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Abstract: This review explores recent works involving the use of the self-assembled nanoparticles of bile acid-mod-
ified glycol chitosans (BGCs) as a new drug carrier for cancer therapy. BGC nanoparticles were produced by chem-
ically grafting different bile acids through the use of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). The
precise control of the size, structure, and hydrophobicity of the various BGC nanoparticles could be achieved by
grafting different amounts of bile acids. The BGC nanoparticles so produced formed nanoparticles ranging in size
from 210 to 850 nm in phosphate-buffered saline (PBS, pH=7.4), which exhibited substantially lower critical aggre-
gation concentrations (0.038-0.260 mg/mL) than those of other low-molecular-weight surfactants, indicating that
they possess high thermodynamic stability. The BGC nanoparticles could encapsulate small molecular peptides and
hydrophobic anticancer drugs with a high loading efficiency and release them in a sustained manner. This review
also highlights the biodistribution of the BGC nanoparticles, in order to demonstrate their accumulation in the tumor
tissue, by utilizing the enhanced permeability and retention (EPR) effect. The different approaches used to optimize
the delivery of drugs to treat cancer are also described in the last section.
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Introduction

Polymeric amphiphiles consisting of hydrophilic and
hydrophobic segments have attracted a great deal of atten-
tion as drug carriers, because they can form self-assembled
nanoparticles and exhibit unique physicochemical charac-
teristics in aqueous media." Various polymeric amphiphiles
undergo intra- or intermolecular association, promoted pri-
marily by interactions between the hydrophobic segments.
Such interactions allow the polymers to form micelles or
nanoparticles, possibly having unusual rheological features,
a small hydrodynamic radius with a core-shell structure, and
thermodynamic stability. In aqueous media, their hydropho-
bic cores are surrounded by hydrophilic outer shells, so that
the inner core can serve as a nano-container for various pep-
tides and drugs.

Polymeric nanoparticles exhibit a prolonged circulation
time in the blood stream by avoiding the reticuloendothelial
system (RES), and this reduced liver and spleen uptake has
been exploited in the treatment of solid tumors, because the
prolonged circulation time of the nanoparticles allows them
to accumulate and extravasate into the tumor tissue, in
which a disorganized vasculature and defective vascular
architecture develop. This attribute of the tumor tissue,
which is called an enhanced permeation and retention (EPR)
effect,® enables macromolecules or nanoparticles to accu-
mulate in it. Therefore, the use of polymeric nanoparticles
has been recognized as an effective strategy for passive
tumor targeting.” "

Chitosan, which is primarily composed of 2-amino-deoxy-
[D-glucopyranose (D-glucosamine), is the deacetylated
derivative of chitin, which is the second most abundant
natural polysaccharide.'* Owing to its biocompatibility,
biodegradability and low immunogenicity, interest in using
chitosan and its derivatives in drug delivery has increased in
recent years."*'® In particular, hydrophobically modified
chitosans with hydrophobic fatty acids, bile acids, and
anticancer drugs formed nano-sized self-aggregates and
they showed a promising potential in drug delivery.'™" It
has been known that hydrophobically modified chitosan
nanoparticles can imbibe hydrophobic anticancer drugs with
a high loading efficiency and release them in a sustained
manner. However, most of the chitosan-based nanoparticles
that have been developed so far had limited applicability as
a drug carrier, because chitosan nanoparticles are insoluble
in physiological conditions (pH=7.4) and, consequently,
they are readily precipitated within a few days.”

Recently, water-soluble chitosan derivatives have been
used to prepare polymeric nanoparticles, since they are stable
in physiological conditions and, therefore, do not precipitate
for a long period of time. Of these chitosan derivatives, glycol
chitosan is emerging as a novel drug carrier, because of its
solubility and biocompatibility in physiological conditions.”*
In this regard, glycol chitosan has been extensively modi-
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fied with bile acids to form self-assembled nanoparticles in
aqueous media.”*® This review deals with the application
of bile acid-modified glycol chitosan (BGC) nanoparticles to
cancer therapy. The structure of BGC nanoparticles is stable
in physiological conditions and, consequently, they have the
potential to be used as drug carriers for anticancer peptides
and drugs. Finally, the in vitro and in vivo approaches to
cancer therapy using BCG nanoparticles are described.

Synthesis of Bile Acid-Modified Glycol Chitosan
(BGC) Derivatives

The chemical modification of glycol chitosan, the 6-(2-
hydroxyethyl) ether derivative of chitosan, provides a pow-
erful method of endowing it with new biological activities
and of modifying its physicochemical properties. The pri-
mary amine groups of glycol chitosan are reactive and pro-
vide diverse possibilities for side group attachment using
various chemical graft reactions with fatty acids, bile acids,
and drugs.'"***% Thus, a variety of groups can be grafted to
glycol chitosan, which can be selectively chosen to provide
specific functionality and various biological properties.

To produce amphiphilic glycol chitosan derivatives, bile
acids (deoxycholic acid or 5-fcholanic acid) were intro-
duced into the glycol chitosan backbone, because they are
known to form micelles in water due to their amphiphilicity,

“which play an important role in the emulsification, solubili-

zation and absorption of cholesterol, fats, and lipophilic
vitamins in the body.”® Thus, it was expected that the intro-
duction of bile acids into the glycol chitosan molecule
would induce its self-association to form a nanoparticle
structure in aqueous media.

BGC derivatives (DGC; deoxycholic acid-modified glycol
chitosan, CGC; 5-S-cholanic acid-modified glycol chitosan)
were simply prepared by the esterification of the carboxylic
group in deoxycholic acid or cholanic acid and the amine
groups in glycol chitosan using 1-ethyl-3-(3-dimethylami-
nopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide
(NHS), because EDC reacts with the carboxyl group of
deoxycholic acid or cholanic acid to form a highly reactive
ester intermediate.'”? This intermediate can then react with
the primary amine groups of glycol chitosan to form an
amide bond. Based on EDC chemistry, the hydrophobicity
of the glycol chitosan derivatives was simply controlled by
changing the feed ratio of the bile acids (Figure 1). The
degree of substitution (DS), which is defined as the number
of bile acids per 100 anhydroglucosamine units of glycol
chitosan, increases with increasing mole ratio of the bile
acid. The DS of BGC was in the range of 1-29. Owing to
the limited solubility of bile acids in aqueous media, the
BGC derivatives with higher DS precipitated and did not
form a nanoparticle structure. The produced BGC deriva-
tives are summarized in Table L.
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Figure 1. Chemical grafting reaction scheme between glycol chi-
tosan and bile acid.

Table I. General Properties of Self-Aggregates in PBS Solution
(pH=7.4)

Sample M} DS X dm)y /T
GC 250,000
DGC6 265,000 5.5 0.060 450 0.043
DGC 11 282,500 11.2 0.130 410 0.015
DGC 22 312,500 21.5 0.250 330 0.020
DGC 30 337,500 29.7 0.350 245 0.005
CGC1 255,000 1.1 0.019 850 0.043
CGC5 272,000 5.2 0.082 302 0.015
CGC12 299,000 11.5 0.165 210 0.005

“Glycol chitosan bearing deoxycholic acid (DGC) and 5-f-cholanic
acid (CGC), in which the number indicates the DS of deoxycholic
acid and 5-B-cholanic acid, respectively. "Number-average molecular
weight, estimated from the colloidal titration results. “Weight fraction
of deoxycholic acid and 5-Bcholanic acid. “Mean diameter in PBS
(pH=7.4) measured by dynamic light scattering.

Physicochemical Properties of BGC Nanoparticles

Self-Aggregation of BGC Derivatives in Aqueous
Media. Self-aggregates of BGC derivatives were simply
produced in an aqueous media. Since amphiphilic BGC
derivatives undergo intramolecular or intermolecular asso-
ciation in an aqueous media, promoted by hydrophobic bile
acid molecules. In the 'H NMR study (Figure 2), all the
characteristic peaks of the glycol chitosan and deoxycholic
acid groups of the DGC derivatives were clearly observed
in D,O/CDCl; whereas the peaks of the deoxycholic acids
at 0.6-2.5 ppm in the '"H NMR spectra were significantly
decreased in D,0. This result indicates that the molecular
motion of the hydrophobic deoxycholic acid units in the
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Figure 2. "H-NMR spectra of DGC30 in (a) D,O and (b) DO/
CD,0D (3v/1v) (adapted from Ref. [29]).

hydrophobic cores is limited, because of the formation of
self-aggregates in D,O, thereby causing proton signal
shielding or peak broadening of the deoxycholic acid units.
This trend in the '"H NMR spectra is very consistent with
other polymeric amphiphiles that form micelles or nanopar-
ticles in aqueous media.

The mean sizes of the self-aggregates (1 mg/mL in PBS
buffer) were in the range of 210-850 nm, depending on the
DS value of the bile acid being used, as shown in Table I. In
general, the mean size of the BGC nanoparticles decreased
as the DS value of the bile acid increased, and they showed
a narrow size distribution. The variation in the hydrophobic-
ity of the bile acids also affected the size of the self-aggre-
gates. It was found that the CGC derivatives with the more
hydrophobic 5-cholanic acid formed nanoparticles with a
lower DS value, as compared to the DGC derivatives. Over-
all, the mean sizes of the BGC nanoparticles were larger than
those based on the bile acid-modified chitosan self-aggre-
gates (161-180 nm). The difference in solubility between
chitosan and glycol chitosan would be expected to affect the
size of the self-aggregates, because chitosan is not soluble,
but swollen, in aqueous media at neutral pH, whereas glycol
chitosan is highly soluble. The mean size of the BGC nano-
particles was scarcely affected by the concentration of the
BGC nanoparticles in the range of 0.1-5 mg/mL, because
the interparticle interaction between the nanoparticles is
almost negligible. TEM observation demonstrated that the
shape of the BGC nanoparticles is nearly spherical, as shown
in Figure 3. The hydrophobically modified BGC nanoparti-
cles were well dispersed in aqueous media and they formed
a homogenous nanoparticle structure.
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(a) DGC11

Figure 3. TEM images of DGC nanoparticles in PBS (1 mg/mL) (adapted from Ref. [29]).

The Microscopic Characteristics of BGC Nanoparti-
cles in an Aqueous Media. The microscopic characteristics
of BGC derivatives in aqueous media were investigated using
a fluorometer in the presence of pyrene as a fluorescent
probe.*'*? Since pyrene molecules are preferably locate inside
or close to the hydrophobic microdomains of nanoparticles
rather than aqueous phase, resulting in different photophysi-
cal characteristics. The excitation spectra of pyrene in
DGC30 solution was obtained as a function of the DGC30
concentration. As shown in Figure 4, the excitation spectra
shows peaks for the (0.0) band at 338 nm in the low concen-
tration range, indicating that DGC30 does not form aggre-
gates in dilute solution. As the concentration increased, the
peaks were shifted to 343 nm and the intensity increased
markedly. This result indicates that chemically grafted
deoxycholic acids start to form hydrophobic cores in an
aqueous media, which was defined as a critical aggregation
concentration (cac). The cac could be determined from the
graph of the intensity ratio (/343//33) of the pyrene excitation
spectra versus the logarithm of the BGC derivatives concen-
tration. The cac values of the BGC derivatives decreased as
the content of hydrophobic deoxycholic acid or cholanic
acid increased, because of the resulting enhanced hydropho-
bicity, as shown in Table 1. The cac values of the BGC
derivatives were in the range of 0.038-0.260 mg/mL, which
is Jower than those of low molecular weight surfactants (e.g.,
1.0 mg/mL for deoxycholic acid and 2.3 mg/mL for sodium
dodecyl sulfate in water), but were larger than those of other
di-block polymeric amphiphiles (0.013-0.045 mg/mL). It
may be that the stiff glycol chitosan backbone hampered the
formation of the dense hydrophobic cores composed of bile
acid molecules.”!

The hydrophobicities of the inner cores of the BGC nano-
particles, based on the equilibrium constants (X,) for the
partitioning of pyrene between the water and nanoparticle
phase shown in Table 11, were in the range of 0.4 - 4.0 X 10",
The hydrophobicities of the inner cores of the nanoparticles
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Figure 4. Excitation spectra of pyrene in PBS solution (pH=7.4)
in the presence of DGC30; (a) 1, (b) 0.5 (¢) 0.2, (d) 0.1, (e) 0.01,
and (f) 0.001 mg/mL (adapted from Ref. [29]).

slightly increase with increasing DS in the case of each bile
acid. In particular, the hydrophobicities of the inner cores
mainly depend on the hydrophobicity of the bile acid. The
K, value of the CGC nanoparticles was 10 times higher than
that of the DGC nanoparticles. The hydrophobicity of the
nanoparticles may affect the loading efficiency of some sub-
stances and the stability of the nanoparticles in systemic cir-
culation. The aggregation number per hydrophobic core
(Np4.) and the number polymer chains per hydrophobic core
(Nehains) are listed in Table II. Based on the cetylpyridinium
chloride (CPC) quenching kinetics, the number of hydro-
phobic cores in each nanoparticle could be estimated from
the slope of the plot of In(/43/1535) of the pyrene fluorescence

Macromol. Res.. Vol. 13. No. 3. 2005
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Table II. Microscopic Characteristics of Self-Aggregates Deter-
mined by Fluorescence Probe Method

Sample - cac® K210 Nogt Nopair®
DGC 6 0.260 04 13 2.3
DGC 11 0.160 0.5 30 2.6
DGC 22 0.076 0.7 64 30
DGC 30 0.038 0.8 118 39
CGCl1 0.219 24 109 8.6
CGC5 0.112 3.1 359 6.8
CGC12 0.047 4.0 814 5.5

4Critical aggregation concentration determined from the excitation
spectra of pyrene. *Binding equilibrium constant of pyrene in the
presence of DGCs and CGCs. “Aggregation number of bile acids per
one hydrophobic domain. “The number of polymer chains per one
hydrophobic domain.

as a function of the CPC concentration in the presence of the
BGC nanoparticles.> The aggregation number per single
hydrophobic core in the BGC nanoparticles, Ny, was in the
range of 13-814. These N, values were much higher than
the aggregation number of free deoxycholic acid in aqueous
media (8£2), because of the limited mobility and steric hin-
drance of the bile acids in the glycol chitosan chains.” It
was also found that from 2.3 to 8.6 chains of BGC deriva-
tives formed on the hydrophobic core, and that the value of
N did not vary with the hydrophobicity of the BGC
nanoparticles, mainly because of the stiffness of the glycol
chitosan chains. These microscopic characteristics of the BGC
nanopatrticles suggested that a small number of BGC chains
(less than 9) could form one hydrophobic core, and that the
BGC nanoparticles form the multicore structure in each
nanoparticle, perhaps in a similar fashion to the multicore
structure . of biopolymers hydrophobically modified with
various fatty acid and bile acids, as shown in Figure 5.%%

Stability of BGC Nanoparticles in Physiological Con-
ditions. Methods of delivery employing polymeric nanoparti-
cles have taken center stage, because they allow drugs to be
passively targeted to the tumor site by utilizing the EPR
effect.” '? Therefore, the stability of polymetric nanoparticles
in physiological conditions is very important for the suc-
cessful delivery of the drugs to the target tumor tissues. It is
known that the application of chitosan-based nanoparticles,
which are biocompatible, biodegradable and have low tox-
icity, is limited by their low solubility in physiological con-
ditions (pH=7.4, ionic strength=0.15).> Also, there is a
possibility of inducing cytotoxicity owing to the use of acetic
acid, since chitosan is dissolved in water containing acetic
acid.? 2 Thus, clinical trials using chitosan-based nanopar-
ticles have not been able to be performed, because their
insolubility in physiological conditions leads to their aggre-
gation and precipitation within a few days.**

Macromol. Res.. Vol. 13. No. 3. 2005
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Figure 5. Schematic representation of the multicore structure of
the BGC nanoparticles.
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Figure 6. Time course of changes in mean size for DGC nanopar-
ticles (Img/mL) at 36 °C in PBS (pH = 7.4, ionic strength = 0.15)
solution: (O) DGCe, (@) DGCl11, (O) DGC22, (W) DGC30
(adapted from Ref. [29]).

The stability of the DGC nanoparticles in PBS solution
(pH=7.4 ionic strength=0.15) at 37°C was found to be
mainly dependant on the DS of deoxycholic acid (Figure 6).
The results indicated that the mean size of the DGC nano-
particles increased with increasing incubation time when
the DS value of deoxycholic acid was lower than 12. How-
ever, the mean diameter of the DGC nanoparticles with a
higher DS of deoxycholic acid did not vary with increasing
incubation time, but showed a very narrow size distribution.
Based on the microscopic characteristics ‘of the self-aggre-
gates, increasing the DS enhances the hydrophobicity of the
inner cores, and this increase in hydrophobicity may coun-
teract the aggregation of self-aggregates with a broad size
distribution. Consequently, the DGC nanoparticles main-
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tained their self-aggregate structure in physiological condi-
tions and this stability was maintained for 10 days.

BGC Nanoparticles for Cancer Therapy

Biodistribution of BGC Nanoparticles. The usefulness of
polymeric nanoparticles is limited by their massive capture
by the RES in the liver and spleen after their intravenous
administration. Hence, a drug delivery system is needed that
avoids the RES and is be able to localize to the tumor tissues
(Figure 7). Although the role of polymeric nanoparticles in
cancer therapy has already been extensively studied, several
problems remain to be overcome, such as their low drug
entrapment efficiency, short retention time in the tumor site,
biocompatibility, biodegradability, etc 343

The biodistribution of BGC nanoparticles was analyzed
with FITC-labeled BGC nanoparticles having a mean diam-
eter of 250 nm, because these fluorescently labeled nano-
particles provide a rapid, simple, and sensitive method of
quantifying the biodistribution of nanoparticles by fluoro-
metry, On the 7th day after the inoculation of tumor cells
(1145 mesothelioma) in male Fisher 344 rats, BGC nanopar-
ticles in 0.9% saline solution were injected into the tail vein
of the tumor-bearing rats at a dose of 10 mg/kg. The blood
and tissue distribution of the BGC nanoparticles at 1, 3 and 8
days after their i.v. injection in the tumor-bearing rats is shown
in Figure 8. The BGC nanoparticles were distributed mainly
in the kidneys, liver, and tumor tissues and were virtually
absent from the other tissues. In particular, the BGC nano-
particles still circulated at a high level in the blood through-
out the 8 day study period, implying their long systemic
retention in the blood circulation. Very few BGC nanoparti-
cles were observed in the tumor tissues until one day after
injection. However, at 3 days after injection, the increase in
the level of the BGC nanoparticles in the tumor tissues was
significant. At 8 days after injection, the amount of BGC
nanoparticles in the tumor tissues was remarkably increased.
On the other hand, the amount of BGC nanoparticles in the
liver gradually decreased over the 8 day period. From the
biodistribution results, it was concluded that the BGC nano-
particles were retained for 8 days in the systemic circulation
after their intravenous administration, and that their
enhanced biodistribution allowed them to accumulate and
extravagate into the tumor tissues due to the EPR effect.

RGD Peptide Loaded CGC Nanoparticles for Cancer
Therapy. It has been known that angiogenesis is a represen-
tative hallmark of cancer.”*® Since endothelial cells in the
angiogenic vessels express several markers, which are either
barely detectable or entirely absent in normal blood ves-
sels.*! Of the makers expressed, @,/ integrin has much
attention because its level of expression in the tumor vascu-
lature correlates with the degree of malignancy and prolifer-
ation of tumor.*>* For the targeting o, 3, integrin, several in
vivo studies exhibited that antibodies, small inhibitory pep-
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Figure 7. Schematic representation of the passive targeting associ-
ated with the EPR effect in tumor tissues.
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Figure 8. Tissue distribution of FITC-labeled BGC nanoparticles
1, 3 and 8 days after i.v. injection in tumor-bearing rats at a dose of
10 mg/kg. Each column represents the mean value (n=6). Data are
represented as means + 8.D. (adapted from Ref. [27]).

tides bearing Arg-Gly-Asp (RGD) sequence, and antiagonists
of &, integrins have thus been developed as potential anti-
angiogenic strategies.*** These various antiangiogenic sub-
stances have also been used as imaging agents to detect
angiogenesis in tumors. However, it should be noted that
several of these antiangiogenic substances are susceptible to
enzymatic degradation in the blood circulation,” and cannot
substantially reach the target site via systemic administra-
tion, because of their rapid elimination by renal filtration
and the RES system. Therefore, appropriate drug carriers
that can surmount these different biological barriers are very
much needed.

To overcome these biological barriers, CGC nanoparticles
(DS value; 12, diameter; 210 nm) were used as a carrier for
the FITC-labeled RGD peptide (FITC-GRGDS) and FITC-
labeled RAD peptide (FITC-GRADS) as a negative control.
These two FITC-labeled peptides were encapsulated into
CGC nanoparticles under three different conditions: simple

Macromol. Res., Vol. 13, No. 3. 2005
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mixing, sonication, and the solvent evaporation method.”®
Of these different methods, solvent evaporation showed the
most promising results for peptide loading, as judged by the
yield (>70%) and loading efficiency (>75%). Figure 9
shows the release profiles of FITC-GRGDS and FITC-
GRADS as a function of time. The FITC-labeled RGD pep-
tides were released from the nanoparticles with the peptide
content of 33.8 wt% in physiological solution (pH=7.4) for
up to | day. Both of the FITC-labeled peptides exhibited
similar release behavior: for the initial 6 h, 73% of the
peptides loaded were released at an almost constant rate,
followed by a slower release for the remaining duration of
time. The water-soluble nature of both FITC-labeled pep-
tides, which is ascribed to their hydrophilicity, might govern
the release pattern, in conjunction with various aspects of
their physical interaction with the CGC nanoparticles, such
as their hydrophobic interaction, hydrogen bonding, and
electrostatic interaction. To demonstrate that the FITC-
GRGDS can act as a specific ligand for o, 5 integrin, their
binding and subcellular localization were studied by incu-
bating them with HUVECs that are known to overexpress
a, B integrin.® As expected, FITC-GRGDS specifically bound
to the HUVECs and also prevented their migration on the
surface coated with o,f; integrin, indicating its specific
binding to a5 integrin. However, FITC-GRADS did not
affect the adhesion and migration of the HUVECs. The
detailed effect of RGD peptide-loaded CGC nanoparticles,
in terms of their ability to image or destroy the angiogenic
vessels surrounding the tumor tissues, is currently under
investigation in vivo. »

The Use of Doxorubicin Loaded Glycol-Chitosan Nano-

120 r .

100

80

60 |

40 I 1

Cumulative release (%)

—&— FITC-GRGDS
—&— FITC-GRADS

20 i

0 } L e . i L L 1
0 5 10 15 20 25 30 35

Time (hours)

Figure 9. Release profiles of FITC-labeled peptides from CGC
nanoparticles with the peptide content of 33.8% were exposed to at
37°C in PBS buffer (pH=7.4). The error bar represents standard
deviation (n=5) (adapted from Ref. [28]).

Macromol. Res., Vol. 13. No. 3, 2005

particles for Cancer Therapy. One of the most potent and
widely used anticancer drugs is doxorubicin, which pre-
vents the synthesis of nucleic acids within cancer cells.”
However, doxorubicin has a number of undesirable side
effects such as cardiotoxicity and myelosuppression, which
lead to its having a very narrow therapeutic index. Thus,
extensive studies have been conducted utilizing doxorubicin
coupled or encapsulated to various polymeric nanoparticles,
in an attempt to minimize the undesirable side effects of free
doxorubicin by using the EPR effect.’®*'

For the in vivo tumor targeting of doxorubicin, glycol chi-
tosan-doxorubicin conjugates (GC-DOX) were synthesized
using EDC chemistry.® N-cis-aconityl doxorubicin was
directly coupled to glycol chitosan using EDC and NHS,
because the cis-aconityl spacer in doxorubicin is hydrolyzed
in acidic conditions and, consequently, free doxorubicin can
be freely released from the nanoparticles after its hydrolysis
in the tumor site.”? The synthesized GC-DOX with a doxo-
rubicin content in the range of 2.0 and 5.0 wt% formed
stable nanoparticles in aqueous media, but the GC-DOX with
a doxorubicin content of more than 5.5 wt% was precipi-
tated in aqueous media, due to its excessive hydrophobicity.
The morphology of the GC-DOX nanoparticles was observed
by TEM (Figure 10). The nanoparticles had a nearly spherical
shape with a diameter ranging from 100 to 200 nm and their
size distribution was fairly uniform.

Free doxorubicin was also physically encapsulated into
GC-DOX nanoparticles by the o/w emulsion method. A
loading content of doxorubicin into the GC-DOX nanoparti-
cles as high as 38 wt% was obtained, along with a loading
efficiency of 97%. After the encapsulation of doxorubicin,
the size of the GC-DOX nanoparticles increased slightly to
300 nm. The ir vitro release of doxorubicin from the GC-
DOX nanoparticles in different pH media is shown in Figure
11. Under in vitro conditions, doxorubicin was released
more slowly at pH 7 than at pH 4. This indicates that, at
higher pH, glycol chitosan retains its hydrophobicity and
that the hydrolysis of the doxorubicins coupled to the glycol

250 DM e—
4 — K

Figure 10. Transmission electron microscopy (TEM) images of
doxorubicin-conjugated glycol chitosan (GC-DOX) nanoparticles
(adapted from Ref. [27]).
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chitosan chains is also prevented.

The in vivo anti-tumor activities of free doxorubicin and
the GC-DOX nanoparticles were studied using male Fisher
344 rats. The intravenous route through the tail vein was
selected for the injection of the free DOX or GC-DOX nano-
particles physically loaded with 38 wt% free doxorubicin
into the tumor-bearing rats (I145 mesothelioma). The size of
the tumor was significantly suppressed ten days after the i.v.
injection of the GC-DOX nanoparticles (Figure 12). In

30
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Figure 11. Effect of pH on the release profile of doxorubicin
loaded GC-DOX nanoparticles. Release profile measured by fluo-
rometer. Each point is the mean of three replicates. Data are repre-
sented as means + S.D. (adapted from Ref. [27]).
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Figure 12. in vivo anti-tumor activity of free doxorubicin and dox-
orubicin loaded GC-DOX nanoparticles after i.v. injection in the
back of tumor-bearing rats at a dose of 10 mg/kg. Each column rep-

resents the mean value (n=6). Data are represented as means = S.D.
(adapted from Ref. [27]).
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Figure 13. Body weight distribution of free doxorubicin group,
doxorubicin loaded GC-DOX nanoparticles treated group and con-
trol after i.v. injection in the back of tumor-bearing rats at a dose of
10 mg/kg. Each column represents the mean value (n=6). Data are
represented as means + S.D. (adapted from Ref. [27]).

addition, the body weight of the GC-DOX nanoparticle
treated rats remained constant, while that of the free doxoru-
bicin treated rats significantly decreased over the 10 day
period (Figure 13). This indicates that free doxorubicin was
distributed not only in the tumor cells, but also in other nor-
mal cells that might suffer from various side effects. How-
ever, the GC-DOX nanoparticles were mainly accumulated
in the tumor site.

Conclusions

Glycol chitosan, a water soluble chitosan derivative, is
one of the most biocompatible and biodegradable polysac-
charides. Bile acid-modified glycol chitosan derivatives and
anticancer drug modified glycol chitosan derivatives can be
readily prepared using EDC chemistry. The physicochemi-
cal properties, such as nanoparticle size, hydrophobicity,
and biostability of the various BGC nanoparticles, could be
achieved by grafting different amounts of bile acids. These
hydrophobically modified glycol chitosan derivatives formed
a uniform nanoparticle structure in physiological conditions.
Glycol chitosan-based nanoparticles can function well as a
drug carrier, due to their long systemic retention, low toxicity
and accumulation in the tumor tissues. Further, more i»n vivo
studies need to be carried out to optimize this potential drug
carrier for cancer therapy.
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