with PBS, the cover slide was stained with DAPI staining
chloroformd and DO to confirm the encapsulation of Lipiodol. Size  solution (0.7«g/mL DAPI in PBS) for 30 min. The cells were examined
and shape of the nanocapsules were evaluated by scanning electromy using an LSM510 confocal laser scanning microscope (Carl Zeiss,
microscopy (SEM) and transmission electron microscopy (TEM). Thirty Germany) equipped with a 364-nm UV laser and 543-nm HeNe laser.
microliters of the nanocapsule solution (6 mg/mL) was equilibrated For flow cytometric analysis, the cells treated with the different
and dried on a freshly prepared carbon tape &37and then its image paclitaxel formulations were harvested, were washed with PBS, and
was obtained with a Philips 535M scanning electron microscope. The then were fixed by slowly adding 70% (v/v) ethanol while gently
same amount of the solution was deposited onto a 300-mesh carbon-ortexing. The fixed cells were stored at°€ overnight and were
coated copper grid and then was observed by a Zeiss Omega 912ncubated with Pl staining solution (0.25 mg/mL Pl and 0.1 mg/mL
transmission electron microscope. The average particle size wasRNase A in PBS) at a concentration ofSklls/mL for 30 min at 37
determined by measuring the diameter of more than 50 particles in the°C. The PI fluorescence of each nucleus was analyzed by a flow
SEM and TEM images. cytometer (FACSCalibur) using a CELLQUEST software (PharMin-
Paclitaxel Loading into Lipiodol-Encapsulating PEO—PPO— gen).
PEO/PEG NanocapsulesPaclitaxel (0.5 mg) was solubilized in the
Lipiodol/PEO-PPO-PEO mixture containing 25% (w/w) Lipiodol for . .
preparation of paclitaxel-loaded nanocapsules. The paclitaxel-loaded Results and Discussion

nanocapsules were lyophilized to measure the loading amount of . . - .
paclitaxel. Dried samples were immersed in 5 mL of acetonitrile for 1 As illustrated schematically in Flgure_ 1, Lipiodol-encapsulat-
h to extract paclitaxel from them and then were diluted with an equal N9 PEO-PPO-PEO/PEG shell cross-linked nanocapsules (LP

volume of deionized water. After filtration through a Qi1 cellulose nanocapsules) were produced by shell cross-linking-RPC-

filter, the amount of paclitaxel in the filtrate was analyzed by isocratic activated PEG-PPO-PEO copolymers with amine-function-
reverse-phase high-performance liquid chromatography (HPLC) (1100 alized six-arm-branched poly(ethylene glycol) at the organic/
series, Agilent Technologies, Palo Alto, United States) using a Waters agueous interface. After the mixture of the activated PEO
Spherisorb ODS2 column ¢&m, 4.6 x 250 mm i.d.). The mobile phase = PPO-PEO copolymer and Lipiodol in dichloromethane W@BV
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amount of encapsulated Lipiodol at various weight ratios of Lipiodol/
0 . . . , . . PEO—PPO—PEO. (B) Size change profiles of LP nanocapsules over
0 3 6 9 12 15 18 a temperature range of 9—37 °C.
Time (min) phases. While the Lipiodol emulsion appeared opaque because
Figure 2. Time course change of hydrodynamic diameter for LP of intense scattering of visible light by large oil droplets, LP
nanocapsules and Lipiodol emulsion. Samples were prepared from nanocapsules were transparent. The result suggested that the
25% (w/w) Lipiodol/PEO—PPO—PEO mixture. The photograph (inset) covalently cross-linked shell layer of the nanocapsules ef-
was taken 15 min after sample preparation. fectively protected the encapsulated oil from coalescence and

added into an aqueous solution of amine-functionalized six- thus enhanced the stability of the Lipiodol emulsion in aqueous
arm-branched poly(ethylene glycol), the solution was subjected solution.
to ultrasonication to form a stable oil-in-water emulsfé? Figure 3A shows the hydrodynamic diameter of LP nano-
The terminap-NPC groups of the PEOPPO-PEO copolymers capsules and the amount of encapsulated Lipiodol at various
were conjugated with primary amine groups in the amine- weight ratios of Lipiodol/PEGPPO-PEO. The volume of
functionalized six-arm-branched poly(ethylene glycol) at the dichloromethane was kept constant in the formulations. As the
interface of the oil/water emulsion droplets, resulting in shell weight ratio increased, Lipiodol was encapsulated inside the
cross-linking between the PEEPPO-PEO and PEG polymers.  nanocapsules to a greater extent with a concomitant increase in
Once residual solvent within the droplets was evaporated,PEO average diameter of the nanocapsules. The encapsulation
PPO-PEO/PEG nanocapsules encapsulating Lipiodol in their efficiency was considerably high; nearly 90% of the Lipiodol
nanoreservoir structure were obtained. Since the cross-linkingwas encapsulated at a weight ratio of 25% (w/w). This implies
reactions would occur primarily at the organic/aqueous interface, that the volume expansion of nanocapsules loaded with Lipiodol
it was conceivable that the resultant nanocapsules had aPEO was caused by the fact that Lipiodol was stably encapsulated
PPO-PEOQO/PEG cross-linked shell structure with an oil-filled within the nanocapsules without disturbing the shell structure.
core in the interior. Interestingly, the encapsulation of Lipiodol dramatically changed
We performed dynamic light scattering (DLS) to examine the thermosensitive swelling/shrinking behavior of LP nano-
the dispersion stability of LP nanocapsules compared to the capsules. It has been shown previously that various hollow
Lipiodol emulsion prepared with unmodified PE@PO-PEO PEO-PPG-PEO nanocapsules shell cross-linked with heparin,
copolymer in aqueous solution. As shown in Figure 2, the polyethylenimine, or gold nanoparticles exhibited significant
hydrodynamic diameter of LP nanocapsules was maintained atvolume transitions over a broad temperature range by thermally
a range of 116120 nm at 37°C, while the mean droplet  triggered hydrophobic interactions between the PPO middle
diameter recorded for the Lipiodol emulsion was drastically blocks of the PEG-PPO-PEO copolymerd?—2! As shown in
increased from 131.2 14.6 nm to 462.2+ 50.7 nm within 15 Figure 3B, the nanocapsules prepared without Lipiodol greatly
min. This droplet growth can be explained by the rapid changed in diameter from 2052 4.1 nm to 99.5+ 5.8 nm
coalescence of unstable Lipiodol droplets driven by a large upon raising the temperature from 1Q to 37 °C, which is
interfacial tension difference between the water and Lipiodol consistent with the previous findings. However, the vqugBV
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Figure 4. (A) SEM and (B) TEM image of LP nanocapsules prepared Paclitaxel concentration (pg!mL)
from 25% (w/w) Lipiodol/PEO—PPO—PEO mixture. Samples were Figure 5. (A) Release profiles of paclitaxel from paclitaxel-loaded
equilibrated and deposited onto a freshly prepared carbon tape or LP nanocapsules prepared with or without Lipiodol. (B) Cytotoxicities
on a 300-mesh carbon-coated copper grid at 37 °C. of different paclitaxel formulations with varying paclitaxel concentra-

tions against KB cells.
transition behavior of LP nanocapsules tended to diminish by
increasing the loading amount of Lipiodol. At the same time, temperature-dependent volume transition with increasing Lipi-
the temperature at which they started to swell gradually shifted odol content in the nanocapsules.
to a lower temperature. In particular, the nanocapsules prepared The morphological characteristics of LP nanocapsules were
at a Lipiodol/PEG-PPC-PEO weight ratio of 100% (w/w)  evaluated by scanning electron microscopy (SEM). Figure 4A
exhibited a marginal degree of volume transition (ca. 152.8 nm presents the SEM image of the nanocapsules taken after pre-
at 10°C and ca. 143.1 nm at 37C). This suggests that the equilibrating at 37°C. They had a spherical shape with an
shell cross-linked nanocapsules resisted collapsing because olverage diameter of 1094 25.8 nm. It can be seen that these
the presence of Lipiodol filled inner cores with increasing nanocapsules were well dispersed and separated from each other,
temperature, although the cross-linked or grafted PE@O- indicating that the cross-linked shell framework prevented the
PEO copolymers tended to self-associate only in the shell layer.encapsulated oil droplets from aggregating into larger ones. It
Additionally, increased hydrophobic interaction between Lipi- seems that dispersion stability was partly ascribed to the steric
odol and PPO segments of the PEPPO-PEO copolymers stabilization effect of the surface-exposed PEG chains on the
might play an important role in contributing to hamper the nanocapsule¥3¢ We also employed transmission electron

Table 1. Particle Size, Drug Loading Efficiency, and Loading Content of Paclitaxel-Loaded PEO—PPO—PEO/PEG Nanocapsules Prepared
with or without Lipiodol

particle paclitaxel-loading paclitaxel-loading paclitaxel-loading
samples (n = 4) size (nm) efficiency (%) content (wt %) amount in Lipiodol (mg/mL)
LP nanocapsules 115.8 +£15.2 46.5+9.5 0.80 £ 0.04 25.8+£5.2
PEO—PPO—PEO/PEG nanocapsules 102.7 £ 95 128+ 1.9 0.18 £0.01
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Nile Red DAPI Merged

Figure 6. Confocal microscopic images of KB cells following incubation with different paclitaxel formulations at an equivalent drug concentration
of 1 ug/mL. LP nanocapsules were fluorescently labeled with Nile Red. Cell nuclei were also stained with DAPI. (A) Control formulation without
paclitaxel; (B) LP nanocapsules; (C) folate-conjugated LP nanocapsules; and (D) Taxol formulation.

microscopy (TEM) to examine the interior structure of LP for the incorporation of lipophilic compounds. To investigate
nanocapsules. From the TEM image in Figure 4B, it can be the effect of Lipiodol on drug solubilization, paclitaxel-loaded
observed that spherical dark spots are well scattered withoutPEO-PPO-PEO/PEG nanocapsules were prepared with or
any significant aggregation. This distinct architecture indicated without Lipiodol. As presented in Table 1, LP nanocapsules
that the majority of Lipiodol, shown as dark spots because of exhibited greater solubilization capacity of paclitaxel compared
strong electron scattering, was successfully entrapped in theto the formulation without Lipiodol. It was previously reported
interior cavities of the nanocapsules. Furthermore, the averagethat hydrophobic compounds could not be sufficiently incor-
size (101.2+ 19.4 nm) of the dark contrast regions was porated in PEGPPO-PEO copolymer micelles because of the
consistent with those determined from DLS and SEM results. high hydrophilic-lipophilic balance of PEGPPO-PEO co-
Therefore, TEM analysis clearly revealed that the nanocapsulespolymer3” The loading amount of paclitaxel in the LP nano-
had a unique nanoreservoir structure composed of an oil-filled capsules, calculated on the basis of the amount of encapsulated
interior with a surrounding polymer shell layer. Lipiodol, was slightly higher than the solubility of paclitaxel
As nanosized carriers of Lipiodol, LP nanocapsules are in Lipiodol solution ¢-10 mg/mL), suggesting that the improved
expected to have a good loading capacity of various water- solubilization capacity was mainly caused by molecular dis-
insoluble drugs such as paclitaxel because the hydrophobic coresolution of paclitaxel in the inner Lipiodol pha3&3 More
composed of Lipiodol can serve as an ideal microenvironment importantly, the incorporation of paclitaxel did not cause %{BV
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Figure 7. Cell cycle analysis of KB cells after treatment with different paclitaxel formulations at an equivalent drug concentration of 1 ug/mL.
(A) Control formulation without paclitaxel; (B) LP nanocapsules; (C) folate-conjugated LP nanocapsules; and (D) Taxol formulation.

significant change in particle size and dispersion stability of sules in a target-specific manner, thereby selectively inhibiting
the resultant nanocapsules. the proliferation of cancer cells.

Figure 5A presents the release profiles of paclitaxel from the ~ Cellular uptake and apoptosis-inducing effect of the pacli-
paclitaxel-loaded LP nanocapsules at physiological temperaturetaxel-loaded LP nanocapsules were investigated in more detail
and pH. LP nanocapsules exhibited a sustained release for 3@y confocal microscopy and flow cytometric analysis. Figure 6
days at 37°C, 80% release in total. However, the release rate illustrates the confocal microscopic images of KB cells follow-
from the formulation without Lipiodol was much faster. ing incubation with different paclitaxel formulations at an
Approximately 85% of the loaded paclitaxel was released within €duivalent drug concentration of dg/mL. To visualize sub-

5 days with a burst release at the initial stage. The drug releaseC€llular distribution, an inner oil core in the LP nanocapsules
was probably controlled by slow diffusion of paclitaxel as a Was fluorescently labeled with a hydrophobic Nile Red dye.
result of partitioning from the hydrophobic core of the nano- Morphological changes of the cell nuclei were visualized by
capsules into the aqueous phase. Since paclitaxel was mucﬁhe DAP' dye staining method to confirm pac_:lltaxel-mduced
more solubilized in the oily core than in the aqueous medium, apoptotic cell deattt’ It. can be seen that the Nile Red Iabgled .
the loaded drug molecules had slowly partitioned out from the nanocapsules appearing as red fluorescent dots are Iocal!zed In
nanocapsules as evident from the sustained release behavio%.hﬁ cyto_plasm_, notin the nucleus. 'fl'fhe _LPIna_nocap?_uIes without
HPLC analysis of the released fractions confirmed that paclitaxel olic acid conjugation were not effectively internalized, sug-

was not chemically changed during the 30-day release period gesting that their cellular uptake was mediated by nonspecific
The 5-6 fold slower release rate of paclitaxel from LP "absorptive endocytos®:** Since the cells treated with the

nanocansules relative to the formulation without Lipiodol control formulation without paclitaxel were nonapoptotic, strong
P . S P . blue fluorescence was homogeneously detected within the
suggests the potential applicability of these nanoreservoir

terials for int iniection. Th | i nucleus (Figure 6A). In contrast, after incubation with the
materials for intravenous injection. These nanocapsuies con alr"paclitaxel-loaded LP nanocapsules or Taxol formulation, the
ing an inner oil phase can be utilized to release various

. . . . ! cells displayed apparent evidence of apoptosis such as segrega-
hydrophobic anticancer drugs in a sustained manner in the bloodﬁOn and fragmentation of cell nucleus into dense and tiny

stream. The cytotoxicity of the paclitaxel-loaded nanocapsules gran les (Figure 6B and D). This might be associated with the
was evaluated by measuring the extent of inhibition of cancer 4iyation of endogenous nucleases which cleave chromosomal
cell growth. As shown in Figure 5B, the anticancer effect of pNA into oligonucleosomal fragments, showing a distinctive
paclitaxel-loaded LP nanocapsules was comparable to that of a3qder pattern in electrophoretic analy4iéé Folate-conjugated
clinically available formulation of paclitaxel in a 50:50 mixture  gpq paclitaxel-loaded LP nanocapsules were taken up much
of Cremophor EL and ethanol (Taxol). The Taxol formulation more by KB cells than unconjugated LP nanocapsules with
showed strong cytotoxicity at ag/mL, which was caused  greater activity of promoting apoptotic cell death (Figure 6C).
mainly by the toxicity of the Cremophor EL vehicle rather than Folate receptor-mediated endocytosis might be responsible for
by paclitaxef?3 The folate-conjugated LP nanocapsules ex- the effective cellular uptake and apoptotic effect of the folate-
hibited far greater cytotoxicity against KB cells at a lower conjugated nanocapsules. The extent of apoptosis was quanti-
dosage than the formulations of LP nanocapsules and Taxol.tatively assessed by flow cytometric analysis after propidium
Folate moieties have been shown to significantly improve the iodide (PI1) staining of the cell nuclei. Since the cytotoxic activity
intracellular delivery of diverse chemical and biological thera- of paclitaxel is attributed to its stabilizing effect on microtubules
peutic agents via folate receptor-mediated endocyt8sis. necessary for spindle formation and cell division, paclitaxel has
Therefore, the result suggested that conjugation of folic acid been shown to cause cell cycle arrest in the G2/M phase and
facilitated cellular uptake of the paclitaxel-loaded LP nanocap- finally cell death through apoptotic mechanisf4éAs shownCDV
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in Figure 7, the folate-conjugated LP nanocapsules induced a (14) Vinogradov, S. V.; Batrakova, E. V.; Kabanov, A. Bioconjugate

remarkable accumulation of the G2/M cell population (70.71%),

compared to that of the unconjugated LP nanocapsules (44.43%)

or Taxol formulation (45.92%). However, the control formula-
tion without paclitaxel showed a similar extent of G2/M phase

Chem.2004 15, 50.

(15) Murthy, N.; Xu, M.; Schuck, S.; Kunisawa, J.; Shastri, N.;dfet,
J. M. J.Proc. Natl. Acad. Sci. U.S./2003 100, 4995.

(16) Goh, S. L.; Murthy, N.; Xu, M.; Frehet, J. M. JBioconjugate Chem.
2004 15, 467.

cells (18.10%) compared to untreated KB cells. Consequently, (17) Linse, P.; Malmsten, MMacromoleculesl992 25, 5434.

the above results demonstrated that folate-mediated targeting
of paclitaxel-loaded LP nanocapsules significantly enhanced

intracellular delivery efficiency and apoptosis-inducing effect.

Conclusions

Our current study demonstrates the potential of Lipiodol-
encapsulating PEOPPO-PEO/PEG nanocapsules as target-

specific carriers for paclitaxel. These nanocapsules have a uniqu

nanoreservoir structure composed of an oil-filled interior with

(18) Mortensen, K.; Pedersen, J.Nacromolecules1993 26, 805.

(19) Choi, S. H.; Lee, J.-H.; Choi, S.-M.; Park, T. Gangmuir2006 22,
1758.

(20) Choi, S. H.; Lee, S. H.; Park, T. ®@iomacromolecule200§ 7,
1864.

(21) Bae, K. H.; Choi, S. H.; Park, S. Y.; Lee, Y.; Park, T.lGngmuir
2006 22, 6380.

(22) Iwai, K.; Maeda, H.; Konno, TCancer Res1984 44, 2115.

(23) Yoon, C. J.; Chung, J. W.; Park, J. H.; Yoon, Y. H.; Lee, J. W.;
Jeong, S. Y.; Chung, HRadiology2003 229, 126.

e(24) Kan, P.; Lin, X.-Z.; Hsieh, M.-F.; Chang, K.-Y.. Biomed. Mater.

Res. Part B2005 75, 185.
(25) Sudimack, J.; Lee, R. Adv. Drug Delivery Re.. 200Q 41, 147.

a surrounding shell layer. They exhibited greater solubilization (26) Allen, T. M. Nat. Re.. Cancer2002, 2, 750.

capacity of paclitaxel compared to the formulation without

Lipiodol because the oil core served as a microenvironment for

incorporation of the water-insoluble drug. Moreover, the
conjugation of folic acid was shown to facilitate cellular uptake

of paclitaxel-loaded nanocapsules via folate receptor-mediated

endocytosis, selectively inhibiting proliferation of cancer cells.

These novel polymeric nanocapsules with an oil core are
expected to be widely used as target-specific delivery vehicles
for diverse water-insoluble therapeutic and diagnostic agents.
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