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In our previous study, lung tumor-specific targeting of paclitaxel was achieved in mice by intravenous
administration of chitosan-modified paclitaxel-loaded PLGA nanoparticles (C-NPs-paclitaxel). Transient
formation of aggregates in the blood stream followed by enhanced trapping in the capillaries was pro-
posed as amechanism of the lung-specific accumulation of paclitaxel. In the present study, the mechanism
of tumor lung preferential accumulation of paclitaxel from C-NPs-paclitaxel was investigated. Zeta poten-
tial and in vitro cellular cytotoxicity (A549 cells and CT-26 cells) of C-NPs-paclitaxel, and in vitro uptake
of coumarin 6 to these cells from chitosan-modified coumarin 6 containing PLGA nanoparticles (C-NPs-
coumarin 6) were examined as a function of pH (6.8, 7.4 and 8.0). The zeta potential of C-NPs-paclitaxel
increased as the medium pH became more acidic. In vitro uptake of coumarin 6 by A549 cells and
CT-26 cells was enhanced at lower pH for C-NPs-coumarin 6. In vitro cytotoxicity experiment with C-
NPs-paclitaxel demonstrated enhanced cytotoxicity as the pH became more acidic. Therefore, enhanced
electrostatic interaction between chitosan-modified PLGA nanoparticles and acidic microenvironment of
tumor cells appears to be an underlying mechanism of lung tumor-specific accumulation of paclitaxel
from C-NPs-paclitaxel.
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© 2009 Published by Elsevier B.V.

1. Introduction

The use of chemotherapy to treat cancers is often limited by
unwanted toxic effects on normal tissues. This is because most
anti-cancer drugs are not distributed in the target tumor-bearing
tissues specifically, which results in reduced therapeutic efficacy.
Therefore, it is evident that targeted delivery of anti-cancer drugs
into the tumor tissue is the focus of intensive research to improve
chemotherapy (Kobayashi and Lin, 2006). For this reason, vari-
ous drug carriers have been investigated to reduce toxicity and
to increase therapeutic efficacy of anti-cancer drugs. However,
the attempt is regarded as a limited success, particularly for lung
tumors (Lee et al., 2008).

With regard to lung cancers, Taxol® is one of the first line formu-
lations of paclitaxel that can be used in the treatment of non-small
cell lung cancer (NSCLS), which has the highest mortality rate
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among cancers (Parkin et al., 2005). However, Cremophor® EL - an
adjuvant used in Taxol® - has been associated with very serious side
effects such as hypersensitivity reactions, nephrotoxicity, neuro-
toxicity, and cardiotoxicity (Lehoczky et al., 2001). Moreover, it has
recently been found that the concentration of paclitaxel in the lung
is very low (Yang et al., 2008), possibly resulting in unsatisfactory
therapeutic efficacy.

To overcome this limitation, we have prepared “chitosan-
modified, paclitaxel-loaded poly lactic-co-glycolic acid (PLGA)
nanoparticles” (C-NPs-paclitaxel) with a mean diameter of
200-300nm (Yang et al, 2008). As a result, a lung-specific
increase of paclitaxel concentration was achieved in mice using
C-NPs-paclitaxel, while “chitosan-unmodified paclitaxel-loaded
PLGA nanoparticles” (U-NPs-paclitaxel) did not. Transient forma-
tion of aggregates of nanoparticles in the blood stream followed
by enhanced trapping in the lung capillaries was proposed as a
mechanism of lung tumor-specific distribution of C-NPs-paclitaxel.
Moreover, C-NPs-paclitaxel seemed to have an affinity for lung
tumor tissues, because the concentration of paclitaxel in the
tumor-bearing lung was greater than that in the normal lung. We
reasoned that this phenomenon could be due to the electrostatic
interaction between nanoparticles and tumor tissues. However,
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no conclusive evidence was given in the last study (Yang et al.,
2008).

Numerous reports confirm that the extracellular region of vari-
ous solid tumors is acidic (Adams, 2005). The acidic pH is regarded
even as a phenotypic characteristic of tumor growth and invasive-
ness of solid tumors. Under these acidic conditions, it is known that
the surface charges of chitosan-modified nanoparticles become
more positive (Nafee et al., 2007). On the other hand, cancer cell
membranes are negatively charged (Augustin et al., 1995; Augustin
et al.,, 1994; lozzo and San-Antonio, 2001; Ran et al., 2002; Ran
and Thorpe, 2002; Kirkpatrick et al., 2003). Therefore, a stronger
electrostatic interaction between negatively charged tumor vascu-
lar cells and positively charged C-NPs is assumed to occur at acidic
tumor tissues. In the present study, the underlying mechanism of
the lung tumor-specific accumulation of chitosan-modified PLGA
nanoparticles was investigated in detail in terms of electrostatic
interaction.

2. Materials and methods
2.1. Materials

Paclitaxel was purchased from Taihua National Plant Pharma-
ceutical Corporation (Shan Xi, China). PLGA with a lactide/glycolide
molar ratio of 50:50 (Mw: 40,000-75,000), polyvinyl alcohol
(PVA, Mw: ~67,000), chitosan (Mw: 45,500-50,000, deacetyla-
tion degree: 75-80%), coumarin 6 (Mw: 350.43), RPMI 1640 cell
culture medium (powder with L-glutamine and without sodium
bicarbonate, developed at Roswell Park Memorial Institute) and
phosphate-buffered saline (PBS, pH 7.4, 0.01 M) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). A human lung cancer
cell line A549 and the murine colon cancer cell line CT-26 were
purchased from Korea Cell Line Bank (Seoul, Korea). All other chem-
icals were of the highest grade available and were obtained from
commercial sources.

2.2. Animals and induction of lung tumor

Male CDF; mice, 3-4 weeks old and weighting 18-22¢g,
were purchased from the Central Lab Animal Inc. (Seoul, Korea).
A transplantable mouse colon cancer cell line (CT-26), which
was maintained in RPMI 1640 medium supplemented with 10%
FBS, 1001U/mL penicillin, 100 pg/mL streptomycin, and 2mM L-
glutamine in 5% CO, humidified air at 37 °C, was administered to the
CDF; mice via the tail vein at a concentration of 1 x 10° cells/mouse.
Exactly 2 weeks after the injection of CT-26 cells, the animals were
used as lung tumor-bearing mice (Sakurai et al., 2003). All ani-
mal experiments were performed according to the Guidelines for
Animal Care and Use of Seoul National University, Seoul, Korea.

2.3. Preparation of PLGA nanoparticles

Paclitaxel- or coumarin 6-loaded PLGA nanoparticles were pre-
pared as described previously (Yang et al., 2008). Briefly, PLGA and
either paclitaxel or coumarin 6 were dissolved in dichloromethane,
poured into a PVA solution (4%, w/v) and sonicated. The result-
ing o/w pre-emulsion was poured into a larger volume of PVA
solution (1%, w/v) in order to increase the distance between emul-
sified droplets and to minimize coalescence and aggregation of the
newly formed particles being formed. The dispersion was stirred
overnight at40 °C, centrifuged at 919.7 x gand thenat41,137.3 x gto
separate the particles. The resulting sediments were resuspended
in double distilled water. This process was repeated three times.
In the case of chitosan-modified nanoparticles, either paclitaxel-
or coumarin 6-loaded nanoparticles was added to the chitosan

acetic acid solution (1%, v/v) under agitation with a magnetic stir-
rer overnight at room temperature. Subsequently, the mixture was
centrifuged at 92,566.5 x g for 50 min, and the unbounded polymer
in the supernatant was decanted. Finally, the resulting disper-
sion was freeze-dried. The chitosan modification did not influence
the content of the drug in the nanoparticles (e.g., paclitaxel in C-
NPs-paclitaxel and U-NPs-paclitaxel was identical at 3.41 £0.12%
(w/w); coumarin 6 in C-NPs-coumarin 6 and U-NPs-coumarin 6 was
identical at 3.58 +0.16 (w/w)). The sizes of C-NPs-paclitaxel or C-
NPs-coumarin 6 were 281 £ 3.61 nm or 279 4+ 3.69 nm (mean £ S.D.,
n=3), respectively, while those of U-NPs-paclitaxel or U-NPs-
coumarin 6 were 202+2.34nm or 205+3.76nm (mean=+S.D.,
n=3), respectively.

2.4. Zeta potential of nanoparticles at various pH

The surface charge of the chitosan-modified (C-NPs) or unmod-
ified nanoparticles (U-NPs) was measured by electrophoretic light
scattering spectrophotometry (ELS-8000, Otsuka Electronics Co.
Ltd., Osaka, Japan), based on dynamic light scattering, after appro-
priate dilution of the nanoparticles in PBS solution of different pH
values (pH 5.5-8.0).

2.5. Invitro cell uptake of coumarin 6 from C-NPs-coumarin 6 or
U-NPs-coumarin 6 at different pH

To examine the effect of surface modification with chitosan
on the cellular uptake of nanoparticles at different pH, an in
vitro uptake experiment was performed for U-NPs-coumarin 6
and C-NPs-coumarin 6 using A549 and CT-26 cells. The cells were
routinely grown at 37°C with an RPMI 1640 medium, supple-
mented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin,
100 pg/mL streptomycin and 2 mM L-glutamine (both from Wel-
gene Inc. Daegu, Korea) in a 5% CO,/95% air humidified atmosphere.
A549 or CT-26 cells were seeded into 96-well microplates (Black
Clear Bottom Cell Culture Microplates 3603, Corning Costar Corp.,
Cambridge, MA, USA) at a cellular density of 1 x 10%cells/well.
When the cells reached 80% confluence, the medium was replaced
with 100 L PBS buffer of various pHs (6.8, 7.4 and 8.0), containing
coumarin 6-loaded PLGA nanoparticles (0.25 mg/mL). Coumarin 6
was selected as a model compound based on its high sensitivity of
determination in the cell. The plates were incubated for 6h or 12 h
at 37 °C. The incubation was terminated by the addition of ice-cold
PBS (100 w.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 L 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, USA) at excitation and emission
wavelengths of 430 and 485 nm, respectively.

2.6. Invitro cell cytotoxicty of C-NPs-paclitaxel and
U-NPs-paclitaxel

A549 or CT-26 cells were transferred to 96-well plates (Corn-
ing Costar Corp, New York, USA) at a density of 1 x 104 cells/well.
When the cells reached 80% confluence, the medium was replaced
with 100 pL of medium at a pH of 6.8, 7.4 or 8.0 containing vary-
ing amounts of U-NPs-paclitaxel or C-NPs-paclitaxel. One row of
the 96-well plates was used as a control; culture medium without
the nanoparticles was added to these wells. The plates were then
incubated for 6 h or 12 h. The medium was then removed and the
wells were washed three times with PBS (100 wL). Then, 100 L of
3-(4,5-dimethylthiazol-2-yi)-2,5-diphenyltetrazolium (MTT assay
solution), which was prepared by mixing 10 p.L of MTT stock solu-
tion (5mg/mL) and 90 pL of incubation medium, respectively,
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was added to each well, followed by a 3h incubation period.
After incubation, the medium was removed, and dimethylsulfox-
ide (DMSO, 100 wL) was added to the residual precipitates. The
absorbance of the resulting DMSO solution was determined at
560 nm using a microplate reader (Molecular Devices Co., Sunny-
vale, CA). Cell viability was expressed as the percent absorbance
relative to absorbance measured for cells that were not exposed to
any material. Relative absorbance was plotted against the log (drug
concentration) for the determination of the nanoparticles concen-
tration that resulted in 50% cytotoxicity (ICsq) value. ICsg and 95%
confidence intervals were calculated using non-linear regression of
log-transformed data by Prism (Graph Pad software, San Diego, CA)
(Banfi et al., 2007).

2.7. Confocal laser scanning microscopy

A549 and CT-26 cells were seeded onto 6-well glass inserts
(3516, Corning Costar Corp., MA, USA) at a cellular density of
5 x 10° cells/well. When 80% confluence was reached, the culture
medium was replaced with 1 mL medium (pH 6.8, 7.4 or 8.0) con-
taining U-NPs-coumarin 6 or C-NPs-coumarin 6 (0.25 mg/mL). After
incubation at 37°C for 6 h, the medium was removed by aspira-
tion, and the cells were rinsed three times with ice-cold PBS (1 mL)
and fixed with 3.7% formaldehyde (0.5 mL). Thereafter, glass inserts
containing the cells were observed under confocal laser scan-
ning microscopy (TCS SP2, Leica Microsystem, Heidelberg GmbH,
Mannheim, Germany) after mounting by the reagent (FluoSave, Cal-
biochem, San Diego, CA, USA). The intensity of the brightness was
analysed using Image ] (National Institutes of Health, Maryland,
USA).

To investigate the distribution profile of C-NPs-coumarin 6 in
vivo, the nanoparticles were administered to mice via the tail vein
atacoumarin 6 dose of 10 mg/kg. Lungs were carefully harvested 2 h
after the administration of the nanoparticles, fixed and preserved
in 10% neutral buffered formalin (~ 4% formalin solution). Organs
were then trimmed, embedded in paraffin, and cut into ~2 pm sec-
tions. Thereafter, lung tissues slices were directly placed in a sample
holder, covered with a coverslip glass, and observed under confocal
laser scanning microscopy (TCS SP2, Leica Microsystem, Heidelberg
GmbH, Mannheim, Germany) (Lombry et al., 2002).

2.8. Statistical analysis

Data were analysed for statistical significance by one-way anal-
ysis of variance (ANOVA) followed by Sheffe’s test. Either p <0.001
or p<0.05 was considered as statistically significant.

3. Results and discussion

3.1. Zeta potential of C-NPs-paclitaxel and U-NPs-paclitaxel at
various pH

First, it was investigated whether surface charges of nanopar-
ticles are affected by various medium conditions. As shown in
Fig. 1, the zeta potentials of C-NPs-paclitaxel became higher as the
medium became more acidic. For instance, the positive potential at
pH 5.5 was approximately 20-fold greater than that at pH 8.0 (e.g.,
41.4mV at pH 5.5 vs. 2.09mV at pH 8.0). On the contrary, the zeta
potentials of U-NPs-paclitaxel were not significantly influenced by
the pH.

Chitosan is poly-cationic in acidic media and thus the
zeta potential increases as the medium becomes more acidic
(Khunawattanakul et al., 2008). This phenomenon might be due
to the presence of free amines on chitosan molecules. In particu-
lar, the amino group (-NH, ) forms a cationic amine group (-NH3*)
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Fig. 1. Zeta potential (mV) of chitosan-modified paclitaxel-loaded PLGA nanopar-
ticles (C-NPs-paclitaxel) and unmodified paclitaxel-loaded PLGA nanoparticles
(U-NPs-paclitaxel) in various pH PBS solution.

in an acidic environment. The following equilibrium describes the
state of ionization:

Chit—NHz +H;s Ot « Chit-NH3Jr +H,0

Therefore, pH is an important parameter for C-NPs because it affects
not only the ionization of chitosan molecules, but also the zeta
potential of C-NPs. As the pH of the medium increased (e.g., at pH
8.0), the zeta potential decreased, probably due to a reduction in
ionization of the amine group. In comparison, the negative charge
of U-NPs was attributable to the presence of polymeric carboxylic
groups on the surface of PLGA nanoparticles (Lacasse et al., 1998;
Mauduit and Vert, 1993). It appears that the surface charges of U-
NPs are not affected by the pH difference, because the zeta potential
changes were negligible (Fig. 1). It is worth mentioning that the zeta
potential changes of U-NPs were only 0.4-3.5 mV for the conditions
of pH 2.0-8.0 (Nafee et al., 2007).

In short, the zeta potential of C-NPs, but not that of U-NPs, was
greatly affected by the pH, indicating that C-NPs will be more pos-
itively charged under acidic conditions.

3.2. Invitro cell uptake of coumarin 6 from C-NPs-coumarin 6
and U-NPs-coumarin 6

The effect of pH on the cellular uptake of coumarin 6 was then
examined for A549 and CT-26 cells. As shown in Fig. 2, the flu-
orescence intensities from C-NPs-coumarin 6 for a 6h period for
both cell lines were greater than those of U-NPs-coumarin 6. In
addition, the fluorescence intensities of C-NPs from both A549 and
CT-26 cells became stronger as the pH of the medium became
acidic, indicating that the uptake of C-NPs were more active under
acidic conditions (i.e., pH 6.8 > pH 7.4 > pH 8.0). On the other hand,
the intensities of U-NPs showed no noticeable changes, suggest-
ing that the uptake process of U-NPs is pH-insensitive. Most of the
uptake in Fig. 2 could be attributable to the uptake of nanoparticles
rather than the uptake of released coumarin 6 because the release of
coumarin 6 during the 6 h period was minimal (i.e., <5%, regardless
of pH, under the given conditions, data not shown).

The uptake amount of coumarin 6 by both cell lines was further
quantified for more exact comparison. Fig. 3 shows the quanti-
fied amounts of coumarin 6 under various pH conditions. In line
with confocal microscopy results (Fig. 2), cellular uptake of C-NPs
was much greater compared with U-NPs at all pHs examined, and
increased significantly as the pH in the medium decreased for both
cell lines. However, the uptake of U-NPs was not affected by the pH
change (0.21-0.41 x 10~1° mmol/cm?). Again, most of the uptake in
Fig. 3 could be attributable to the uptake of nanoparticles rather
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Fig. 2. Representative confocal microscopic images of A549 (a) and CT-26 cells (¢) following incubation for 6 h with chitosan-modified coumarin 6-loaded PLGA nanoparticles
(C-NPs-coumarin 6) and unmodified coumarin 6-loaded PLGA nanoparticles (U-NPs-coumarin 6) at pH 6.8, 7.4 or 8.0. The fluorescence intensities of A549 (b) and CT 26 cells

(d) are shown as graphs (n=3). *P<0.05, **P<0.001.

than the uptake of released coumarin 6 because the release of
coumarin 6 during the 12 h period was minimal (i.e., <8%, regardless
of pH, under the given conditions, data not shown).

The positive charge (zeta potential) on C-NPs is enhanced at
lower pH, as demonstrated in Fig. 1. Cell surfaces, especially cancer
cell surfaces, are usually charged negatively due to the transloca-
tion of negatively charged constituents of the inner layer of the cell
membrane (e.g., phosphatidylserine, anionic phospholipids, gly-
coproteins and proteoglycans) to the cell surfaces in the case of
cancers (Augustin et al., 1994, 1995; lozzo and San-Antonio, 2001;

A549
8.0
7.44 *

6.8

H sk

6h

8.0
7.4+
6.8

Ran et al., 2002; Ran and Thorpe, 2002; Kirkpatrick et al., 2003).
The increased uptake of C-NPs into the cell at lower pH medium,
therefore, appears to be attributable in part to the electrostatic
interaction between the positive charge of C-NPs and negative
charge of the cancer cell surfaces.

3.3. Invitro cytotoxicity of C-NPs-paclitaxel and U-NPs-paclitaxel

Next, whether the pH affects the cytotoxicity of C-NPs-paclitaxel
and U-NPs-paclitaxel was tested. The cytotoxicity in the culture

CT-26
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8.0
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Cell uptake (x 101 mmol/cm?)

Fig. 3. Cellular uptake of C-NPs-coumarin 6 and U-NPs-coumarin 6 in A549 and CT-26 cells under various pH PBS after 6 and 12 h of incubation (n=3). *P<0.05, **P<0.001.
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Fig. 4. Cytotoxicity of paclitaxel-loaded C-NPs and U-NPs in various pH values against A549 and CT-26 cells after 6 and 12 h of incubation (n=3). *P<0.05, **P<0.001.

medium of different pH values was evaluated by comparing ICsq
values from both A549 cells and CT-26 cells. As shown in Fig. 4,
the ICsg of C-NPs decreased in both cell lines as the cell culture
medium became more acidic. For example, IC5g values in A549
cells decreased from 18.68 +1.06 to 4.35+0.71 uM as the pH of
the medium changed from 8.0 to 6.8 during the 12 h incubation.
A similar result was observed for CT-26 cells, but IC5g values of
CT-26 cells were higher than those of A549 cells. On the other
hand, U-NPs exerted constant ICsg values regardless of the pH of the
medium. After the 12 hincubation, greater sensitivity was observed
compared with 6h incubation for both cells and nanoparticles
(Fig. 4).

Because paclitaxel itself is not a pH-sensitive cancer chemother-
apeutic agent (Fitzpatrick and Wheeler, 2003), and the release
of paclitaxel to medium in any pH is less than 10% (data not
shown), greater sensitivity to C-NPs at lower pH might be due to

Normal lung

the enhanced interaction between the positive nanoparticles (i.e.,
C-NPs) and negative cancer cells. As previously mentioned, more
positive charges on C-NPs at lower pH and greater negative charges
of the cancer cell membrane might have induced the electrostatic
interaction between nanoparticles and cell membranes, enhancing
the uptake of nanoparticles into cells, and the cytotoxic effects of
paclitaxel against the cancer cells.

3.4. Tumor-specific accumulation of C-NPs in vivo

Finally, whether C-NPs are specifically accumulated in lung can-
cers in vivo was checked microscopically. C-NPs-coumarin 6 was
injected intravenously into both normal and lung tumor-bearing
mice at a coumarin 6 dose of 10 mg/kg. As shown in Fig. 5, the accu-
mulation of coumarin 6 in the tumor tissue 2 h after administration
was greater than that observed in the normal tissue, which is con-

Tumor lung

Fig. 5. A representative distribution of coumarin 6-loaded C-NPs in the lung tissue 2 h after tail vein administration at a coumarin 6 dose of 10 mg/kg. The green staining
represents coumarin 6-labeled nanoparticles in normal lung (left) and tumor lung (right). Arrows indicate the tumor nodules. Magnification was 512 x.
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sistent with a greater distribution index (i.e., AUCyng/AUCpja5ma) Of
paclitaxel in the lung for tumor-bearing mice compared to normal
mice (i.e., 99.9 vs. 71.9, Yang et al., 2008).

The tumor-specific accumulation of drugs could be achieved
by the electronic interaction between cationic drug delivery sys-
tems and anionic tumor microvessels (Schmitt-Sody et al., 2003).
In the present study, the acidic microenvironment of the tumor
site might have increased the positive charges on the surface of
C-NPs-coumarin 6, thereby enhancing the electrostatic interaction
between the nanoparticles and the tumor cells.

Evidence accumulated during the past 50 years shows that the
pH of most solid tumors in patients ranges from 5.7 to 7.8 with a
mean value of 7.0. Moreover, greater than 80% of these measured
values are smaller than pH 7.2 (Lee et al.,, 2003). Tumor tissues
contain large, acid-outside plasma pH gradients, while normal tis-
sues generally have alkaline-outside pH gradients (Mahoney et al.,
2003). Therefore, the extracellular pH of malignant tumors is sig-
nificantly lower than that of normal tissues under physiological
conditions (Gerwek, 1998, 2000; Garcia-Martin et al., 2006). As
the pH became acidic, the zeta potential of V-NPs became posi-
tive (Fig. 1), which enhanced the electrostatic interaction between
the C-NPs and tumor tissues. In addition, negative charges on
the endothelial cell membranes of the tumor vasculature might
have potentiated the electrostatic interaction between positively
charged nanoparticles and tumors. Thus, these two factors — more
positive charges of C-NPs at the tumor site and more negative
charges of tumor cells/vasculature — appear to be responsible for
the tumor-specific accumulation of C-NPs.

In conclusion, accelerated in vitro uptake of coumarin 6 to can-
cer cells (Figs. 2 and 3), enhanced cytotoxicity of paclitaxel (Fig. 4)
and increased in vivo accumulation of coumarin 6 in tumor-bearing
lungs (Fig. 5) consistently suggest that enhanced electrostatic
interaction between nanoparticles and tumor tissues serves as an
underlying mechanism for the lung tumor-specific sensitivity of
chitosan-modified nanoparticles. This novel mechanism of the C-
NP delivery system may bring us a step closer to a safe and universal
targeting system for acidic solid tumors.
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