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Abstract Four types of doxorubicin (DOX)-loaded
polymeric micelles based on hydrophobically-modified
sulfated chitosan (SCTS) were prepared. The hydrophobic
group was composed of glycyrrhetinic acid (GA), cholic
acid, stearic acid (SA) or lauric aldehyde. DOX encapsu-
lation depended on several parameters, including the
degree of substitution of the sulfate group and the hydro-
phobic group, and the type of hydrophobic group. Of these
micelles, GA-SCTS micelles had the best capability to
solubilize DOX. In addition, GA-SCTS micelles had the
ability to target HepG, cells, and the IC50 for DOX-loaded
GA-SCTS micelles was 54.7 ng/mL, which was much
lower than that of the other micelles. Further studies on the
DOX-loaded GA-SCTS micelles showed that they were
stable in salt and protein solutions, in cell culture media,
and during long-term storage (6 months). Based on these
results, these micelles may be a promising DOX-encapsu-
lated formulation, particularly, GA-SCTS as a potential
vehicle for liver-targeted delivery.

1 Introduction

Doxorubicin (DOX), a well known anticancer drug, is a
member of anthracycline ring antibiotics. It is commonly
used in the treatment of a wide range of cancers, including
hematological malignancies, many types of carcinoma, and
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soft tissue sarcomas [1, 2]. However, severe side effects,
such as myelosuppression and cardiotoxicity [1, 3], limit
the application of DOX in cancer therapy, and this is pri-
marily ascribed to the non-specific, indiscriminate distri-
bution of the drug in various tissues [l]. Therefore,
significant research has been devoted to improvements in
the therapeutic index of DOX. Doxil®, a novel formulation
of DOX in long-circulating (Stealth) liposomes, dramati-
cally changed the pharmacokinetics and biodistribution of
DOX [4], resulting in a significant decrease in DOX-
associated toxicity and an increase in the effectiveness of
chemotherapy [5, 6]. Thus, it can be concluded that an
effective method of improving the therapeutic index of a
drug is drug reformulation. Many attempts have been made
to identify carriers to deliver DOX to the desired tissue
while reducing adverse reactions in other tissues. In addi-
tion, liposomes and numerous drug delivery systems
including microspheres [7, 8], polymer—drug conjugates [9,
10], nanoparticles [11, 12], solid lipid nanoparticles (SLNs)
[13, 14], and polymeric micelles [15, 16], have been
extensively studied and evaluated as carriers of DOX.

In particular, polymeric micelles, have received signif-
icant attention due to their remarkable advantages as drug
carriers. These advantages include the low critical micelle
concentration (CMC) value of the polymeric micelles
which promotes drug stability in aqueous environments;
the hydrophobic segment in the core—shell architecture
which solubilizes lipophilic drugs, and prolonged blood
circulation. The emerging polymeric micellar drug car-
riers include amphiphilic block copolymers [17-19],
hydrophobically modified water-soluble polymers [20, 21],
and natural polysaccharides bearing hydrophobic groups
[22-24]. In recent years, sulfated chitosan (SCTS), a water
soluble chitosan (CTS) derivative with sulfate substituents
on some or both of the hydroxyl and amino groups of CTS,
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and the close structural analogs of the natural blood anti-
coagulant heparin, has attracted increasing attention as a
drug carrier because of its good biocompatibility and bio-
logical activities, such as blood anticoagulant, hemagglu-
tination inhibition and antimicrobial activities [25]. A
series of polymeric micelles based on SCTS has been
synthesized. Ping et al. [26, 27] reported on PEG-conju-
gated N-octyl-O-sulfate chitosan (mPEGOSC) micelles for
the delivery of paclitaxel (PTX). The solubility of PTX
in micellar solution was significantly improved (by
4000-fold), compared with that of free PTX in water.
Tissue distribution studies indicated that micelles greatly
decreased the elimination of PTX by the reticuloendothe-
lial system (RES) and its accumulation in liver and spleen.
The targeting efficiency of PTX-mPEGOSC to uterus was
2.27 times higher than that of Taxol®. These results indi-
cate that micelles based on SCTS are excellent carriers for
drug delivery.

In this study, polymeric micelles based on hydropho-
bically modified SCTS were designed for the encapsulation
of DOX, in which the hydrophobic moiety was composed
of glycyrrhetinic acid (GA), cholic acid (CA), stearic acid
(SA), or lauric aldehyde (LA). CA, SA and LA are com-
monly used as hydrophobic segments in the preparation of
polymeric micelles [28-30]. GA was selected due to the
presence of receptors on hepatocytes [31], and GA-SCTS
was expected to have the ability both to solubilize DOX
and to target liver cancer cells. The micelle-forming
properties of these amphiphilic polymers had been dis-
cussed previously. Generally, drug encapsulation is tightly
associated with the properties of polymeric micelles [27,
32, 33], such as the composition of the micelle, the degree
of substitution (DS) of each segment (hydrophilic group
and hydrophobic moiety), the molecular weight of the
micelle, as well as other factors. Therefore, the influence of
the composition of the micelle on DOX encapsulation and
in vitro release were evaluated in some detail, to evaluate
the capacity of these micelles as carriers of DOX. The
biocompatibility, the cellular uptake, and the cytotoxicity
of the DOX-loaded micelles were also investigated.

2 Materials and methods
2.1 Materials

Chitosan (Mw = 50,000, DD > 95 %) was supplied by
Ao’xing Biotechnology Co., Ltd. (Zhejiang, China). GA
(purity >98 % by HPLC) was purchased from Fujie
Pharmaceutical Co., Ltd. (Xi’an, China). SA, LA and
chlorosulfonic acid (HCISO3) were supplied by Tianjin
Chemical Company (Tianjin, China). CA (purity >98 % by
HPLC) was supplied by Guangfu Co., Ltd (Tianjin, China).
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DOX-HCI was obtained from Huafeng United Technology
Co., Ltd. (Beijing, China). 1-Ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC) and N-hydroxy-succinimide
(NHS) were obtained from GL Biochem., Ltd. (Shanghai,
China). Bovine Serum Albumin (BSA, purity >98 % by
HPLC) was supplied by Tianjin Dingguo Bio. Co., Ltd.
(Tianjin, China). All other agents were of analytical grade.

2.2 Synthesis of the amphiphilic polymers

SCTS was prepared according to the Ref. [34]. CTS (1.0 g)
was suspended in a mixture of 60 mL of H,SO,4 (98 %) and
20 mL of HSO;Cl (98 %), previously cooled at 0—4 °C.
Then the solution was stirred for 50 min at room temper-
ature and precipitated with cold diethyl ether. The precip-
itate was filtered and repeatedly washed with diethyl ether,
then solubilized in water, neutralized with 0.5 M NaOH,
dialyzed against water for 3 days and lyophilized.

GA-SCTS was prepared by two steps. Firstly, GA
(5.0 mmol) and succinic anhydride (20.0 mmol) were
dissolved in 50 mL anhydrous pyridine. The mixture was
refluxed for 14—15 h, poured into water and acidified to pH
3—4. The precipitate was filtered and purified by silica gel
(eluted in an ethanol-ethyl acetate solvent system, 11:3,
v/v) and the 3-O-hemisuccinate glycyrrhetinic acid (suc-
GA) was obtained. Then, SCTS was dissolved in DMF/
H,O (3:1, v:v) followed by adding different amounts of
suc-GA with EDC/NHS in the solution. After stirring at
room temperature for 24 h, the solution was precipitated in
acetone, and the precipitate was filtered and dried.

SA-SCTS and CA-SCTS were also prepared in the
same way as GA-SCTS, in which SA or CA took place of
suc-GA.

LA-SCTS was prepared according to Ref. [27]. SCTS
(1.0 g) was dissolved in methanol/water (3:1, v:v) with
stirring at room temperature. LA (1.0 g) was added to the
reaction mixture and the solution was stirred for 24 h. Then
NaBH, (0.5 g) was slowly added into the solution. After a
further 24 h of continuous stirring, the solution was neu-
tralized with HCI. Subsequently, methanol was added to
obtain precipitate. The precipitate was filtered and dried in
vacuum at 40 °C.

2.3 Characterization of the amphiphilic polymers

"H NMR spectrum was used to analyze the synthesized
product and recorded on an NMR spectrometer (Varian
Unity-Plus 400) in D,O.

FT-IR spectrum was recorded on a FT-IR spectrometer
(Bio-Rad FTS-6000) by mixing the sample with Potassium
bromide (KBr).

The molecular weight of SCTS was determined by
gel permeation chromatography (GPC) (apparatus: Waters
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1515 HPLC pump, Waters 2410 refractive index detector,
mobile phase: 0.2 M NaNOs;, flow rate: 1.0 mL/min,
poly(ethylene glycol) standard).

S content in SCTS was investigated by inductively
coupled plasma-atomic emission spectrometer (ICP-AES)
(ICP 9000, Jarrell-Ash Division).

The content of GA/SA/CA/LA was determined by ele-
mental analysis (Vanio-EL, Heraeus, Germany). The DS
was defined as the number of GA/SA/CA/LA groups per
100 glucosamine units of CTS.

2.4 Critical micelle concentration of the amphiphilic
polymers

The CMC was estimated by fluorescence measurement (F-
7000 fluorescence spectrophotometer, Hitachi, Japan)
using pyrene as a probe [35]. Samples were prepared by
adding a certain amount of pyrene in acetone to a series of
20 mL vials, and then removing the acetone by evapora-
tion. Various amounts of the amphiphilic polymer were
then added to each vial, and the final pyrene concentration
was 6.0 x 107" M. The solution was left overnight to
equilibrate the pyrene and the micelles. The excitation
wavelength was 336 nm, and the emission spectra were
recorded ranging from 360 to 460 nm. The intensity ratio
of 1373/1383 from the emission spectrum was analyzed as a
function of the concentration of amphiphilic polymer to
calculate the CMC.

2.5 Preparation of doxorubicin-loaded micelles

DOX-loaded micelles were prepared by dialysis. Briefly,
20.0 mg of the amphiphilic polymer was dissolved in 20 mL
PBS (pH = 7.4), followed by the addition of different
amounts of DOX in 1 mL DMF. The solution was stirred at
room temperature overnight, and subsequently dialyzed
against distilled water for 48 h using a dialysis membrane
(MWCO 7,000). Finally, the DOX-loaded micelles (DOX/
GA-SCTS, DOX/SA-SCTS, DOX/CA-SCTS and DOX/
LA-SCTS) were collected by lyophilization.

2.6 The size and morphology of micelles

The size and zeta potential of the blank and DOX-loaded
micelles were measured by dynamic light scattering (DLS)
and laser doppler anemometry using a Zetasizer 3000
(Malvern Instruments, UK) with the concentration of
micelles keeping at 1.0 mg/mL.

The morphology of different micelles was observed
by transmission electron microscopy (TEM, Philips
T20ST).

2.7 Determination of drug encapsulation efficiency
and drug loading

DOX-loaded micelles (1.0 mg) were dissolved in 10.0 mL
of DMF/H,0 (9:1, v:v) and the absorbance of DOX was
analyzed by UV-Vis spectrophotometry (UV-4802H,
Unic) at 4 = 480 nm. A calibration curve was pre-estab-
lished under the same condition. The loading content (LC)
and the encapsulation efficiency (EE) of the micelles for
DOX were calculated by Egs. (1) and (2), respectively.

mass of DOX encapsulated in micelles

LC = x 100%

mass of micelles
(1)
_ mass of DOX encapsulated in micelles

EE = 100
mass of DOX in feed % %

(2)

2.8 In vitro DOX release from micelles

DOX-loaded micelles (5.0 mg) were dissolved in 5.0 mL
PBS (pH = 7.4, 5.8). The solution was transferred into
dialysis tubing and dialyzed against 30.0 mL PBS at 37 °C
under shaking at 90 £ 5 rpm. At predetermined time inter-
vals, 5.0 mL medium out of the dialysis membrane was
taken out and replaced with 5.0 mL fresh medium. The drug
concentration in the medium was determined by HPLC
equipped with a C18 volume (L6-P6, Purkinje General).
The mobile phase was a mixture of CH3;0H:CH;CN:-
H,O:H;PO4 = 12:100:112:0.15 (volume ratio), the flow
rate was 1.0 mL/min at 25 °C, and the wavelength was set
at 232.8 nm. All the tests were performed thrice.

2.9 Cytotoxicity assay

The cytotoxicities of the DOX-loaded micelles against HepG,
cells were evaluated using MTT method [11]. Cells (8.0 x 103)
were incubated in each well of a 96-well plate. After incuba-
tion for 24 h, the culture medium was replaced by 150 pL of
DMEM containing different concentrations of DOX-loaded
micelles, and the cells were further incubated for 48 h. The
micelle concentration was adjusted to maintain the DOX con-
centration in the range of 3.9 x 107°—4.0 pg/mL. Following
incubation, cells were washed thrice with the culture medium.
Then, 20 pL. of MTT solution (5.0 mg/mL) was added. After
additional 4 h incubation, the MTT medium was removed
from each well, and 150 pL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan crystals. Then,
50 pL of the solution was taken out, and the optical density
(OD) was measured at 570 nm with a microplate reader (Model
550, Bio-Rad, USA). The untreated cells were used as control.
The cell viability was calculated as follows:

Cell viability = B/A x 100% (3)
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where A is the absorbance of the cells incubated with the
culture medium and B is the absorbance of the cells
incubated with the drug-loaded micelles or free drug.

2.10 In vitro cellular uptake

HepG; cells were cultured in DMEM medium in a 96-well
plate at a density of 8 x 10 cells/well. After a 24 h
incubation, 150 pL. DOX-loaded micelles solution con-
taining 1.5 pg DOX (10 pg/mL) was added. After addi-
tional 4 h incubation, the culture medium was removed,
and the cells were rinsed three times with PBS prior to
fluorescence observation (Olympus, Tokyo, Japan).

To quantitatively study the cellular uptake of the
micelles, HepG, cells were incubated with the DOX-loa-
ded micelles at a DOX concentration of 10 pg/mL in a
6-well plate for 4 h. The cells were washed thrice with
PBS, and harvested by trypsinization. The intracellular
fluorescence intensity was measured with a flow cytofluo-
rometer (BD FACSCalibur, USA). Approximately 1.0 x
10* cells were counted to determine the trend of micelle
uptake by the HepG, cells.

2.11 Stability assays

To study colloidal stability, DOX-loaded micelles (1.0 mg/
mL) were incubated in solutions containing different amounts
of Na,SO,4 (0-0.6 M) and BSA (0-1.0 mg/mL). The effect of
incubation time on the micelle stability in DMEM media was

Scheme 1 The synthetic routes
of the amphiphilic polymers
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also studied. The size of the micelles after these operations
was measured to evaluate the colloidal stability.

The quality of DOX-loaded micelles after long-term
storage was investigated by measuring their morphology
and size. Briefly, DOX-loaded micelles were stored in a
brown bottle at room temperature. At predetermined time
intervals, micelles were suspended in PBS (1.0 mg/mL).
The morphology and the size of the micelles were inves-
tigated. In addition, the morphology of the micelles before
and after lyophilization was also observed.

2.12 Statistical analysis

All data expressed as means + standard deviation (SD) were
representative of at least three different experiments. Sta-
tistical analysis was performed in Origin 7.0. A two-tailed
paired Student’s -test was used to compare the differences.
A value of P < 0.05 was considered statistically significant.

3 Results

3.1 Synthesis and self-aggregation of sulfated chitosan
derivatives

The routes of synthesis of the amphiphilic polymers are
shown in Scheme 1. The process of sulfation was carried
out according to a previously published study using a
mixture of H,SO, and HSO5Cl [34]. It is well known that
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Table 1 The molecular weight and the DS of —-SO5™ groups of SCTS
prepared in different time

Reaction GPC DS (-SO;7)*
time (min)
Mw Mn PDI
50 47,075 20,738 2.27 51.97
180 37,812 18,037 2.10 86.76
420 34,059 15,903 2.14 109.90

4 DS defined as the number of —SO;~ groups per 100 glucosamine
units of chitosan

CTS is vulnerable to acidic solution due to the presence of
glycosidic bonds in the backbone. Therefore, it is reason-
able to expect that SCTS will have a reduced molecular
weight compared to CTS itself. Table 1 shows the
molecular weight and the DS of the —SO3™ groups of SCTS
prepared at different experimental time.

The structures of the final products were also charac-
terized by IR and NMR. From the IR spectra (Fig. 1),
SCTS showed new peaks at 1230 cm™!, 1002 cm™! and
806 cm ™! compared with CTS, which were attributed to
the O=S=0 bonds. The peak at 1,076 cm™! for —~OH of
CTS disappeared, and the peak at 1,597 cm™' for —-NH,
was not significantly changed in the spectrum of SCTS
(1,604 cm™'). These findings indicated that the sulfate
groups were introduced mainly at the hydroxyl groups of
CTS. After conjugation of SCTS with each hydrophobic
molecule, taking GA for example, a peak at 1,728 cm™",
belonging to the carbonyl of the ester bond of suc-GA,
appeared in the spectrum of GA-SCTS. In addition, the
absorption band at 1,647 cm™! (amide 1) increased, and the

SCTS ¥
1076

11.!*0 ]0{]2 \ \06
1724 Y i ‘

CA-CTS o8 '

SA-CTS

T T T

T
4000 3500 3000

GA-SCTS ' 1004

T
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2500 2000 1500

Wavenumber (cm™)

Fig. 1 IR spectra of the polymers

peak at 1,604 cm ! (-NH,) decreased, indicating the for-
mation of new amide bonds. From the NMR spectra
(Fig. 2), the conjugations, taking GA for example, showed
new peaks at 0.6-1.6 ppm compared with SCTS, which
attributed to the protons of CHj;, CH,, and CH of
GA, indicating that GA molecules were successfully
conjugated.

By varying the reaction conditions, several types of
amphiphilic polymers were synthesized (Table 2). The
number after the sample code X-SCTS is the DS value, for
example, GAs—SCTSs, indicates that the DS value of GA
is 5 (5 GA groups per 100 glucosamine units) and the DS
value of —=SO;~ is 52 (52 —=SO3;~ groups per 100 glucosa-
mine units).

The CMC value is also an important factor for the
usage of polymeric micelles as drug carriers. The CMC
of each polymer was investigated by fluorescence spec-
trometry using pyrene as a fluorescent probe. As shown
in Table 2, the CMC values were found to be in the
range 29-90 pg/mL for each polymer. This low CMC
value is beneficial for drug delivery purpose, because it

LA-SCTS LA

CA-SCTS ~ / \ JN\ ~ “ &I CA

et _/I WM n

SA-SCTS N L
]

GA
GASCTS \\/\/\/\J\JLM/;_

50 40 3.0 20 1.0

ppm(tl)

Fig. 2 '"H NMR spectra of the polymers (in D,0)

Table 2 The CMC of each amphiphilic polymer

Sample DS (HG)* DS (-SO;7)° CMC (ug/mL)
GA,-SCTSs, 2.12 51.97 90.88
GAs-SCTSs, 4.73 51.97 22.33
GAs-SCTSgo 473 86.76 78.46
CA5-SCTSs, 5.09 51.97 29.87
SAs-SCTSs, 4.62 51.97 77.39
LAs-SCTSs» 5.46 51.97 79.18

 Defined as the number of hydrophobic groups per 100 glucosamine
units of chitosan

® Defined as the number of —~SO;~ groups per 100 glucosamine units
of chitosan
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would prevent the micelles from disassociation while
diluted in the body fluid, and thus avoid leakage of the
encapsulated drug.

3.2 Characterization of doxorubicin-loaded micelles
3.2.1 Size and zeta potential

Doxorubicin-loaded micelles were prepared using a dialy-
sis technique. GA, CA, SA and LA were used as hydro-
phobic groups to facilitate the encapsulation of DOX. The
characteristics of DOX-loaded micelles are listed in
Table 3. The size and the zeta potential of micelles are very
important properties and play a key role in the fate of
micelles in vivo. For cancer treatment, the ideal particle
size is between 70 and 200 nm [36]. Except for LAs—
SCTSs,, the sizes of all other micelles were below 200 nm,
which is suitable for cancer treatment. It was also shown
that the micelle sizes of GAs—SCTSs, and CAs—SCTS5;
(about 150 nm) were smaller than that of LAs—SCTS5, and
SAs—SCTSs, (232.3 and 179.6 nm, respectively). It is very
interesting that the micelle size decreased from 196.4 to
153.3 nm when the drug feed ratio increased from O to
20 %. This phenomenon may due to two reasons. One is
the electrostatic interaction between the sulfate group of
GA-SCTS and the amino group of DOX. With the addition
of DOX, more and more —SO5;~ groups are combined with
DOX, which decreases the repulsion between the sulfate
groups and results in the shrinkage of the micelles. The
other reason is the hydrophobicity of DOX. The hydro-
phobic interaction between DOX and the hydrophobic
segments could make the micelle core denser, leading to a
decrease in micelle size.

Zeta potential gives an indication of the potential sta-
bility of the colloidal system. A large negative or positive
zeta potential in the suspension diminishes the aggregation
behavior of the particles. It was reported that a value below

—30 mV (or above +30 mV) indicated a stable colloidal
dispersion [37, 38]. The zeta potentials of all the drug-
loaded micelles were around —30 mV. This was beneficial
for the colloidal stability of the micelles in aqueous
solution.

3.2.2 Drug encapsulation and in vitro release

From Table 3 it can be seen that the LC and EE were sig-
nificantly affected by the feed ratio, the DS values of the
hydrophobic and hydrophilic groups, and the category of
the hydrophobic group used. Firstly, LC increased as the
feed ratio increased from 5 to 20 %, LC increased from 3.56
to 12.04 % for the GAs—SCTSs, micelles, while EE
decreased from 74.76 to 62.13 %. Secondly, increase in
hydrophobicity resulted in higher LC and EE. LC values
were 10.63 and 12.04 %, and EE values were 54.21 and
62.13 % for the GA,—SCTS5, and GAs—SCTS5, micelles,
respectively. Thirdly, it appeared that the introduction of
more —SO5;~ groups also improved the LC and EE. The
GAs—SCTSg( micelles resulted in the highest LC (13.99 %)
and EE (83.10 %) among the drug-loaded micelles prepared
under identical conditions. Fourthly, the type of hydro-
phobic segment slightly altered the LC and the EE. The
multi-ring structure of the hydrophobic groups supported
relatively higher LC and EE: e.g., GAs—SCTSs,, CA5—
SCTSs, and SAs—SCTSs, micelles. Finally, the longer
hydrocarbon chains in the hydrophobic groups greatly
increased the LC and EE. The LC and EE were about 5.47
and 32.82 % for the LAs—SCTSs, micelles, respectively.
These values increased to 10.61 and 42.65 %, respectively,
when the hydrophobic group LA was replaced with SA.
The release profiles of DOX from micelles are shown
in Flg 3. DOX/GAS—SCTSSQ and DOX/CAs—SCT852
micelles released about 40 % of the drug in 24 h at
pH 7.4, and DOX/SAs—SCTSs, micelles released 58 %
under the same condition. The DOX release rates for

Table 3 The LC, EE, size and zeta potential of drug-loaded micelles [mean 4+ SD (n = 3)]

Sample Feed ratio® (%) LC (wt%) EE (wt%) Size (nm)b Zeta potential (mV)b
GAs-SCTSs, 0 - - 196.4 + 1.30 —50.6 £ 1.10
5 3.56 % 74.76 % 193.1 & 3.25 —36.7 £ 1.69
20 12.04 % 62.13 % 153.3 £ 2.14 —31.1 £ 1.00
GA,-SCTSs, 20 10.63 % 54.21 % - -
GAs-SCTSg 20 13.99 % 83.10 % 173.1 & 2.01 —42.1 + 0.41
CAs—SCTSs, 20 11.36 % 47.03 % 151.3 & 4.20 —293 4+ 298
SAs—SCTSs, 20 10.61 % 42.65 % 179.6 + 4.05 —30.6 &+ 1.06
LAs—SCTSs, 20 547 % 32.82 % 2323 4 3.54 —32.7 4+ 2.87

? Drug to polymer, wt%
® Mean + SD (n = 3)
¢ Precipitation, not measured

d
Not measured
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Fig. 3 In vitro release profiles of DOX-loaded micelles in PBS at
37 °C

DOX/GA5s—SCTS5, and DOX/CA5s—SCTSs5, micelles were
slower than that for DOX/SAs—SCTSs, micelles, and
DOX/LAs—SCTSs, had the lowest release rate of all the
micelles. It was also noted that the rate of DOX release was
faster at pH 5.8. Sixty percent of the total drug diffused into
the medium from GAs—SCTSs, micelles in 24 h at pH 5.8;
however, only 40 % of the drug was detected in the med-
ium at pH 7.4 in 24 h.

In any given condition, the release process of a drug
from each micelle can be divided into two stages, with a
rapid release over the first 12 h, followed by a slow release.
DOX can be associated with micelles in three different
states [12]: (1) adsorbed on or near to the surface of the
micelles; (2) in the core as a reversible complex with the
polymer matrix; or (3) in the core as an irreversible com-
plex with the polymer matrix. Fast release is attributed to
DOX located at or close to the surface of the micelles,
whereas the subsequent slow release is probably the result
of the release of drug molecules entrapped in the core of
the micelles. From Fig. 3, it is obvious that a considerable
amount of the drug was not released. These unreleased
DOX molecules were assumed to be well entrapped within

Fig. 4 Cytotoxicities of the A 120 -

the micelles, and tightly associated with the micelles by
hydrophobic and electrostatic interactions. Therefore,
degradation of the micelles might be required to accom-
plish the complete release. Unfortunately, we have no way
of confirming this hypothesis since DOX degradation has
only been confirmed after long-term incubation in the
medium and by chitosanase treatment [39].

3.3 In vitro cell assays

Biocompatibility is one of the most important prerequisites
of biomaterials. The toxicity of the polymers against
HepG; cells was evaluated using the MTT assay. As shown
in Fig. 4a, cell viabilities in the presence of these polymers
were more than 90 %, even at high concentration (250 pg/
mL). This indicated that these polymers have low toxicity
and are potential drug carriers.

In this work, an in vitro cytotoxicity assay was used to
demonstrate the retention of drug bioactivity after encap-
sulation. The cytotoxicity of these micelles against HepG,
cells is shown in Fig. 4b. The cells were incubated with the
DOX-loaded micelles at a dose equivalent to free DOX. The
IC50 (50 % inhibitory concentration) values of free DOX,
DOX/GAs—SCT852, DOX/CAs—SCTSSQ, SAs—SCTS52 and
DOX/LAS5-SCTSs, micelles were 57.9, 54.7, 87.0, 96.0 and
114.0 ng/mL, respectively. These findings indicated that
DOX maintained its bioactivity after encapsulation.

3.4 Stability assay

The development of a drug delivery system usually faces
several challenges, and one of these challenges is the stability
in blood circulation. The aggregation and dissociation of
micelles by adsorbing proteins or being diluted after
administration would induce a rapid clearance from plasma
and leakage of the encapsulated drug, both of which are
disadvantageous for drug delivery. Thus, particle sizes in
various solutions containing high salt or protein concentra-
tions were investigated to assess the stability of micelles. Of
the four types of micelles prepared in this work, GA-SCTS
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micelles had the best capability to solubilize DOX. In addi-
tion, due to the special interaction between GA and its
receptors on hepatocytes, GA-modified micelles or nano-
particles also have the ability to target liver cells [31, 40, 41].
Thus, the stability of DOX/GA-SCTS was investigated
further. Figure 5a shows the stability of DOX/GAs—SCTSs;
micelles in Na,SOy solutions. The micelles were very stable
in solutions with a low Na,SO, concentration. Negligible
changes in size were found at Na,SO, concentrations below
0.2 M. Although aggregation occurred in solutions with a
higher Na,SO, concentration (>0.4 M), this does not limit
their application in vivo, as the Na™ concentration in blood is
about 0.14 M (NaCl is the main component of the electro-
lytes in blood). Particle size was studied as a function of the
amount of BSA in PBS and as a function of the incubation
time in RPMI media. As shown in Fig. 5b, no aggregation
was observed even at high BSA concentrations. These
findings indicated that these micelles were less susceptible to
aggregation and non-specific interaction with BSA, as a
result of their negative surface charge acting as a protective
layer to prevent any non-specific adsorption of protein [32].
Conversely, particle size was gradually reduced as BSA
concentration increased. Similar results have been reported
in previous studies [42]. This may due to the small size of
BSA (about 15 nm) which contributed to the calculation of
particle size, leading to a decreased trend in the size of the
micelles as the BSA concentration increased. It was noted
that the size remained almost constant up to 180 min
(Fig. 5¢) and tended to increase slightly after 24 h incubation
in RPMI media.

Lyophilization is an effective method of collecting the
drug-loaded micelles. However, during lyophilization the
structure of the micelles may be destroyed, and therefore
excipients such as saccharide/polyol, polymers (PVP, PEG),
surfactants or amino acids are used to maintain the structure of
the particles. In this work, the DOX-loaded micelles were
collected by lyophilization without using any cryoprotectants.
The morphology of the DOX/GA5s—SCTSs, micelles before
and after lyophilization was shown in Fig. 6a, b. Micelles
maintained their regular and spherical shape after lyophili-
zation, and the diameter changed negligibly. These results
also indicated that the DOX/GAs—SCTSs, micelles had high
stability which is beneficial during long-term storage. As
shown in Fig. 5d, small fluctuations in size and zeta potential
were observed during shortage. The sizes were 153.3, 159.2,
159.4,169.2,169.6 173.9 and 180.0 nm at 0, 1, 2, 3,4, 5 and
6 months of storage respectively. The micelles also had a
regular spherical shape (Fig. 6¢) after 6 months of storage.

These colloidal stability results revealed that DOX/
GAs—SCTSs, micelles had high stability and would be an
excellent drug carrier.

4 Discussions

4.1 Synthesis and self-aggregation of sulfated chitosan
derivatives

In this work, the amphiphilic polymers were obtained by
coupling sulfate to the hydroxyl groups of CTS to prepare
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Fig. 6 Morphology of the DOX/GA,-SCTSs, micelles. a Before lyophilization; b after lyophilization; ¢ storage for 6 month

SCTS. The final products were then acquired follow-
ing modification with several hydrophobic molecules.
According to previous studies, sulfation occurred mainly at
the hydroxyl groups of CTS [34], thus, the unreacted amino
groups in the backbone of CTS made it possible and easy to
chemically conjugate various groups to confer multifunc-
tionality to the material. In this study, GA, CA, SA and LA
were chosen to modify SCTS to confer micellar properties
to the polymer.

From Table 2, it can be seen that the hydrophobic and
hydrophilic segments significantly affected micelle
behaviors. The increase in hydrophobicity following the
introduction of more identical hydrophobic groups reduced
the CMC value. The CMC values were 90.8 and 22.3 pg/
mL for GA,—SCTSs, and GA5s—SCTSs5, micelles, respec-
tively, and the DS values ranged from 2.12 to 4.73. An
increase in the number of hydrophilic groups, however,
produced the opposite results. The greater the number of
hydrophilic groups, the higher were the CMC values. For
instance, the CMC values were 22.33 and 78.46 pg/mL for
GAs—SCTSs5, and GAs—SCTSgy micelles. In addition, the
CMC value was dependent on the type of hydrophobic
group. The addition of GA and CA, with multiple ring
structures, resulted in lower CMC values (22.33 and
29.87 pg/mL, respectively). However, the linear com-
pounds SA and LA resulted in higher CMC values (77.39
and 79.18 pg/mL, respectively). This may be the result of
the more hydrophobic and rigid nature of the compounds
with the multi-ring structure compared with the linear
compounds.

4.2 Characterization of doxorubicin-loaded micelles

It can be seen that the hydrophilic segments significantly
affected the drug encapsulation and release profiles. The
reason for the increased LC and EE and decreased drug
release from the micelles with more hydrophilic groups
may be the molecular structures of DOX and SCTS. The

electrostatic interactions between the —SOjz;~ groups of
SCTS and the amino group of DOX play a role in the
association between drug molecules and drug carriers. In a
previous report [43], Kim et al. showed that electrostatic
interactions caused DOX binding to the ionic core of
micelles, and an increase in low molecular mass electrolyte
concentration weakened DOX binding with anionic groups,
which resulted in a faster release of DOX. DOX encapsu-
lation and release also depended on the number of hydro-
phobic groups. The more hydrophobic groups in the
polymer, the more drug molecules could be entrapped by
hydrophobic interactions, leading to a lower release rate
and higher encapsulation. The category of the hydrophobic
group can also affect drug loading and release profile. This
may be attributed to the rigid structure of GA and CA
which offered more hydrophobic force than that of the
linear structure (SA and LA). In our previous work, we
used a molecular docking method (AutoDock 4.0) to sim-
ulate the interactions between DOX and polymers. The
results of this study proved the existence of electrostatic
interactions between the amino group of DOX and the
sulfonate group of SCTS, and hydrophobic interactions
between the multi-ring structure of DOX and hydrophobic
segment of the polymers (data not shown here).

It is apparent from Fig. 3 that DOX/LAs—SCTSs, had
the lowest release rate among the micelles studied. This
result contradicted the rationales given above. It is possi-
ble, however, that DOX/LAs—SCTSs, micelles had the
lowest LC (5.47 %) of the micelles prepared under iden-
tical conditions, and there were more negatively charged
groups (—-SO57) available in the micelles to retain DOX
through electrostatic interactions [43].

The accelerated DOX release from these micelles in an
acidic environment was probably because of the lower pH
which weakened the drug-polymer interaction by causing
partial protonation of the sulfate groups in the micelles, and
increased the solubility of DOX, both of which were
favorable for the faster release of the drug.
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4.3 Cell toxicity of the drug-loaded micelles

It is very interesting that DOX/GAs—SCTSs, micelles had
the best anti-cancer cell proliferation activity of the micelles
studied. Although drug release from the micelles was
incomplete, DOX/GAs—SCTS5;, micelles were able to slow
HepGj, cell proliferation relative to the free DOX solution.
The IC50 for free DOX and DOX/GAs—SCTSs, micelles
was 57.9 and 54.7 ng/mL, respectively, which was signifi-
cantly lower than that for other micelles. Considering the
similar size and zeta potentials of these micelles, we assumed
that the main reason for the difference in cytotoxicity was
that the DOX/GAs—SCTSs, micelles had a high affinity for

A
DOX/GAs-SCTSsz micelles

DOXICAs-SCTSsz micelles

hepatocytes, due to the abundant GA receptors on hepatocyte
membranes [31]. Figure 7a shows the fluorescence micros-
copy images of HepG, cells following incubation with the
DOX-loaded micelles for 4 h. A strong DOX fluorescence
was observed in the cells after incubation with the DOX/
GA5-SCTSs; micelles. In contrast, a relatively weak fluo-
rescence was observed with HepG, cells incubated with the
other micelles. The mean fluorescence intensity of the cells
treated with the DOX/GAs—SCTSs, micelles was approxi-
mately 1.8-2.4-fold higher than that obtained with the other
micelles (Fig. 7b). This is in agreement with the earlier
results indicating that GA-modified carriers have the ability
to target the liver or hepatocytes [40, 44—46].
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Fig. 7 Fluorescence images (x200) (a) and fluorescence histograms (b) of HepG, cells treated with DOX-loaded micelles for 4 h
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5 Conclusions

In this study, four types of DOX-loaded polymeric micelles
based on hydrophobically-modified SCTS were prepared
using a simply dialysis process. Of these micelles, the GA—
SCTS micelles had the highest encapsulation capability for
DOX and greater storage stability. The cellular uptake of
DOX/GA-SCTS micelles by HepG, cells was approxi-
mately 1.8-2.4-fold higher than that of the other micelles.
These advantages were attributed to the hydrophobicity of
the multiple ring structures and liver-target ability of GA.
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