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Purpose. Chitosan-g-PEG/heparin polyelectrolyte complex micelles were prepared for inducing apoptotic
death of cancer cells.

Materials and methods. The cytotoxicity of polyelectrolyte complex micelles was evaluated by examining
the growth inhibition of mouse melanoma B16F10 cells. Cellular uptake and apoptosis-inducing effect
were investigated by confocal laser scanning microscopy and flow cytometric analysis, respectively.
Results. The prepared polyelectrolyte complex micelles had a spherical shape with an average diameter
of 162.8+18.9 nm. They were highly stable and well dispersed even in the presence of serum due to the
presence of hydrophilic PEG shell layer surrounding the micelles. Moreover, they exhibited significantly
higher cytotoxic activity against B16F10 cells compared to heparin or chitosan-g-PEG at the same
concentration. The polyelectrolyte complex micelles were internalized by cancer cells to a greater extent
than free heparin alone, indicating that the dramatic cell death was attributed to the increased cellular
uptake of heparin. The internalized heparin was shown to induce apoptotic death of the cancer cells via a
caspase-dependent pathway.

Conclusions. Nanosized and stable chitosan-g-PEG/heparin polyelectrolyte complex micelles were
produced by a self-assembly process. The polyelectrolyte complex micelles facilitated the intracellular
delivery of heparin, triggered the caspase activation, and consequently promoted apoptotic death of

cancer cells.
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INTRODUCTION

Over the past decade, nanoscale drug delivery systems
based on polymeric micelles have drawn significant attention
due to their unique properties for therapeutic and diagnostic
applications. Particularly, polymeric micelles formed by self-
assembly of amphiphilic copolymers in aqueous solution have
been widely explored for effective cancer therapy because
they can encapsulate diverse water-insoluble anti-cancer
drugs such as doxorubicin and paclitaxel in their hydrophobic
core (1-3). Polyelectrolyte complex micelles have recently
emerged as an alternative class of polymeric micelles for
efficient delivery of charged therapeutic agents. They are
usually produced by self-assembly of di-block copolymers
composed of a cationic segment and a hydrophilic segment,
and anionic macromolecules. Electrostatic interactions be-
tween oppositely charged molecules generate a charge
neutralized core surrounded by a layer of the hydrophilic
polymer (4,5). These polyelectrolyte complex micelles have
distinctive advantages for intravenous and intracellular drug
delivery. For example, the nanoscale size and hydrophilic
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shell layer render the micelles to escape from degradation by
enzymes and avoid nonspecific uptake by macrophages
distributed in body organs (6,7). Furthermore, the polyelec-
trolyte complex micelles can be extensively applied for
delivery of various bioactive macromolecules including
nucleic acids and proteins.

Heparin, a highly sulfated natural glycosaminoglycan, is
clinically used as an injectable anticoagulant. Heparin is
known to interact with a diverse group of proteins having
heparin-binding domains to regulate a variety of physiological
processes including cell proliferation, differentiation, and
inflammation (8). Recent studies have revealed that heparin
exhibits various anti-cancer activities in the processes of
tumor progression and metastasis. For instance, it has been
found that heparin strongly binds to various growth factors
such as vascular endothelial growth factor (VEGF), and
consequently inhibits angiogenesis critical for tumor progres-
sion (9,10). In addition, heparin is able to exhibit inhibitory
effects on tumor metastasis by blocking selectin-mediated
adherence of cancer cells to vascular endothelium or platelets
(11,12). More recently, it was discovered that free heparin
molecules within cells interfered with activity of various
transcription factors that played an important role in cell
survival and growth, ultimately leading to apoptotic cell death
(13-15). This suggests that intracellular delivery of free
heparin can be used as a new class of effective apoptotic
agent to kill cancer cells.
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We present herein the development of chitosan-g-poly
(ethylene glycol)/heparin polyelectrolyte complex micelles for
inducing apoptotic death of cancer cells. Chitosan is a natural
polysaccharide composed of glucosamine and N-acetyl-D-
glucosamine and is receiving considerable attention for
biomedical and pharmaceutical applications due to its highly
cationic, biocompatible, and biodegradable nature (16).
Owing to its unique mucoadhesive property, chitosan has
been extensively exploited as promising oral drug delivery
vehicles to increase the transport of drugs across intestinal
epithelium (17,18). Moreover, chitosan has been reported to
interact electrostatically with negatively charged macromole-
cules such as plasmid DNA and anionic protein drugs (e.g.
insulin) to form polyelectrolyte complexes (19,20). In this
study, chitosan grafted with polyethylene glycol (chitosan-g-
PEG) was synthesized and used to produce self-assembled
polyelectrolyte complex micelles by interacting with heparin
in aqueous solution. The resultant chitosan-g-PEG/heparin
polyelectrolyte complex micelles were expected to facilitate
the entry of heparin into cells because the nanoparticulate
form was more favorable for the intracellular transport across
the cell membrane than free heparin alone. The formation of
polyelectrolyte complex micelles was confirmed by dynamic
light scattering (DLS) and atomic force microscopy (AFM).
The anti-cancer effect of these polyelectrolyte complex
micelles was evaluated by investigating their cytotoxicity,
intracellular uptake, and apoptosis-inducing activities using
mouse melanoma B16F10 cells.

MATERIALS AND METHODS
Materials

Heparin sodium salt extracted from porcine mucosa
(My=12,000) was obtained from Wako Pure Chemical
Industries (Osaka, Japan). Water-soluble chitosan oligosac-
charide (M=4,000, deacetylation degree=96%) was sup-
plied by Kittolife Co. (Seoul, Korea). Methoxy poly(ethylene
glycol)-succinimidyl succinate (mPEG-SS, M,,=5,000) was a
product of Sunbio Co. (Anyang, Korea). Fluorescein-5-
maleimide, propidium iodide, and CaspACE colorimetric
assay kit were purchased from Promega Corporation (Madison,
WI, USA). Cell counting kit-8 (CCK-8) was purchased from
Dojindo Laboratories (Kumamoto, Japan). Micro-BCA protein
assay kit obtained from Pierce Biotechnology (Rockford, IL,
USA) was used according to the manufacturer’s instructions.
All other chemicals were of analytical grade.

Synthesis of Chitosan-g-Poly(Ethylene Glycol)
(Chitosan-g-PEG)

Chitosan-g-PEG copolymer was prepared by conjugating
a succinimidyl group of mPEG-SS to amino groups of
chitosan. In brief, 125 mg (25 pmol) of mPEG-SS was slowly
added to 10 mM phosphate buffer solution (15 mL, pH 8)
containing 100 mg (25 pmol) of chitosan. After reaction with
stirring for 24 h at room temperature, the solution was
dialyzed against deionized water by a Spectra/Por dialysis
membrane with a My cutoff of 5 kDa, and then lyophilized.
The synthesis of the product was confirmed by 'H-NMR
using Brucker DRX 400 spectrometer operating at 400 MHz.
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The degree of substitution of PEG to amino groups of
chitosan was estimated by comparing the relative peak area
of a methylene group (-NH-CO-CH,CH,0-, 6=2.45 ppm)
of PEG and an acetyl group (-COCHj;, 6=1.95 ppm) of the
monosaccharide residue in chitosan (19).

Preparation of Chitosan-g-PEG/Heparin Polyelectrolyte
Complex Micelles

Chitosan-g-PEG with different amounts (10, 20, 40, and
100 mg/mL) was dissolved in deionized water. A heparin
solution of 20 mg/mL was prepared in deionized water,
separately. The two solutions with an equal volume were
mixed by vortexing vigorously for 3 min, and then incubated
for 30 min at room temperature in order to produce chitosan-
g-PEG/heparin polyelectrolyte complex micelles. For com-
parison, chitosan/heparin polyelectrolyte complexes were also
prepared with unmodified chitosan at the same concentration.
The hydrodynamic diameter of the micelles was analyzed by
using a dynamic light scattering instrument (Zeta-Plus,
Brookhaven, NY, USA) equipped with a He-Ne laser at a
wavelength of 632 nm. Intensity-weighted particle size
distribution data were collected at a scattering angle of 90°
under physiological temperature (37°C). The { potential
values of the micelles dispersed in 0.1 M phosphate-buffered
saline solution (PBS, pH 7.4) were measured in triplicate. The
physical stability in serum was examined by measuring their
hydrodynamic diameters continuously every 3 min following
the addition of 10% (v/v) fetal bovine serum. Size and shape
of the micelles were confirmed by atomic force microscopy
(AFM). One hundred microliters of the micelle solution was
deposited and dried on a clean mica surface, and then its
image was obtained with a PSIA XE-100 AFM system (Santa
Clara, CA, USA) in a non-contact mode with a scanned area
of 5x5 um. The diameter and height of the micelles were
analyzed from AFM images by a PSIA XEI 1.5 software
(Santa Clara, CA, USA).

Cell Viability Assay

Mouse melanoma B16F10 cells were seeded in a 24-well
plate at a density of 5x10* cells per well and grown in DMEM
medium supplemented with 10 % (v/v) fetal bovine serum for
24 h at 37°C. The cells were then incubated with the culture
medium containing chitosan-g-PEG/heparin polyelectrolyte
complex micelles or heparin at varying heparin concentration
from 1 to 100 pg/mL for 2 days at 37°C. As a control
experiment, chitosan-g-PEG was treated to the cells at the
concentration equivalent to the micelles. The number of
viable cells was determined by the CCK-8 cell viability assay
which depends on the mitochondrial dehydrogenase activity
inside the cells. In brief, 20 pL. of CCK-8 solution was added
to 400 pL of serum-free DMEM medium in each well of the
plate. After incubating the plate for 2 h at 37°C, the absorbance
at 450 nm was measured using a Bio-Rad microplate reader.

Evaluation of Cellular Uptake of Polyelectrolyte
Complex Micelles

To visualize cellular uptake, fluorescein-labeled heparin
was prepared by conjugating fluorescein-5-maleimide to
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thiolated heparin as previously described (15). In brief, 5 mg
of thiolated heparin was reacted with 0.1 mg of fluorescein-5-
maleimide in 0.1 M PBS solution (pH 7.4). The solution was
dialyzed against deionized water (My cutoff of 6 kDa) and
then lyophilized. Using fluorescein-labeled heparin, polyelec-
trolyte complex micelles were prepared as described above.
B16F10 cells were plated over a cover slide on a six-well plate
at a density of 2x10° cells per well and cultivated for 24 h at
37°C. The cells were then treated with the fluorescein-labeled
heparin or polyelectrolyte complex micelles (200 pg/mL in
heparin) in serum-free DMEM medium for 2 days at 37°C.
The cells were washed with PBS solution and fixed with a 1:1
(v/v) mixture of methanol and acetone. After washing with
PBS solution, the cell nuclei were stained with propidium
iodide solution (50 pg/mL in PBS solution) for 30 min. The
cells were examined by using a LSM510 confocal laser
scanning microscope (Carl Zeiss, Germany) equipped with a
488 nm Argon laser and 543 nm HeNe laser.

Flow Cytometry and Caspase-3 Activity Assay

B16F10 cells were seeded in T-75 flasks at a density of
5x10° cells per flask and grown in DMEM medium
supplemented with 10 % (v/v) fetal bovine serum for 24 h
at 37°C. The cells were then treated with heparin or
polyelectrolyte complex micelles (600 pg/mL in heparin) in
serum-free DMEM medium for 2 days at 37°C. The cells
were harvested, washed with PBS solution three times, and
then fixed by slowly adding 70 % (v/v) ethanol while gentle
vortexing. The fixed cells were stored at 4°C overnight and
incubated with hypotonic propidium iodide solution (0.25 mg/mL
propidium iodide and 0.1 mg/mL RNase A in PBS solution) at a
concentration of 10° cells/mL for 30 min at 37°C. The
fluorescence of each nucleus was analyzed by a flow cytometer
(FACSCalibur, USA) using a FlowJo software (Tree Star,
USA). The enzymatic activity of caspase-3 was measured with
a CaspACE colorimetric assay. Briefly, the treated cells were
harvested, washed with ice-cold PBS solution, and then
resuspended in a cell lysis buffer solution at a concentration of
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108 cells/mL. The cell lysate was centrifuged at 15,000 rpm for
30 min at 4°C. The supernatant fraction was collected and
incubated for 4 h at 37°C with 0.2 mM caspase-3 substrate
(DEVD-pNA), which was labeled with p-nitrophenylaniline
(pNA). The yellow color produced by released pNA from the
cleaved substrate was monitored at 405 nm. The amount of total
protein in each cell lysate was measured with a Micro-BCA
protein assay kit. The specific activity of caspase-3 was
calculated by dividing the amount of released pNA with the
amount of total intracellular protein.

RESULTS AND DISCUSSION

Chitosan-g-poly(ethylene glycol) (chitosan-g-PEG) was
prepared by conjugating a succinimidyl group of methoxy
PEG-succinimidyl succinate to amino groups of chitosan
oligosaccharide. The degree of substitution of PEG to the
amino groups of chitosan was approximately 12.8% as
determined by 'H-NMR spectroscopy. The generation of
a new amide linkage between chitosan and PEG was
also observed at §=2.45 ppm, indicating that PEG chains
were covalently conjugated to the backbone of chitosan
oligosaccharide. Figure 1 illustrates the formation of
nanosized polyelectrolyte complex micelles through self-
assembly process of heparin and chitosan-g-PEG in aqueous
solution. A simple mixing of an aqueous heparin solution with
a chitosan-g-PEG solution induced spontaneous formation of
the polyelectrolyte complex micelles. It was previously
reported that PEG grafted cationic copolymers such as
poly(L-lysine)-g-PEG and polyethylenimine-g-PEG could
form polyelectrolyte complex micelles by electrostatic
interactions with anionic macromolecules (e.g. plasmid
DNA, oligonucleotides) (7,21,22). In the present study, it
was anticipated that the positively charged chitosan backbone
in the structure of chitosan-g-PEG ionically interacted with
the negatively charged heparin molecules to form a
hydrophobic core via charge neutralization, while the
grafted PEG chains were exposed outside. The self-
assembly process would finally produce spherical micelles
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Fig. 1. Synthetic scheme of chitosan-g-PEG/heparin polyelectrolyte complex micelles.
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having a charge-neutralized chitosan/heparin polyelectrolyte
complex core surrounded by a hydrophilic PEG shell layer in
aqueous solution.

We performed dynamic light scattering (DLS) analysis to
examine the effect of various weight ratios between chitosan-
g-PEG and heparin on the size and surface charge of
chitosan-g-PEG/heparin polyelectrolyte complex micelles in
aqueous solution. As presented in Table I, chitosan-g-PEG
and heparin self-assembled to form nanoscale polyelectrolyte
complexes in the size range of 160-270 nm. When the weight
ratio of chitosan-g-PEG/heparin was 0.5, the resultant poly-
electrolyte complexes had a negative { potential of —10.6+
43 mV. The ( potential values gradually increased upon
raising the weight ratio of chitosan-g-PEG/heparin. It should
be noted that polyelectrolyte complex micelles prepared at a
weight ratio of 1:1 had the smallest size (162.8+18.9 nm) and
slightly negative surface charge (—4.0+0.6 mV). Since the
charge ratio of -NH;* groups on chitosan to -COO™ and -
SO;~ groups on heparin was nearly 1:1 at this weight ratio,
electrostatic interactions between chitosan and heparin might
become strongest, leading to the formation of compact
polyelectrolyte complex micelles (20). Based on these
results, the polyelectrolyte complex micelles prepared at a
weight ratio of 1:1 were selected for the rest of the study.

As shown in Fig. 2A, chitosan-g-PEG/heparin polyelec-
trolyte complex micelles were produced with a narrow size
distribution of 162.8+18.9 nm. However, chitosan/heparin
polyelectrolyte complexes prepared with unmodified chitosan
formed a binary mixture of inhomogeneous aggregates with
an average diameter of 329.3+36.4 nm and 2.79+0.24 um. It
was clearly observed that the chitosan/heparin polyelectrolyte
complexes were severely flocculated and finally precipitated
out of solution at 24 h after preparation (inset photograph).
This phenomenon can be explained by uncontrollable aggre-
gation of charge-neutralized chitosan/heparin polyelectrolyte
complexes (16). It was reported previously that stable
chitosan/heparin nanoparticles could be produced by poly-
electrolyte complexation in aqueous solution (23). Since the
formation of these nanoparticles largely depends on electro-
static interactions between chitosan and heparin, their
concentration and weight ratio were carefully controlled to
produce stable nanoparticles. In the present study, however,
chitosan/heparin polyelectrolyte complexes did not exhibit
stability at the selected concentration and weight ratio, and
especially under serum conditions, resulting in severe aggre-

Table I. Particle Size and { Potential of Chitosan-g-PEG/heparin
Polyelectrolyte Complexes Prepared at Various Weight Ratios or
Charge Ratios

Chitosan-g- Chitosan-g-

PEG: heparin PEG: heparin Particle ¢ potential

ratio (w/w) charge ratio size (nm) (mV)
0.5:1 0.47:1 187.8+19.6 -10.6+4.3
1:1 0.94:1 162.8+18.9 -4.0+0.6
2:1 1.88:1 200.5+22.4 3.4+35
51 4.7:1 261.7+26.7 13.1+4.2

The charge ratio is defined as a ratio of positively charged —
NH;" groups on chitosan to negatively charged -COO™ and -SO;~
groups on heparin
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Fig. 2. A Hydrodynamic diameter of chitosan-g-PEG/heparin poly-
electrolyte complex micelles (prepared at a weight ratio of 1:1) and
chitosan/heparin polyelectrolyte complexes. The inset photograph
showing chitosan-g-PEG/heparin polyelectrolyte complex micelles
(left) and chitosan/heparin polyelectrolyte complexes (right) was taken
at 24 h after sample preparation. B AFM image of chitosan-g-PEG/
heparin polyelectrolyte complex micelles. C Time course change of
hydrodynamic diameter for chitosan-g-PEG/heparin polyelectrolyte
complex micelles and chitosan/heparin polyelectrolyte complexes in
0.1 M PBS solution (pH 7.4) upon addition of 10% (v/v) fetal bovine
serum (FBS).
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Fig. 3. Cell viability of mouse melanoma B16F10 cells treated with
chitosan-g-PEG, heparin, or chitosan-g-PEG/heparin polyelectrolyte
complex micelles (prepared at a weight ratio of 1:1) for 2 days.

gation and precipitation. It was noteworthy that the chitosan-
g-PEG/heparin polyelectrolyte complex micelles exhibited
excellent stability in deionized water, showing a transparent
solution without any precipitates. These polyelectrolyte
complex micelles had a spherical shape with an average
diameter of 202.7+42.2 nm, as visualized by using AFM
(Fig. 2B). They were well dispersed and separated each other,
suggesting that the hydrophilic PEG shell layer surrounding
the micelles effectively prevented the inter-particular aggre-
gation of the charge-neutralized complexes and thus
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enhanced the dispersion stability in aqueous solution. It has
been shown previously that PEG modified polymeric micelles
and nanoparticles are highly resistant to nonspecific adsorp-
tion of plasma proteins in the blood stream due to the steric
stabilization effect of the PEG chains on their surface (24,25).
To investigate the effect of PEG on the stability of the
polyelectrolyte complex micelles under physiological envi-
ronment, we measured their hydrodynamic diameter in 0.1 M
phosphate-buffered saline solution (pH 7.4) supplemented
with serum. As presented in Fig. 2C, the diameter of the
chitosan/heparin complexes increased drastically from 330.4+
25.7 nm (the main fraction in Fig. 2A) to 2.24+0.25 pm within
9 min following the addition of serum. In contrast, the
chitosan-g-PEG/heparin complex micelles didn’t show any
significant change in the size and stability for several days.
Therefore the above results revealed that the steric shield
provided by hydrophilic PEG layer surface played an
important role in avoiding nonspecific adsorption of plasma
proteins onto the micelles, thereby leading to the stabilization
of micelles under physiological environment.

We evaluated the cell viability of mouse melanoma
B16F10 cells treated with various concentrations of chitosan-
g-PEG/heparin polyelectrolyte complex micelles. The entry
of native heparin molecules into cancer cells has been shown
to promote apoptotic cell death by inhibiting the activity of
transcription factors essential for cell proliferation (13-15). It
was reported previously that heparin complexed with cationic
poly(p-amino ester)s greatly influenced the transcription
factor levels in cancer cells. The result suggested that the
internalized heparin affected cellular processes associated
with transcription factors, and ultimately induced apoptosis of
cancer cells. As shown in Fig. 3, the chitosan-g-PEG/heparin
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Fig. 4. Confocal microscopic images of B16F10 cells following incubation with A chitosan-g-PEG/heparin
polyelectrolyte complex micelles (prepared at a weight ratio of 1:1) or B heparin for 2 days. Heparin was
fluorescently labeled with fluorescein. Cell nuclei were also stained with propidium iodide. Each pair of

images was obtained at the same Z-value.



98

polyelectrolyte complex micelles exhibited a remarkable
cytotoxic activity against cancer cells as compared with free
heparin or chitosan-g-PEG at the same concentration. The
treatment of the polyelectrolyte complex micelles at 100 pg/mL
induced a 42.4+4.5% reduction in cell viability, whereas
free heparin alone decreased cell viability to a negligible
extent (3.5+3.7%). It was found that chitosan-g-PEG was
non-toxic to the cancer cells, indicating that the cationic
polymer itself was not responsible for the cell death. Since
heparin is a highly negatively charged macromolecule, the
absorptive endocytosis of heparin across the cell membrane
would not occur (26). It was most likely that the chitosan-g-
PEG/heparin polyelectrolyte complex micelles entered the
cell by nonspecific adsorptive endocytosis, inducing the
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cancer cell death more efficiently than free heparin alone.
In addition, the cytotoxic effect of the polyelectrolyte com-
plex micelles significantly increased in a dose-dependent
manner, suggesting that heparin molecules were more taken
up by cells with increasing the micelle concentration.

The capability of chitosan-g-PEG/heparin polyelectrolyte
complex micelles as an efficient carrier for heparin was
investigated by confocal laser scanning microscopy. Heparin
was fluorescently labeled with fluorescein (green fluorescent
dye), in order to visualize its subcellular distribution. Figure 4
shows the confocal microscopic images of B16F10 cells
following incubation with fluorescein-labeled heparin or
polyelectrolyte complex micelles at an equivalent concentra-
tion of heparin. While the cells treated with polyelectrolyte
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complex micelles displayed strong green fluorescence within
the cytoplasm homogeneously, only a marginal fluorescence
was observed within the cells treated with free heparin alone,
suggesting that the micelles are much more internalized by
the cells than free heparin. This revealed that the nanosized
polyelectrolyte complex micelles could improve the intra-
cellular transport of heparin via a endocytic process across
the cell membrane (27,28). This was likely responsible for the
enhanced internalization of the micelles compared to heparin.
One interesting point was that only the cells showing intense
green fluorescence were round shaped and detached from
the surfaces. Since the aberrant detachment of adherent cells
is generally considered as a result of cell death (29), it is
conceivable that the observed dramatic cytotoxic effect was
attributed to the internalized free heparin molecules within
cells.

To examine the extent of apoptotic cell death quantita-
tively, we conducted flow cytometric analysis after propidium
iodide staining of the cell nuclei. Since apoptosis is accompa-
nied by the activation of endogenous nucleases, which cleaves
chromosomal DNA into oligonucleosomal fragments, apo-
ptotic cells can be recognized by their diminished DNA
content within the nuclei (30,31). The extent of apoptosis was
determined by appearance of the cells in a sub-G1 phase
(DNA content of less than diploid). As shown in Fig. 5,
chitosan-g-PEG/heparin polyelectrolyte complex micelles
induced significant accumulation of the sub-G1 cell popula-
tion (27.13%) compared to heparin (0.65%) or the untreated
cells (0.85%). This suggests that they greatly promoted
apoptotic death of cancer cells. The molecular mechanisms
involved in heparin-induced apoptosis are rarely understood.
One plausible explanation is that free heparin internalized
within cells likely interrupts the interactions of DNA with
various transcription factors, such as Rb, pl07, and EZ2F,
which participate in the process of cell proliferation (9,10,13).
Afterward, the internalized heparin might trigger apoptosis-
inducing stimuli for activation of caspases and subsequent
apoptotic cell death. Caspases are a family of cysteine aspartic
acid-specific proteases playing an important role in apoptotic
processes in mammalian cells. Among them, caspase-3 is an
essential protease that degrades other protein substrates
inside the cells at an early stage of apoptosis (32,33). The
enzymatic activity of caspase-3 was measured by using a
colorimetric peptide substrate labeled with p-nitrophenylaniline
(DEVD-pNA). This enzymatic technique allows a highly
sensitive and quantitative measurement of caspase-3 activity
because the colorimetric peptide substrate will release yellow
colored pNA product only if it is specifically cleaved by
activated caspase-3. As presented in Fig. 5D, the caspase-3
activity within cells was slightly increased from 107.4+16.7 to
208.9+1.5 pmol pNA/ug protein after treatment of free
heparin for 2 days. However, the polyelectrolyte complex
micelles exhibited far greater cellular activity of caspase-3
(707.7+15.4 pmol pNA/pg protein) than heparin. The increased
caspase activity was consistent with the flow cytometry results,
implying that the cancer cell death was probably mediated by
a caspase-dependent apoptosis pathway. The above results
demonstrated that the polyelectrolyte complex micelles signif-
icantly enhanced the intracellular delivery extent of heparin
with concomitant activation of caspase, thereby triggering the
apoptosis of cancer cells. The self-assembled heparin polyelec-

trolyte complex micelles could be also co-encapsulated with
negatively charged apoptosis-related nucleic acid therapeutics,
such as plasmid DNA and small interfering RNA, to further
promote an apoptotic effect for cancer cells.

CONCLUSIONS

Self-assembled chitosan-g-PEG/heparin polyelectrolyte
complex micelles were developed for heparin-induced apo-
ptotic death of cancer cells. The resultant polyelectrolyte
complex micelles were highly stable and well dispersed under
physiological environment due to the steric stabilization effect
of the PEG shell layer. Furthermore, we demonstrated that
the internalization of heparin significantly induced the
apoptotic death of cancer cells through activation of a
caspase-mediated pathway. The current strategy for intra-
cellular delivery of heparin using polyelectrolyte complex
micelles has a wide range of potential applications for anti-
cancer treatments.
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