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ABSTRACT: Chitosan-modified paclitaxel-loaded poly lactic-co-glycolic acid (PLGA)
nanoparticles with a mean diameter of 200-300 nm in distilled water were prepared
by a solvent evaporation method. The mean diameter increased dramatically in contact
with the mouse (CDF) plasma, as a function of chitosan concentration in the modifica-
tion solution (e.g., 2670.5 nm for 0.7% chitosan-modified nanoparticles, NP3), but
reverted to almost its original size (i.e., 350.7 nm for NPj3) following 5 min of gentle
agitation. The zeta potential of PLGA nanoparticles was changed to positive by the
chitosan modification. The in vitro uptake into, and cytotoxicity of the nanoparticles
against, a lung cancer cell line (A549) were significantly increased by the modification.
Most importantly, a lung-specific increase in the distribution index of paclitaxel (i.e.,
AUCyng/AUC1asma) Was observed for chitosan-modified nanoparticles (e.g., 99.9 for
NP5 vs. 5.4 for Taxol™) when nanoparticles were administered to lung-metastasized
mice via the tail vein at a paclitaxel dose of 10 mg/kg. Transient formation of aggregates
in the blood stream followed by enhanced trapping in the lung capillaries, and electrical
interaction-mediated enhanced uptake across the endothelial cells of the lung tumor
capillary appear to be responsible for the lung-tumor-specific distribution of the chitosan
modified nanoparticles. © 2008 Wiley-Liss, Inc. and the American Pharmacists Association
J Pharm Sci 98:970-984, 2009
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INTRODUCTION

Lung cancer is the most common cause of death
from cancer, with an annual toll of 1.18 million
deaths.! Non-small lung cancer (NSCLS) accounts
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for 70-80% of lung cancer diagnoses and the
disease is generally diagnosed at an advanced
stage. A combination of surgery and chemother-
apy is the traditional treatment method, but the
long-term survival of patients with NSCLS is low,
typically less than 5% at 5 years. Furthermore,
the toxicity of chemotherapy to non-target tissue
represents a strict limit to the use of doses high
enough to achieve potential further improvement
in survival.? Therefore, non-selectivity of the
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currently available anticancer drugs is a com-
monly encountered problem that reduces thera-
peutic efficacy.

Two lung-specific strategies have been devel-
oped so far: microspheres and inhalation. Micro-
spheres, with particle sizes ranging from 5 to
15 pm, have been extensively investigated. They
were able to block the alveolar capillary barrier for
along time and were then taken up by the alveolar
macrophages. However, particles with diameter
>5 wm may block the blood capillaries and cause
chronic obstructive pulmonary emphysema.® The
microparticles may also result in arterial embo-
lization after intravenous administration.* There-
fore, the safety of lung-targeting microspheres
remains uncertain. Recently, pulmonary inhala-
tion has been actively investigated. However,
some disadvantages exist, such as the high
production cost, instability during storage,’ and
disruption and premature loss of the entrapped
substance during nebulization.® Moreover, the
route is inappropriate for use with large dose
drugs” and frequent inhalation could induce lung
fibrosis.®® Therefore, it is necessary to develop
novel lung-specific drug delivery systems that can
overcome these drawbacks.

Organ-specific delivery of anticancer drugs
following systemic administration appears to be
achievable by simple modification of the surface
characteristics with certain materials.'®!! In
the present study, we examined the feasibility
of chitosan-modified PLGA nanoparticles'? as a
lung-specific system for delivery of paclitaxel for
the treatment of lung cancers by intravenous.
Paclitaxel, a novel anticancer drug originating
from the bark of the pacific yew, is one of the
first-line treatment drugs for advanced NSCLS.
Taxol™ is the only dosage form of paclitaxel
currently available. However, Cremophor EL™
(polyethoxylated castor oil), a material that results
in many serious side effects, such as hypersensi-
tivity reactions, nephrotoxicity, neurotoxicity,
and cardiotoxicity,'® is used as a solubilizer of
paclitaxel in the formulation. Various advanced
formulation strategies, such as utilizing cosol-
vent systems,* parenteral emulsions,'® micells,®
liposomes,'” microspheres,'® and inclusion com-
plexes' have been tried, but have not been
particularly successful in delivering paclitaxel
to lung tumors.

The fundamental objective of the present study,
therefore, was to develop a PLGA nanoparticle
system that can efficiently deliver anticancer
drugs, such as paclitaxel, to lung tumors in cancer
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patients. PLGA and chitosan were chosen based
on their biodegradable and biocompatible char-
acteristics.2%?! Chitosan, a cationic polyelectro-
lyte, was selected as a surface modifying material
in this study, since it provides a strong electrical
interaction with the negative charge of the PLGA
nanoparticle surface, changing the surface to a
positive charge. The cationic nanoparticles are
supposed to be selectively taken up by the tumor
vasculature endothelial cells.?? In addition, con-
sidering that cell membranes, particularly cancer
cell membranes, are negatively charged,?®?* the
positive surface charge of nanoparticles would be
favorable for the endocytosis of nanoparticles into
the cancer cell. Moreover, the positive surface
charge induced by the chitosan modification may
accelerate clathrin-mediated endocytosis of nano-
particles.?” The adhesive characteristics of chit-
osan may enhance the adherence of nanoparticles
to the cell surface,?®?” thereby accelerating the
phagocytosis of nanoparticles into the cell.

MATERIALS AND METHODS

Materials

Paclitaxel was purchased from Taihua National
Plant Pharmaceutical Corporation (Shan Xi,
China). PLGA with a lactide/glycolide molar ratio
of 50:50 (MW =40000-75000), polyvinyl alcohol
(PVA, MW = ~67000), chitosan (MW = 45500-50000,
deacetylation degree = 75-80%), coumarin-6 (MW =
350.43), RPMI 1640 cell culture medium (powder
with L-glutamine and without sodium bicarbo-
nate, developed at Roswell Park Memorial Insti-
tute) and phosphate-buffered saline (PBS, pH 7.4,
0.01 M) were purchased from Sigma—Aldrich
(St. Louis, MO). A human lung cancer cell line,
Ab549, was purchased from a Korea cell line bank
(Seoul, Korea). Dichloromethane (extra pure) was
purchased from Dae Jine Chemical Co. Ltd.
(Kyeongnam, Korea). All other chemicals were
the highest grade possible and obtained from
commercial sources.

Animals

Male CDF1 mice weighting 18-22 g, 3-4 weeks old
and male SD rats weighing 250 g were purchased
from the Central Lab Animal Inc. (Seoul, Korea).
All animal experiments were performed according
to the Guidelines in Animal Care and Use of Seoul
National University, Seoul, Korea.
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To examine the in vitro cellular uptake of
nanoparticles, coumarin 6, instead of paclitaxel,
was used in the preparation of PLGA nanoparti-
cles, with and without chitosan modification in the
same manner that was described for the paclitaxel
nanoparticles.

Physical Characterization of Nanoparticles

The particle size, size distribution and surface
charge of the nanoparticles were measured by
electrophoretic light scattering spectrophotome-
try (ELS-8000, Otsuka Electronics Co. Ltd.,

amount of paclitaxel recovered from nanoparitcles

Determination of Loading Efficiency of Paclitaxel

To determine the loading efficiency of paclitaxel
in nanoparticles, nanoparticles (approximately
1.5 mg) were dissolved in 0.5 mL dichloromethane
and mixed with 2 mL of an acetonitrile/water
solution (50:50, v/v). The mixture was then
vortexed vigorously for 5 min, and dichloro-
methane was evaporated under a nitrogen stream
until a clear solution was obtained. The paclitaxel
in the solution was measured by HPLC after
appropriate dilution with a mixture of acetonitrile
and water (50:50, v/v). The loading efficiency (%)
of paclitaxel was calculated using the following
equation:

100

Loading efficiency (%) =

Osaka, Japan), based on dynamic light scattering,
after appropriate dilution of the nanoparticles
with DDW. The surface morphology of the
nanoparticles was visualized by scanning electron
microscopy (SEM, JSM-5600, Jeol Co., Tokyo,
Japan) at 35000 x magnification after a platinum
coating of nanoparticles for 40 s using an ion
sputter coater (JFC-1100, Joel Co., Tokyo, Japan).
X-ray diffractometry (D-5005, Siements, Karls-
ruhe, Germany) was conducted to examine the
existing status of the paclitaxel in the nanopar-
ticles. The diffraction angle (26) was recorded from
0° to 64° with a scanning speed of 3°/min.

The characteristics of nanoparticles measured
in DDW may change in the stream of plasma
in vivo.?® Thus, the size, as well as the zeta
potential, was measured again after pre-incuba-
tion of the nanoparticles at 37°C for 30 min with
fresh mouse (CDF;) plasma under shaking at
120 rpm. Nanoparticles were collected by the
centrifugation of the incubation medium at
15600g for 3 min, redispersed in DDW, and
measured for size and zeta potential.

Nanoparticles in distilled water (DDW) or in
plasma were appropriately diluted with DDW,
dropped on formvar-coated copper grids (300-
mesh, hexagonal fields), air dried for 5 min
at room temperature, stained with a 2% uranyl
acetate solution (10 wL), air-dried again for 10 min
at room temperature, and then observed for the
morphology by transmission electron microscopy
(TEM, JEM-1010, Jeol Co.).

DOI 10.1002/jps

. . . . X
amount of paclitaxel used in preparation of nanoparticles

In Vitro Release of Paclitaxel

In vitro release of paclitaxel from nanoparticles
was measured according to a previous method?®
after minor modification. Nanoparticles (10 mg)
were diluted with 10 mL of phosphate-buffered
saline (PBS, pH 7.4, 0.01 M) or fresh SD rat
plasma in a capped centrifuge tube, and gently
shaken at 120 rpm in an orbital shaker in a water
bath (37°C). At specified time points during 6-220 h
period, the tube was taken out of the shaker and
centrifuged at 41137.3g for 20 min. The resulting
pellet was resuspended in 10 mL of fresh release
medium (i.e., PBS or plasma) and placed back into
the water bath for continuous release studies. The
supernatant from the PBS sample was collected
and extracted for paclitaxel with dichloromethane
(1.0 mL). After the removal of dichloromethane by
nitrogen flow, the deposited paclitaxel was dis-
solved in 2.0 mL of the mobile phase, a mixture of
acetonitrile and water (50:50, v/v), and filtered
using 0.2 pm membrane filters, 20 pL aliquots of
the filtrate were injected directly into the HPLC
column.

The supernatant from the plasma sample was
collected, spiked with 100 pL of n-butyl p-hydroxy
benzoate (25 ng/mL, internal standard for HPLC),
extracted for paclitaxel with 4 mL of ethyl acetate
with vigorous mixing for 5 min, and the mixture
was centrifuged at 892.6g for 5 min. The extrac-
tion procedure was repeated twice, and the
organic phases were combined and dried under
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nitrogen gas. The residue was then dissolved with
150 pL of the mobile phase, filtered using 0.2 pm
membrane filters and a 100 pL aliquot was
injected into the HPLC column.

The HPLC assay of paclitaxel was performed
according to a reported method.?* The HPLC
system was equipped with an HPLC column (a
reverse phase Resolve™ Spherical C18 column:
3.9 mm x 150 mm, 5 pm) in an HPLC system
(Waters, 2487 Dual \ absorbance detector, 717
plus autosampler and 515 HPLC dual pumps,
Milford, MA). The detector wavelength was set at
227 nm. The mobile phase, a mixture of acetoni-
trile and water (50:50, v/v), was eluted at a flow
rate of 1.0 mL/min.

Cellular Uptake of Coumarin 6 from
Nanoparticles

To examine the effect of the surface modification
with chitosan on the cellular uptake of the
nanoparticles, an in vitro uptake experiment
was performed for coumarin 6-loaded PLGA
nanoparticles using A549 cells. Coumarin 6 was
selected as a model compound based on its high
sensitivity of determination in the cell. The cells
were routinely grown at 37°C with an RPMI 1640
medium, supplemented with 10% fetal bovine
serum (FBS), 100 IU/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-glutamine (both from
Welgene Inc., Daegu, Korea) in a 5% CO3/95% air
humidified atmosphere. The cells were seeded
into 96-well microplates (Black Clear Bottom
Cell Culture Microplates 3603, Corning Costar
Corp., Cambridge, MA) at a cellular density of 1 x
10* cells/well. When 80% confluence was reached,
the medium was replaced by 100 pL of fresh
mouse (CDF;) plasma containing coumarin
6-loaded PLGA nanoparticles (0.25 mg/mL), and
the plates were incubated for 2 h at 37°C and
60 rpm. The content of coumarin 6 in all the
nanoparticles was identical at 3.5% (w/w). The
incubation was terminated by the addition of
ice-cold PBS (100 p.L), and the PBS was removed.
This process was repeated twice to eliminate
nanoparticles that were not taken up by the cells.
The cell membrane was then lysed with 100 pL
of 0.5% triton X-100 solution in 0.2 N NaOH, and
the concentration of coumarin 6 in the lysate was
determined using a microplate reader (Synergy
HT, BioTek Instruments, Winooski, VT) at excit-
ation and emission wavelengths of 430 and
485 nm, respectively.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 3, MARCH 2009

In Vitro Cytotoxicity Assay

Ab549 cells were transferred to 96-well plates at
a cellular density of 1x10* cells per well as
described above for the uptake study. When 80%
confluence was reached in each well (Corning
Costar Corp.), the medium was replaced by 100 pL
fresh mouse (CDF;) plasma containing 1, 2, or
4 ng paclitaxel or paclitaxel-loaded nanoparticles
with equivalent amounts of paclitaxel. One row of
the 96-well plates was subjected to the control
study, in which a culture medium without the
drug or nanoparticles was tested. The plates were
then incubated for 24, 48, and 72 h. At specified
time points, the medium was removed and the
wells were washed three times with PBS (100 p.L).
One hundred microliters of 3-(4,5-dimethylthia-
zol-2-yi)-2,5-diphenyltetrazolium (MTT assay
solution), which was prepared by mixing 10 pL
of MTT stock solution (5 mg/mL) and 90 uL
of incubation medium, was added to each well and
incubated for 3 h. After incubation, the medium
was removed, and dimethylsufoxide (DMSO,
100 pL) was added to the remaining precipitates
on the plates in the well. The absorbance of
the resulting DMSO solution was determined at
560 nm using a microplate reader (Molecular
Devices Co., Sunnyvale, CA). The percentage of
cell viability was calculated using the following
equation:
Cq e Abstest cells

Cell viability (%) Y
where Abstest cells and Abscontrol cells represent
absorbances for the cells treated with paclitaxel
or nanoparticles and the cells treated with the
culture medium, respectively.

x 100

Pharmacokinetics and Biodistribution Studies
of Paclitaxel

Pharmacokinetics and biodistribution of pacli-
taxel were investigated in normal and lung
metastasized CDF; mice. The lung metastasis
was induced by tail vein injection of CT-26 cells,
a transplantable mouse colon cancer cell line,
routinely grown with RPMI 1640 medium supple-
mented with 10% FBS, 100 IU/mL penicillin,
100 pg/mL streptomycin, and 2 mM L-glutamine
in 5% COy humidified air at 37°C, to CDF; mice at
a concentration of 1 x 10° cells/mouse.?? Exactly
2 weeks after the injection of CT-26 cells, the mice
were subjected to the pharmacokinetics and
biodistribution studies.

DOI 10.1002/jps
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Taxol™, chitosan-unmodified paclitaxel-loaded

nanoparticles (NPy), and chitosan (0.7%)-modified
paclitaxel-loaded nanoparticles (NP3) were inject-
ed to mice at a paclitaxel dose of 10 mg/kg, and the
plasma, heart, liver, spleen, lung, and kidney
were harvested at 5 min, 30 min, 2h,4h, 6 h, 8 h,
and 12 h after the administration of each
formulation. Blood samples were taken from the
eye, and centrifuged in Eppendorf tubes at 4°C
to collect plasma samples. The organs were
washed twice with physiological saline (0.9%
sodium chloride) and blotted dry. Plasma and
tissue samples were stored at —50°C for paclitaxel
analysis. Four mice were euthanized at each of the
seven sampling time points for each formulation
(i.e., a total of 28 mice for each formulation).

For the assay of paclitaxel in the plasma, 150 p.L
plasma sample was spiked with 50 pwL n-butyl
p-hydroxy benzoate (25 pg/mL, internal stan-
dard), extracted with 2 mL of ethyl acetate with
vigorous mixing for 5 min, and the mixture was
centrifuged at 892.6g for 5 min. The extraction
procedure was repeated twice, and the organic
phases were combined and dried under nitrogen
gas. The residue was then dissolved with 150 pL
of the mobile phase, and a 100 uL aliquot was
injected into the HPLC column.

For the assay of tissue samples, each tissue was
homogenized for 5 min at 4°C with 4 times the
volume of water containing 4% (w/v) bovine serum
albumin using a tissue homogenizer (IEA-Ultra-
Turrax®™ T25 basic, Germany). The tissue homo-
genate was spiked with 50 pL internal standard
(n-butyl p-hydroxy benzoate, 25 pg/mL) and
extracted twice with 2 mL of ethyl acetate each
time, as described above for plasma samples. The
ethyl acetate fractions were combined and dried
under nitrogen gas. The residue was reconstituted
with 150 pL of the mobile phase, and 100 pL
aliquot was injected into the HPLC column. The
HPLC equipment and assay condition were identi-
cal to those described in the in vitro release test.

The area under the plasma or tissue concentra-
tion—time curve from time zero to infinity (AUC),
plasma systemic clearance (CL) and distribution
volume at steady state (Vdg) of paclitaxel were
calculated using WinNonlin software (Pharsight,
Mountain View, CA).

Statistical Analysis

All data were expressed in the form of the
mean + SD when possible. Data were analyzed

DOI 10.1002/jps

for statistical significance by one-way analysis of
variance (ANOVA) followed by Sheffe’s test.
Values of p <0.001 or p <0.05 were considered
significant.

RESULTS AND DISCUSSION

Physical Characteristics of Nanoparticles

The physical characteristics of nanoparticles were
measured in DDW and plasma and are summar-
ized in Table 1. The loading efficiency and content
of paclitaxel in the nanoparticles were kept in the
range of 69.62-71.82% and 3.44-3.59%, respec-
tively, regardless of chitosan modification. On
the other hand, the size and zeta potential of
nanoparticles in DDW were significantly influ-
enced by the modification. The size of nanopar-
ticles increased as the concentration of chitosan in
the modification solution increased, but continued
to be smaller than 300 nm. The zeta potential
of nanoparticles changed to positive, in parallel
with the chitosan concentration. This is consistent
with the coating of the PLGA nanoparticle (NP,)
surface, which is negative due to the presence of
polymeric carboxylic groups®*3* with the posi-
tively charged chitosan molecules.

The size measured in vitro may be very different
from the actual size in systemic -circulation,
because an increase of up to 50% in the size is
generally observed for nanoparticles due to
aggregation or opsonization upon contact with
a protein-containing medium.?® Consistent with
this report, the size of PLGA nanoparticles as well
as the polydispersity index increased in contact
with plasma in the present study. Most impor-
tantly, the size of nanoparticles increased drama-
tically as the concentration of chitosan in the
modification solution increased (i.e., in the order
of NPy, NP, NP; and NPj3). For example, the size
of NP3 increased up to 2670.51 nm (2.7 pm), a
9.5-fold increase compared to that in DDW
(Fig. 3A and Tab. 1). Considering that the increase
in size was parallel to that of the zeta potential
(Tab. 1), it appears that electrical interaction
between nanoparticles (+ charged) and plasma
proteins (— charged) to form nanoparticle-protein
aggregates (Fig. 3) was responsible for the size
increase. While the size of nanoparticles in the
plasma [e.g., 2.7 pm for NP3 (Tab. 1)] reverted
nearly to their original values in DDW [e.g., to
350.69 +50.25 nm (mean +SD, n=3) after the
agitation vs. 280.62+3.61 nm in DDW (Fig. 3B

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 3, MARCH 2009
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and Tab. 1) for NP3] when the aggregates were
gently agitated for 5 min with a glass rod. The size
reduction may be attributable to the dissociation
of aggregates suggesting that the aggregation
based on electronic interaction is transient and
weak rather than permanent and strong.

X-Ray Diffraction

Figure 1 shows X-ray patterns of paclitaxel
powders, chitosan powders, drug-unloaded PLGA
nanoparticles (blank NP), chitosan-unmodified
paclitaxel-loaded PLGA nanoparticles (NPy),
and chitosan-modified paclitaxel-loaded PLGA
nanoparticles (NP;, NP5, and NPj3). Paclitaxel-
specific peaks, which appeared at about 6° and
12°, disappeared in all the nanoparticles of blank
NP, NP,, NP;, NP,, and NP3, suggesting that
paclitaxel in the nanoparticles does not exist as a
crystal form, but as an amorphous form.

Morphology of Nanoparticles

The SEM images of nanoparticles are shown in
Figure 2. Paclitaxel crystal was not observed for
any of the nanoparticles (A-D), consistent with

800

700 A //w

600

F (NP2)
500
E (NP1)

D (NPo)

200 1 B (chitosan)
20

Figure 1. X-ray diffractometry patterns of paclitaxel
powder (A), chitosan powder (B), surface-unmodified,
drug-unloaded PLGA nanoparticles (blank NP, C),
surface-unmodified, paclitaxel-loaded PLGA (NP, D),
0.3% chitosan-modified, paclitaxel-loaded PLGA (NP,
E), 0.5% chitosan-modified, paclitaxel-loaded PLGA
(NP, F), and 0.7% chitosan-modified, paclitaxel-loaded
PLGA nanoparticles (NP3, G).

Intensity
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the result of the X-ray study (Fig. 1). The shape of
the nanoparticles was spherical and their size was
less than 300 nm, consistent with the result of
the electrophoretic light scattering spectrophoto-
metry in DDW (Tab. 1). The surface smoothness
of the nanoparticles, however, decreased as the
chitosan concentration in the modification solu-
tion increased in the order of NP, NP;, NPy,
and NP3, consistent with the existence of sticky
chitosan on the surface of the nanoparticles.

TEM images of nanoparticles in the plasma are
shown in Figure 3. Figure 3A represents the for-
mation of aggregates, while Figure 3B represent
the dissociation of the aggregates by gentle
agitation for 5 min with a glass rod.

Paclitaxel Release from Nanoparticles

The release of paclitaxel from the nanoparticles in
PBS and plasma medium are shown in Figure 4.
In both release medium, biphasic release behavior
was observed for all of the nanoparticles with a
faster release phase during the initial period and a
slower release phase thereafter. Comparing in the
PBS, the all formulation showed a greater burst
effect of drug and a following higher cumulative
release percentage in rat plasma (p<0.05).
Combined with the known fact that the PLGA
polymer could be strongly degraded by enzymatic
degradation on the polymer surface, it is
hypothesized that drug release from the PBS
follows diffusion-based model while a diffusion
and erosion-controlled pattern in rat plasma. In
the initial release phase, where surface bound and
poorly encapsulated drug is release, may resulting
from diffusion from nanoparticles surface in the
PBS medium and from the polymer erosion and
diffusion in the biological condition. In the later
phase, drug is slower release from the core of the
nanoparticles. The similar mechanism is obtained
in the poly (methoxy polyethyleneglycol cyanoa-
crylate-co-n-hexadecyl cyanoacrylate) nanoparti-
cles.®® Regardless of dissolution medium, the
release was retarded as the concentration in the
modification solution increased, suggesting that
the chitosan layer on the nanoparticle surface
serves as an additional barrier for the diffusion of
paclitaxel.

Cellular Uptake of Coumarin 6 from Nanoparticles

Figure 5 shows the cellular uptake of coumarin 6
by A549 cells in 2 h from fresh mouse (CDF;)

DOI 10.1002/jps
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Figure 2. SEM images of surface-unmodified, paclitaxel-loaded PLGA nanoparticles
(NP, A), 0.3% chitosan-modified, paclitaxel-loaded PLGA nanoparticles (NP, B), 0.5%
chitosan-modified, paclitaxel-loaded PLGA nanoparticles (NP3, C), and 0.7% chitosan-
modified, paclitaxel-loaded PLGA nanoparticles (NP3, D).

plasma dispersion of various nanoparticles. Most
of the uptake in Figure 5 could be attributable to
the uptake of nanoparticles rather than the
uptake of released coumarin 6 because the

release of coumarin 6 in the rat plasma during
the 2 h period was minimal (i.e., <7% under
the given condition, data not shown). The uptake
increased as the concentration of chitosan in the

Figure 3. TEM images of chitosan modified nanoparticles (e.g., NP3) aggregate in the
plasma after pre-incubation of the nanoparticles at 37°C for 30 min with fresh mouse
(CDF,) plasma under shaking at 120 rpm (A) followed by gentle agitation of the
aggregates with the glass rod for 5 min in room temperature (B).
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Figure 4. In vitro release of paclitaxel in phosphate-buffered saline (PBS, 0.01 M,
pH 7.4) and SD rat plasma from surface-unmodified (NP, A), 0.3% chitosan-modified
(NP, O), 0.5% chitosan-modified (NP3, ¥), and 0.7% chitosan-modified, paclitaxel-
loaded PLGA nanoparticles (NP3, @). Each point shows the mean +SD of three

experiments.
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Figure 5. Cellular uptake of coumarin 6 (mean + SD,
n=4) by A549 cells for 2 h from fresh mouse (CDF,)
plasma dispersions of chitosan-unmodified (NPy), 0.3%
chitosan-modified (NP,), 0.5% chitosan-modified (NPy),
and 0.7% chitosan-modified, coumarin 6-loaded PLGA
nanoparticles (NP3) as a function of chitosan concen-
tration in the modification solution and zeta potential of
nanoparticles in the plasma.
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modification solution and the zeta potential of
the nanoparticles in the plasma increased. Cell
membranes, especially cancer cell membranes,
are usually negatively charged due to a negatively
charged inner component of the cell membranes,
phosphatidylserine (PS), which is translocated to
the surface in the case of cancer cells.?® Therefore,
the increased uptake of chitosan-modified nano-
particles (i.e., NP, NPy, and NP3) appears to be
attributable to the electrical interaction between
the negative charge of the cancer cell mem-
branes?*?* and the positive charge of the nano-
particles, which was produced by the chitosan
modification. The positive charge would enhance
the efficiency of cell uptake of nanoparticles by the
mechanism of clathrin-mediated endocytosis.?” In
addition, the adhesive characteristics of chitosan
might have increased the adsorption of nanopar-
ticles to the cell surface,?®?” contributing to the
increased endocytosis of mnanoparticles. The
results of the uptake study for chitosan-modified
coumarin 6-loaded PLGA nanoparticles may be
extended to a suggestion that the enhanced
delivery of drugs to specific cancer cells in cancer
patients may be made by chitosan modification of
drug-loaded PLGA nanoparticles.
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In Vitro Cytotoxicity of Paclitaxel-Loaded
PLGA Nanoparticles

The cytotoxic activity of paclitaxel-loaded PLGA
nanoparticles was estimated by measuring the
viability of A549 cells after the incubation of the
cells in mouse (CDF;) plasma with the nanopar-
ticles for 24, 48, and 72 h, and the results
were compared with that of Taxol™ (Fig. 6).
The cytotoxicity of nanoparticles increased as the
incubation time increased (compare A, B, and C in
Fig. 6), but were weaker than that of Taxol™. The
cytotoxicity of Cremorphor EL™, a solvent of
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Figure 6. Cell viability of A549 cells (mean + SD,
n =38) following incubation for 24 h (A), 48 h (B), or
72 h (C) with fresh mouse (CDF;) plasma dispersions of
Taxol™ (empty), surface-unmodified (NP,, vertical
stripe), 0.3% chitosan-modified (NP, horizontal stripe),
0.5% chitosan-modified (NP5, diagonal stripe), and 0.7%
chitosan-modified, paclitaxel-loaded PLGA nanoparti-
cles (NPj3, filled) at paclitaxel concentrations of 10, 20,
and 40 wg/mL. "p <0.05, “p < 0.001.
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1™ might have contributed
|T™ 38

paclitaxel in Taxo
(at least in part) to the cytotoxicity of Taxo
The weaker cytotoxicity of nanoparticles may be
attributable to the retarded release of paclitaxel
from the nanoparticles. Nevertheless, cytotoxicity
increased as the chitosan concentration in the
modification solution increased (i.e., as the release
was retarded) regardless of the incubation time
(p <0.001 for 24 h, and p <0.05 for 48 and 72 h
incubation). This may be attributable to the
increased cellular uptake of nanoparticles either
as a function of chitosan concentration or as zeta
potential (Fig. 6).

Plasma Pharmacokinetics and Biodistribution
of Paclitaxel

Plasma and tissue concentration—time profiles of
paclitaxel in normal and lung metastasized mice,
following tail vein administration of Taxol™,
NPy, and NP3 at a paclitaxel dose of 10 mg/kg
mouse, are shown in Figures 7 and 8, and
pharmacokinetic and biodistribution parameters
are summarized in Tables 2 and 3. The decline of
plasma paclitaxel was slower for unmodified
nanoparticles (NPj) and slowest for the chito-
san-modified nanoparticles (NP3), compared to
Taxol™, in normal and metastasized mice,
suggesting the retarded elimination of paclitaxel
(particularly chitosan-modified nanoparticles)
from the body (Fig. 7). Retarded elimination of
the drug is consistent with the well-known
retarded excretion for particles, compared to drug
molecules, via the urinary and biliary routes.
The substantial retardation of excretion for the

Metastasis

Normal

Paclitaxel in plasma (pg/ml)

024681012 02 4 6 8 1012
Time (h)

Figure 7. Plasma concentration—time profiles of
paclitaxel after tail vein administration of Taxol™
(- +), surface-unmodified (NP, ---) and 0.7% chitosan-
modified, paclitaxel-loaded PLGA nanoparticles
(NP3, —) to normal and lung metastasized CDF; mice
at a paclitaxel dose of 10 mg/kg.
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Figure 8. Tissues concentration—time profiles of paclitaxel after tail vein adminis-
tration of Taxol™, surface-unmodified (NP,,) and 0.7% chitosan-modified, paclitaxel-
loaded PLGA nanoparticles (NP3,) to normal and lung metastasized CDF; mice at a

paclitaxel dose of 10 mg/kg.

chitosan-modified PLGA nanoparticles (NPj3)
appears to be attributable to the increase in size
of NP3 in the stream of plasma to 2.7 pm (Tab. 1).

Some model-independent pharmacokinetic para-
meters are summarized in Table 2. The systemic
plasma clearance (CL) of paclitaxel decreased
in the order of Taxol™, NP,, and NP3 for both
normal and metastasized mice, consistent with
the retarded elimination of plasma paclitaxel for
nanoparticles shown in Figure 7. Interestingly,

Table 2. Plasma Pharmacokinetic Parameters of
Paclitaxel Following Tail Vein Administration of
Taxol™, NP, and NP5 to Normal and Lung
Metastasized CDF; Mice (n=4) at a Paclitaxel
Dose of 10 mg/kg

Normal
Mice

Lung Metastasis
Mice

Parameters Taxol™ NP, NP; Taxol™ NP, NP,

CL (L/h/kg) 0.53 0.33
Vd,, (L/kg) 2.01 2.68

0.88
0.92

0.50 0.31
1.93 2.55

0.91
0.96

Each value was calculated based on the mean plasma
concentrations of four different mice.
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the distribution volume (Vdgy) of paclitaxel gen-
erally increased in the order of Taxol™, NP,,
and NPj;, suggesting that the body distribution
of paclitaxel is improved by incorporation into
nanoparticles, particularly into the chitosan-
modified nanoparticles (e.g., NP3). In order to
confirm this finding, the biodistribution of pacli-
taxel from Taxol™, NP, and NP5 to various
organ tissues was investigated.

Figure 8 shows the paclitaxel concentration—
time profiles in various tissues of normal and
metastasized mice. The profile differed greatly
depending on the formulations and tissues. In the
case of Taxol™, the liver demonstrated the
highest drug concentration, which was followed
by the kidney in both types of mice. In the case
of NP, the drug level was highest in the liver,
followed by the spleen. In the case of NP3, the level
was highest in the lung compared to other tissues,
followed by the liver, particularly in mice with
metastasis.

The AUCswe values for NP, and NP3 were
generally larger than those from Taxol™ in both
types of mice (Tab. 3), consistent with the
generally larger Vdy for these formulations

DOI 10.1002/jps
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Table 3. The AUC and Tissue Distribution Index of Paclitaxel in Various Tissues Following Tail Vein
Administration of Taxol™, NP,, and NP5 to Normal and Lung Metastasized CDF; Mice (n =4) at a Paclitaxel Dose of
10 mg/kg

Normal Mice Metastasis Lung Mice

AUC? (ngh/mL) Distribution Index® AUC® (pgh/mL) Distribution Index®

Tissue Taxol™ NP, NP; Taxol™ NP, NP; Taxol™ NP, NP; Taxol™ NP, NP;
Plasma 11.4 18.7 24.6 1 1 1 10.3 17.3 24.2 1 1 1

Heart 30.2 43.6 37.2 2.6 23 15 31.3 42.5 34.6 3.0 25 14
Liver 2324 569.8 4456 204 305 181 201.7 581.6  461.3 196 336 19.1
Spleen 50.7 359.8  165.6 44 192 6.7 57.2 3805  190.6 56 220 7.9
Lung 546  117.2 17685 4.8 6.3 171.9 55.4 1145 24165 5.4 6.6 99.9
Kidney  102.7 1476  235.9 9.0 79 7.9 95.4 1315  246.3 9.3 76 10.2

“All AUC values were calculated using mean paclitaxel concentrations of four different mice at each sampling time point.

®Distribution indexes were calculated by AUCissues/AUCplasma for each formulation, respectively.

(Tab. 2). The most distinct increase was observed
for the AUC,g of NP3, which demonstrated
32.4- and 43.6-fold increases compared to the
AUCyyng of Taxol™ in normal and metastasized
mice, respectively. For NP, only a 2-fold increase
in the AUCyy,, could be achieved.

The efficiency of drug delivery to a specific
tissue can be expressed by the ratio of the drug
dose in the tissue and the drug dose in the blood
circulate (i.e., distribution index in Tab. 3), which
can be calculated by the AUC ratio between
tissues and plasma (i.e., AUCisque/AUCp1asma)-
The distribution index from unmodified PLGA
nanoparticles, NP, for the liver and spleen was
larger compared to Taxol™ and other tissues.
This is consistent with the hypothesis that
nanoparticles are removed from circulation by
the reticuloendothelial system (RES) organs (e.g.,
liver and spleen) through phagocytosis by Kupper
cells (liver) and macrophages (spleen).?® With the
chitosan-modification of the nanoparticles, a
dramatic increase was observed in the distribu-
tion index of the drug to the lung. In normal mice,
the index was 4.8 for Taxol™ and 6.3 for NP,, but
71.9 for NP3, exhibiting a 15.0-fold increase
for NP5 compared to Taxol™. Therefore, the
increase in distribution to the lung appears to
be responsible for the increased Vdg of the drug
for NP3 in Table 2. Despite the distinct increase in
distribution to the lung, distribution indexes
for NP5 decreased or remained constant for the
other tissues of organs. It may indicate that
chitosan modification did not mediate the uptake
of nanoparticles by the RES (opsonization).*°
These results indicate the preferential delivery
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of drug to the lungs is feasible by the adminis-
tration of paclitaxel-loaded PLGA nanoparticles.

A similar tendency was observed for the
distribution index in the metastasized mice. Most
importantly, the distribution index to the lung
from NP3 was larger than those to the other
tissues. The index was 5.4 for Taxol™ and 6.6
for NPy, but 99.9 for NP3, exhibiting an 18.5-fold
increase for NP; compared to Taxol™. The
distribution index of NP3 to the metastasis lung
was even larger than that to the lung of normal
mice (i.e., 71.9 vs. 99.9). In contrast, the distribu-
tion index to the heart was reduced for NPjg
compared to Taxol™ (i.e., 3.0 vs. 1.4), and the
indexes to the liver, spleen and kidney were
comparable between Taxol™ and NP5, suggesting
an advantage of NP5 over Taxol™ in avoiding
unnecessary side effects of paclitaxel on the
heart.® The preferential distribution of paclitaxel
to the metastasized lung with unchanged or
reduced distribution of the drug to other tissues
suggests the potential of chitosan-modified, pacli-
taxel-loaded PLGA nanoparticles as a promising
delivery system for paclitaxel to the metastasized
lung under the assumption that transient aggre-
gates of nanoparticles.

The underlying mechanism(s) of the lung
accumulation of paclitaxel from NP3 was not
pursued in detail in the present study, but the
transient formation of large nanoparticle aggre-
gates (e.g., 2.7 wm, Tab. 1) in contact with plasma
proteins during circulation, followed by enhanced
entrapment of large aggregates by the lung
capillaries, might represent the principal mechan-
isms. This hypothesis is based on the fact that
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large size aggregates (e.g., 2.0-10.0 pm*') are
efficiently trapped in the capillary bed of the
normal or tumor vasculature of the lung. In
addition, electrical interaction between the posi-
tively charged nanoparticles (e.g., NP3) and
negatively charged endothelial cells of the tumor
vasculature might have potentiated the accumu-
lation of NP3 aggregates in the lung tumor capil-
laries.*? The negative charge of endothelial cells of
the tumor vasculature appears to be attributable
to the over-expression of negatively charged
surface molecules, for example, anionic phospho-
lipids, glycoproteins and proteoglycans.**~*® This
hypothesis is supported by the delivery of cationic
liposomes to microvessels of solid tumors.??

The potential advantage of chitosan-modified
nanoparticles over the permanent microparticu-
late drug delivery systems may exist in that they
form transient aggregates of nanoparticles in the
plasma, as confirmed by their reversible size
change in the plasma. Transient aggregates of
microsize are likely to be efficiently entrapped in
the lung capillary vasculature via above-men-
tioned mechanisms, thereby leading to temporal
accumulation of the aggregates in the lung
capillary.

Accumulation of microparticles may result in
the embolization of the vasculature. However, the
degree of embolization from the transient aggre-
gates of nanoparticles will not be so serious
compared to permanent microparticles, because
the aggregates may be dissociated to original size
after the temporal accumulation in the capillary.
Therefore, potential toxicity problems of perma-
nent microparticles in association with emboliza-
tion would be avoided at least in part by the
transient aggregates. Loose aggregation and
dissociation in vivo has also been observed for
cationic liposomes.*®

CONCLUSION

In this study, chitosan-modified paclitaxel-loaded
PLGA nanoparticles were prepared. The surface
charge of PLGA nanoparticles could be modified
from negative to positive by treatment of the
surface of PLGA nanoparticles with the chitosan
solution. The size of nanoparticles increased
dramatically in plasma as the concentration of
chitosan in the modification solution increased
(e.g., 2.7 pm for 0.7% chitosan-modified
nanoparticles, NP3). Most importantly, a prefer-
ential accumulation of paclitaxel in the lung could
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be achieved both in normal and lung-metastasized
mice. For example, a distribution index (.e.,
AUC1yng/AUC1asma) of 99.9 was obtained follow-
ing tail vein administration of NP3 into the
metastasized mice at a paclitaxel dose of 10 mg/
kg. Increased size of nanoparticles due to tran-
sient formation of aggregates in the plasma,
substantial retardation of paclitaxel in the nano-
particles, and electrical interaction between the
positively charged nanoparticle surfaces and
negatively charged endothelium of lung tumor
vasculature appear to be responsible for the lung-
specific accumulation of paclitaxel. Although the
in vitro cytotoxicity of paclitaxel was decreased
with the nanoparticles, the distinct in vivo
accumulation of nanoparticles exclusively in the
lung, the enhanced in vitro uptake of nanoparti-
cles into cancer cells, and, possibly, the moderate
in vivo release of paclitaxel®® suggest the feasi-
bility of chitosan-modified, paclitaxel-loaded poly
lactic-co-glycolic acid (PLGA) nanoparticles as a
lung-specific delivery system for paclitaxel in lung
cancer patients. Most importantly, transient
aggregates of nanoparticles in the present study
may not expected to evoke serious embolization-
related toxicity problem compared to permanent
micro-particulate drug delivery systems, suggest-
ing potential advantage of this approach in terms
of in vivo safety issues.
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