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I
n the last two decades, polymeric mi-
celles with core�shell structure have at-
tracted considerable interest especially

for delivering antitumor drugs to solid tu-

mors, which could be self-assembled from

amphiphilic block or graft copolymers. Poly-

meric micelles with nano-order size have

many advantages, such as the accumula-

tion in tumor via the passive “enhanced per-

meability and retention (EPR) effect”.1,2 The

hydrophilic surface allows avoiding reticu-

loendothelial system (RES) uptake, which

helps to increase blood residence time.3

Through chemical conjugation or physical

entrapment, poorly water-soluble drugs can

be incorporated into micelles with the pur-

pose of solubilizing drugs and avoiding the

use of some excipients such as Cremophor

EL which easily causes hypersensitivity

reactions.4�10

Materials used for preparing micelles for

drug delivery should be biocompatible such

as polycaprolactone, polysaccharides, poly-
(acrylic acid) family, proteins or polypep-
tides. Among them, polysaccharides are the
most popular recently because of their bio-
compatibility, biodegradability, and cell sur-
face recognition sites.11 Polysaccharides
such as dextran, chitosan, cellulose, and
starch have a large number of reactive
groups and controllable molecular weight,
contributing to their diversity in structure
and property for intended use.12 Specifi-
cally, dextran has been used clinically for
more than five decades as plasma volume
expansion, peripheral flow promotion, and
antithrombolytic agents.13

From the viewpoint of polyelectrolytes,
polysaccharides can be divided into poly-
electrolytes like chitosan and nonpolyelec-
trolytes like dextran. A great number of
chitosan-based nanoparticles including mi-
celles have been studied for drug
delivery.14,15 With the progress of time,
more polysaccharide-based nanoparticles
enrich the versatility of drug carriers in
terms of category and function. Dextran
consists mainly of linear �-1,6-glucosidic
linkage and has no surface charge.16 It has
been proved that positively charged drug
delivery systems could form aggregates in
the presence of negatively charged serum
proteins once administrated intrave-
nously.17 The drug delivery systems with-
out surface charge could reduce plasma
protein adsorption and increase the rate of
nonspecific cellular uptake.18

The anthracycline anticancer drug, dox-
orubicin (DOX), is widely used in chemo-
therapy for various tumors, including hema-
tological malignancies, many types of
carcinoma, and soft tissue sarcomas. How-
ever, its toxicity in normal tissue and perva-
sive cardiotoxic effects limits its clinical ap-
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ABSTRACT Stearate-g-dextran (Dex-SA) was synthesized via an esterification reaction between the carboxyl

group of stearic acid (SA) and hydroxyl group of dextran (Dex). Dex-SA could self-assemble to form nanoscaled

micelles in aqueous medium. The critical micelle concentration (CMC) depended on the molecular weight of Dex

and the graft ratio of SA, which ranged from 0.01 to 0.08 mg mL�1. Using doxorubicin (DOX) as a model drug, the

drug encapsulation efficiency (EE%) using Dex-SA with 10 kDa molecular weight of Dex and 6.33% graft ratio of

SA could reach up to 84%. In vitro DOX release from DOX-loaded Dex-SA micelles (Dex-SA/DOX) could be prolonged

to 48 h, and adjusted by a different molecular weight of Dex, the graft ratio of SA, or the drug-loading content.

Tumor cellular uptake test indicated that Dex-SA micelles had excellent internalization ability, which could deliver

DOX into tumor cells. In vitro cytotoxicity tests demonstrated the Dex-SA/DOX micelles could maintain the

cytotoxicity of commercial doxorubicin injection against drug-sensitive tumor cells. Moreover, Dex-SA/DOX micelles

presented reversal activity against DOX-resistant cells. In vivo antitumor activity results showed that Dex-SA/DOX

micelles treatments effectively suppressed the tumor growth and reduced the toxicity against animal body

compared with commercial doxorubicin injection.
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A
RT

IC
LE

VOL. 4 ▪ NO. 11 ▪ DU ET AL. www.acsnano.org6894



plication.19 Moreover, anthracycline anticancer drugs
have been proven to be P-Glycoprotein (P-gp) sub-
strates.20 P-gp could efflux toxic reagent out of tumor
cells, contributing to multiple drug resistance (MDR) in
tumor cells.21 Using polymeric micelles as drug delivery
systems might reverse MDR.22 Recently, Susa et al.
used a lipid-modified dextran-based polymeric nano-
system for doxorubicin loading23 and siRNA delivery.24

This nanosystem showed pronounced antiproliferative
effects against osteosarcoma cell lines and had poten-
tial for reversing MDR in osteosarcoma.

In this contribution, stearate-grafted dextran (Dex-SA)
was synthesized successfully via an esterification reac-
tion. Stearic acid (SA) is an endogenous saturated fatty
acid and biocompatible with low toxicity and favored by
pharmaceutical use.25,26 By controlling the molecular
weight of Dex and the feeding amount of SA, various Dex-
SAs were synthesized, and the self-assembly behavior
was investigated. Using DOX as a model anticancer drug,
DOX-loaded Dex-SA micelles were prepared. The mea-
sures of the performance of Dex-SA micelle as a drug de-
livery carrier such as drug-loading ability, in vitro drug re-
lease behavior, in vitro and in vivo anticancer activities
were investigated in detail.

RESULTS AND DISCUSSION
Synthesis and Characterization of Dex-SA. Stearate-g-

dextran (Dex-SA) was successfully synthesized by ester-
ification between the carboxyl group of SA and the hy-
droxyl group of Dex. The synthesis route is presented in
Scheme 1. Dex-SAs were synthesized by changing the
molecular weight of Dex and the feeding amount of
SA. The physicochemical properties of synthesized Dex-

SAs are shown in Table 1. Dex-SA with 10 kDa molecu-
lar weight of Dex and 20% feeding amount of SA is la-
beled as Dex(10k)-SA(20%), and the other Dex-SAs are
represented in the same manner.

1H NMR spectrum was used to confirm the binding

between SA and Dex. 1H NMR spectra of Dex, Dex-SA

and SA are shown in Figure 1. The proton peak of

methyl of SA (at about 0.9 ppm) was observed in 1H

NMR spectrum of Dex-SA (Figure 1C), while the proton

peak of carboxyl of SA (at about 12.0 ppm) disappeared.

The IR spectra of Dex (Mw � 10 kDa), Dex(10k)-
SA(30%), and SA are also shown in Figure 1. The IR spec-
trum of SA exhibited the characteristic absorption band
at 1700 cm�1 due to the CAO stretching vibration of
the carboxylic groups. After SA was grafted onto Dex,
Dex-SA showed a peak at 1722 cm�1 for CAO stretch-
ing of ester groups, which was absent in dextran. The
absorbance at 1655 cm�1 is due to the H�O�H (hydro-
gen bonding) group in Dex.

The graft ratio of SA which was defined as the num-
ber of SA per D-glucose units was calculated by the pro-
ton peak areas of methyl of SA (at about 0.9 ppm) and
the proton peak areas of Dex (at about 4.9 ppm) in the
1H NMR spectrum of Dex-SA. Table 1 indicates the graft
ratio of SA increased with the increasing molecular
weight of Dex or feeding amount of SA. The thermo-
gravimetric analysis results indicated SA modification
had no obvious effects on the thermal stability of Dex.
This may be due to the lower SA graft ratio. Notice the
graft ratios of SA of synthesized Dex-SA (Table 1) were
lower than 7.65%.

The synthesized Dex-SAs could easily self-assemble

to form micelles in aqueous medium. The critical mi-

Scheme 1. Synthetic scheme of Dex-SA

TABLE 1. Physicochemical properties of synthesized Dex-SAa

type of Dex-SA graft ratio (%) CMC (mg mL�1) dn (nm) PI (�)

Dex(10k)-SA(20%) 1.45 0.08 51.03 � 8.73b 0.21 � 0.05
Dex(10k)-SA(30%) 6.33 0.01 18.30 � 0.92 0.30 � 0.06
Dex(20k)-SA(10%) 1.93 0.05 75.23 � 17.55 c 0.31 � 0.10
Dex(20k)-SA(20%) 3.86 0.02 42.32 � 8.23 0.53 � 0.05
Dex(20k)-SA(30%) 6.60 0.01 34.80 � 16.55c 0.29 � 0.11
Dex(40k)-SA(20%) 7.65 0.01 81.17 � 8.11b 0.33 � 0.04

adn and PI present hydrodynamic diameter and polydispersity index of micelles, respectively. Data represent the mean � standard deviation (n � 3). bp � 0.05. cp �
0.05.
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celle concentration (CMC) is an important characteris-

tic for amphiphilic materials, indicating the micelle for-

mation ability. The aggregation behavior of Dex-SA was

investigated by fluorometry using pyrene as a probe.

Figure 2 shows the variation of fluorescence intensity

ratio for I1/I3 against the logarithm of Dex(10k)-SA(30%)

concentration. With the lower Dex(10k)-SA (30%) con-

centration, the ratio of the first peak to the third peak

(I1/I3) in the emission spectra of pyrene kept constant.

As Dex(10k)-SA (30%) concentration increased to form

micelles, the incorporation of pyrene into the micelles

resulted in the increase of fluorescence intensity. The I3

of pyrene increased significantly faster than that of I1.

As a result, the value of I1/I3 deceased sharply, indicat-

ing micelle formation. Table 1 shows that the CMC value

is reduced with the increasing graft ratio of SA.

In the previous research, chitosan derivate with

glycolipid-like composition, stearate-g-chitosan oli-

gosaccharide (CSO-SA), was synthesized by the cou-

pling reaction between the amino group of CSO and

the carboxyl group of SA.27 The derivate could self-

assemble to form micelles in aqueous medium, and pre-

sented fast internalization into tumor cells due to the

spatial structure with multi hydrophobic core. CSO with

protonated amines formed a hydrophilic shell while

most SA chains aggregated into a hydrophobic core

and residuary SA formed “minor cores” (hydrophobic

microdomains) near the surface of the shell due to the

stereo resistance effect from the shell. The synthesized

Dex-SA in this research could also easily self-aggregate

to form micelles in aqueous medium. A relatively lower

CMC value (below 0.08 mg mL�1) than that of CSO-SA

might be attributed by the neutral property of Dex. The

low CMC meant that Dex-SA could easily form micelles

and keep the core�shell structure even under highly di-

luted conditions. Moreover, the CMC value decreased

with the increasing graft ratio of SA. It could be ex-

plained that, when the molecular weight of the hydro-

philic block exceeded that of the hydrophobic block,

the polymers could disperse easily in water and form

micelles.28

Preparation and Characteristics of Blank and DOX-Loaded

Micelles. Table 1 shows the micellar hydrodynamic diam-

eter and polydispersity index of Dex-SA micelles in

pure water. The hydrodynamic diameter reduced with

the increasing graft ratio of SA or the decreasing molec-

ular weight of Dex. Physicochemical properties of DOX-

loaded Dex-SA (Dex-SA/DOX) micelles are shown in

Table 2. It was clear that the hydrodynamic diameter

was larger after loading the drug.

Figure 3 shows the size distribution obtained by

DLS (dynamic light scattering) and TEM (transmission

electron microscopy) images of blank and DOX-loaded

Dex(10k)-SA(30%) micelles. Their spherical morphology

can be observed (Figure 3C, D). The micellar size ob-

served in TEM images corresponded to that obtained

from DLS determination, both below 50 nm.

Figure 1. 1H NMR spectra and FTIR spectra: (A and A=) Dex (Mw � 10 kDa); (B and B=) Dex(10k)-SA(30%); (C and C=) SA.

Figure 2. Variation of intensity ratio (I1/I3) versus logarithm
of Dex(10k)-SA(30%) concentration.
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DOX-loading capacities of Dex-SA micelles were af-

fected by the properties of Dex-SA, such as the graft ra-

tio of SA and the molecular weight of Dex (Table 2).

Without calculating the drug loss in preparation, more

than 99% of DOX was encapsulated into Dex-SA mi-

celles in the final Dex-SA/DOX solution (data not

shown). However, the drug loss was considered for the

EE% as shown in Table 2. The Dex(10k)-SA(30%) micelle

had the highest drug-loading capacity. When the DOX

feeding amount was enhanced from 5% to 20%, both

the DL% and EE% of Dex(10k)-SA(30%)/DOX increased

consequently.

In vitro drug release profiles of Dex-SA/DOX mi-

celles in pH 7.4 phosphate-buffered saline (PBS) are

shown in Figure 4. The drug release rate was affected

by the composition of Dex-SA or DOX content. As

shown in Figure 4A,B, drug release rate was delayed as

the graft ratio of SA or the molecular weight of Dex was

enhanced. Dex-SA/DOX micelles with different drug

content also showed a significant difference in drug re-

lease behavior (Figure 4C). The lower drug release rate

was found in Dex-SA/DOX micelles with higher DOX
content. An in vitro drug release test was also con-
ducted using PBS solution containing 10% fetal bovine
serum as dissolution medium (Figure 4C). No obvious
change in drug release behavior was found in the pres-
ence of serum.

Owing to the much larger molecular weight of Dex
compared with that of SA, Dex-SA micellar size was be-
low 100 nm. Furthermore, the micellar size was also af-
fected by the hydrophobic content, graft ratio of SA. As
shown in Table 1, Dex-SA micelles with higher graft ra-
tios had smaller micellar size, which might result from
the increasing hydrophobic interaction among SA
chains. For the same reason, the Dex-SA micelles with
higher graft ratios of SA consequently had relatively
higher drug encapsulation efficiency (Table 2).

In Figure 4A,B, the drug release rate from Dex(20k)-
SA(30%)/DOX and Dex(40k)-SA(20%)/DOX was slower,
although the Dex(20k)-SA(30%)/DOX and Dex(40k)-
SA(20%)/DOX micelles had smaller size. The micellar
size is a key factor affecting the surface area making
contact with the dissolution medium: the larger the
area, the faster the drug release.27 The inconsistent re-
sults meant the drug release rate was probably domi-
nated by the increasing interaction among hydropho-
bic SA chains and DOX in this case. In Figure 4C, the
drug release rate of Dex(10k)-SA(30%)/DOX with 20%
DOX feeding amount was slower, mainly affected by
particle size.

Cellular Uptake Studies. The cellular uptake test by A549
(human lung adenocarcinoma cell line) cells was car-
ried out using FITC (fluorescein isothiocyanate)-labeled
Dex(10k)-SA(30%)/DOX. Figure 5 presents the images of
A549 cells after incubation with FITC-labeled Dex(10k)-
SA(30%)/DOX for 2 and 24 h. The green fluorescence in-
dicates the FITC-labeled Dex-SA micelles inside cells
(Figure 5C, C=). The results demonstrated the Dex-SA/
DOX micelles had excellent time-dependent cellular up-
take ability. The red fluorescence indicates the DOX in-
side the cells (Figure 5D, D=). It was clear that DOX could
be accumulated into cells mediated by Dex-SA micelles.

In Vitro Antitumor Activity. Cytotoxicities of DOX · HCl,
blank, and DOX-loaded Dex(10k)-SA(30%) micelles
against A549 (human lung adenocarcinoma cell line),
MCF-7 (human breast carcinoma cell line), and MCF-7/

TABLE 2. Characteristics of DOX-loaded Dex-SA micellesa

type of Dex-SA DOX: Dex-SA(w/w, %) dn (nm) PI (�) DL (%) EE (%)

Dex(10k)-SA(20%) 10 155.25 � 43.63 0.34 � 0.02 3.84 � 0.43 39.73 � 5.41
Dex(10k)-SA(30%) 5 24.65 � 6.16 0.72 � 0.07 4.41 � 0.02 92.23 � 0.43

10 29.10 � 8.34 0.34 � 0.03 8.13 � 0.65 88.54 � 7.71
20 37.00 � 2.69 0.50 � 0.05 14.41 � 0.83 84.25 � 5.66

Dex(20k)-SA(10%) 10 258.30 � 38.89 0.55 � 0.08 3.69 � 1.04 38.03 � 10.97
Dex(20k)-SA(20%) 10 229.60 � 26.16 0.41 � 0.05 4.35 � 1.17 45.65 � 12.83
Dex(20k)-SA(30%) 10 148.70 � 8.34 0.39 � 0.08 5.33 � 1.17 56.19 � 13.34
Dex(40k)-SA(20%) 10 188.17 � 25.38 0.31 � 0.05 5.18 � 0.83 54.47 � 9.42

adn and PI present hydrodynamic diameter and polydispersity index of micelles, respectively. Data represent the mean � standard deviation (n � 3).

Figure 3. Size distribution obtained by DLS and TEM images
of blank and DOX-loaded Dex(10k)-SA(30%) micelles: (A)
Size distribution of blank Dex(10k)-SA(30%) micelles. (B) Size
distribution of DOX-loaded Dex(10k)-SA(30%) micelles. (C)
TEM image of blank Dex(10k)-SA(30%) micelles. (D) TEM im-
age of DOX-loaded Dex(10k)-SA(30%) micelles.
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Adr (multidrug resistant human breast carcinoma cell

line) cells were investigated. Using the MTT method, the

50% cellular growth inhibitions (IC50) within 48 h were

determined. The IC50 values of blank Dex(10k)-SA(30%)

micelles in model cells were determined as 200�400

�g mL�1, indicating that the present micelles had rela-

tively low cytotoxicity. MCF-7/Adr cells were DOX resis-

tant, and the IC50 value of DOX · HCl was about 25-fold

higher than that against drug-sensitive MCF-7 cells. As

shown in Figure 6, Dex(10k)-SA(30%)/DOX showed

similar cytotoxicities against drug-sensitive A549 and

MCF-7 cells compared with that of DOX · HCl solution,

which might be due to the determination time of the in

vitro cytotoxicity test. The DOX could not release com-

pletely from the micelles inside the cells within 48 h.

However, on the drug-resistant MCF-7/Adr cells, the cy-

totoxicity of Dex(10k)-SA(30%)/DOX was about 10-fold

higher than that of DOX · HCl solution, which was close

Figure 4. In vitro drug release profiles of Dex-SA/DOX mi-
celles in pH 7.4 PBS at 37 °C: (A) With the same molecular
weight (20 kDa) of Dex and different SA charged amounts:
10%, 20%, and 30%. (B) With the same SA charged amount
(20%) and different molecular weight of Dex: 10, 20, and 40
kDa. (C) Dex(10k)-SA(30%)/DOX micelles prepared using 5%,
10%, and 20% by weight charged ratio of DOX to Dex-SA,
and Dex(10k)-SA(30%)/DOX micelles prepared 10% weight
charged ratio of DOX to Dex-SA in pH 7.4 PBS containing
10% fetal bovine serum.

Figure 5. Images after A549 cells were incubated with FITC-
Dex(10k)-SA(30%)/DOX micelles solution for 2 and 24 h, re-
spectively. (A, A=) Phase-contrast images of cells. (B, B=) Blue
fluorescence images of Hoechst staining to cells nucleus. (C,
C=) Green fluorescence images of FITC labeled micelles. (D,
D=) Red fluorescence images of DOX.

Figure 6. Comparison of IC50 values of DOX · HCl and
Dex(10k)-SA(30%)/DOX micelles against A549, MCF-7, and
MCF-7/Adr cells. Reversal power was calculated from the
equation of (Rf/Sf)/(RM/Sf). Rf: IC50 value of drug solution
against drug-resistant cells; Sf: IC50 value of drug solution
against drug-sensitive cells; RM: IC50 value of Dex(10k)-
SA(30%)/DOX micelles against drug-resistant cells. Data rep-
resent the mean � standard deviation (n � 3).
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to the value of Dex(10k)-SA(30%)/DOX micelles against

drug-sensitive MCF-7 cells. The results indicated that

Dex(10k)-SA(30%)/DOX micelles could reverse the DOX

resistance of MCF-7/Adr cells. The reversal power of

Dex(10k)-SA(30%)/DOX micelles against MCF-7/Adr

cells was about 10-fold.

Figure 7 indicates the cellular images after the

MCF-7 and MCF-7/Adr cells were incubated with

DOX · HCl and Dex(10k)-SA(30%)/DOX micelles for 1, 4,

and 24 h. The cellular uptake of DOX · HCl by drug-

resistant MCF-7/Adr cells reduced significantly com-

pared with that by drug-sensitive MCF-7 cells. How-

ever, cellular uptake of Dex-SA/DOX micelles by MCF-7/

Adr cells was close to that of MCF-7 cells. Cell

membrane is naturally impermeable to complexes

with molecular weights larger than 1 kDa.29 DOX molec-

ular weight is 543.52 Da and Dex(10k)-SA(30%)/DOX mi-

celle is over 10 kDa. The free DOX · HCl molecule could

internalize into tumor cells with molecular diffusion

mechanism. After DOX loaded into Dex-SA micelles,

the cellular uptake mechanism might be endocytosis,

which was also an efficient route for drugs going

through cell membrane.22 It was worthwhile to notice

that red fluorescence of DOX was observed in the cell

nucleus. As we know, the action mechanism of DOX is

to intercalate DNA and RNA in the nucleus. The Dex-SA

micelles could enhance the cytoplasmic and nucleus lo-

calization of DOX, which facilitated the antitumor effi-

cacy of DOX.

P-Glycoprotein (P-gp), a kind of ATP-binding cas-

sette (ABC) transporter expressed on the cell mem-

brane, may contribute to drug resistance in cancer as a

result of effluxing out the chemotherapeutic agents

through ATP-dependent transport. Dex-SA/DOX mi-

celles might enter into cells via endocytosis, which is

also ATP dependent but not P-gp dependent. The en-

docytosis of Dex-SA/DOX micelles consumed ATP,

which consequently reduced the activity of energy-

driven P-gp.30,31 Besides, the sustained DOX released

from micelles in cytoplasma and nucleus also sup-

pressed the P-gp action.32 As a result, against the drug-

resistant MCF-7/Adr cells, the cytotoxicity of Dex(10k)-

Figure 8. In vivo antitumor activities of Adriamycin and
Dex(10k)-SA(30%)/DOX micelles after i.v. injection in the tail of
tumor-bearing nude mice: (A) Mice tumor volume changes
within 21 d. (B) mice body weight changes within 21d. Data rep-
resent the mean � standard deviation (n � 6).

Figure 7. Fluorescence images of DOX after MCF-7 and MCF-7/Adr cells were incubated with DOX · HCl and Dex(10k)-
SA(30%)/DOX micelles (both final DOX content was 4 mg mL�1) for 1, 4, and 24 h, respectively.
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SA(30%)/DOX was about 10-fold higher than that of
DOX · HCl solution.

In Vivo Antitumor Activity. Adriamycin (a commercial
doxorubicin hydrochloride injection) and Dex(10k)-
SA(30%)/DOX micelles solution were injected through
the tail vein into nude mice bearing A549 human lung
adenocarcinoma. The changes in the tumor volume
were plotted (Figure 8A).Both Adriamycin and
Dex(10k)-SA(30%)/DOX treatments effectively sup-
pressed tumor growth. After i.v. injection for 9 days, tu-
mor volumes of nude mice treated with Adriamycin
and Dex(10k)-SA(30%)/DOX micelles were significantly
smaller than those treated with glucose. P [Adriamycin
2 mg kg�1 treatment] � 0.001, P [Dex(10k)-SA(30%)/
DOX 4 mg kg�1 treatment) � 0.001. P [Dex(10k)-
SA(30%)/DOX 2 mg kg�1 and 1 mg kg�1 treatments) �

0.05, after 12 days, P [Dex(10k)-SA(30%)/DOX 2 mg kg�1

and 1 mg kg�1 treatments) � 0.001. After 18 days, the
tumor volumes treated with Adriamycin (2 mg kg�1)
were significantly smaller than those treated with
Dex(10k)-SA(30%)/DOX (2 mg kg�1 and 1 mg kg�1) (p
� 0.001) but not significantly different from those
treated with Dex(10k)-SA(30%)/DOX (4 mg kg�1) (p �

0.05). As shown in Figure 8B, continuous increase of the
body weight in all groups indicated that all the doses
were within the safe range.

The tumor inhibition rate of Adriamycin (2 mg kg�1)
was 79.73%, Dex(10k)-SA(30%)/DOX (4 mg kg�1) was
81.08%, Dex(10k)-SA(30%)/DOX (2 mg kg�1) was
81.80%, Dex(10k)-SA(30%)/DOX (1 mg kg�1) was
73.87%. All the tumor inhibition values larger than

40% were considered to be effective treatment. The tu-
mor inhibition rate with treatment with Dex(10k)-
SA(30%)/DOX increased with the enhanced dose. There
was no significant difference between the tumor inhibi-
tion rates of those treated with the same dose (p �

0.05) of Dex(10k)-SA(30%)/DOX and of Adriamycin.
However, the body weight of mice administrated with
Dex(10k)-SA(30%)/DOX (4 mg kg�1) after 21 d was sig-
nificantly greater than that of mice treated with Adria-
mycin (2 mg kg�1) (p � 0.05). The mice administrated
with Adriamycin (4 mg kg�1) died, while the ones ad-
ministrated with Dex-SA/DOX (6 mg kg�1) survived. It
indicated that Dex-SA/DOX micelles could reduce toxic-
ity to normal tissues as remaining therapeutic effects.

CONCLUSIONS
Dex-SA was synthesized successfully with low CMC.

The Dex-SA could self-assemble to form nanosized mi-
celles in aqueous medium and indicated excellent tu-
mor cellular uptake ability. The in vitro drug release
from Dex-SA/DOX micelles could be prolonged for 48 h
and adjusted by composition of Dex-SA and DOX con-
tent. Dex-SA/DOX micelles were effective for suppress-
ing both drug-sensitive and drug-resistant MCF-7 cells
and for reversing the drug resistance of MCF-7/Adr cells.
The assay of antitumor activity in vivo indicated that
Dex-SA/DOX micelles could reduce the toxicity to nor-
mal tissues as remaining therapeutic effects compared
with commercial doxorubicin hydrochloride. Overall,
the results suggested that the Dex-SA micelle was a po-
tential candidate for drug delivery.

MATERIALS AND METHODS
Synthesis and Characterization of Dex-SA. The stearate-grafted dex-

tran (Dex-SA) was synthesized by esterification reaction between
carboxyl group of stearic acid (SA, C18H36O2, Sigma Aldrich Co.)
and the hydroxyl group of dextran (Dex, (C6H12O5)n, BIO BASIC
INC.) in the presence of the coupling agent, N,N=-
dicyclohexylcarbodiimide (DCC, C13H22N2, Shanghai Medped
Co.) and the catalyzer, 4-dimethylaminopyridine (DMAP, C7H10N2,
Shanghai Medped Co.). Briefly, SA (charged ratios were 10%,
20%, and 30%, referring to the charged molar number of
D-glucose units in dextran), DCC, and DMAP (SA:DCC:DMAP �
1:3:0.3, mol:mol:mol) were dissolved in 45 mL of anhydrous di-
methyl sulfoxide (DMSO, Haishuo Biochemistry Co., Ltd., Wuxi,
China). The solution was stirred under the protection of nitrogen
for 30 min to activate the carboxylic acid of SA. After 1.0 g of
Dex was added, the reaction was carried out in nitrogen gas
overnight at 60 °C under stirring at 250 rpm. The reaction solu-
tion was then dialyzed (MWCO 7.0 kDa, Spectrum Laboratories,
Laguna Hills, CA) against pure water for 48 h with frequent ex-
change of pure water. After the dialyzed solution was centrifu-
gated at 15000 rpm (3K30, SIGMA Labrorzentrifugen GmbH,
Germany) to remove DMAP and other water-insoluble byprod-
ucts, and the freeze-dried product (using LABCONCO, FreeZone
2.5 Plus, U.S.A.) was dispersed in anhydrous ethanol (Haishuo
Biochemistry Co., Ltd., Wuxi, China) with the help of ultrasonica-
tor (400 W, JY92-II, Ningbo Xinzhi Scientific Instrument Institute,
Zhejiang, China) to remove unreacted SA. Finally, the precipi-
tated product was lyophilized, and Dex-SA was received.

The composition of obtained Dex-SA was confirmed by 1H
NMR � spectra using a NMR spectrometer (AC-80, Bruker Bios
pin. Germany). Twenty milligrams per milliliter of dextran, SA,
and Dex-SA in dimethylsulfoxide-d6 were measured. The SA graft
ratio for Dex-SA (GR %) was calculated using the formula 1:

A0.9 and A4.9 represent the peak areas at chemical shifts at 0.9
and 4.9 ppm in the 1H NMR spectrum of Dex-SA, respectively.
The chemical shift at 4.9 ppm corresponded to the proton of
near glucosidic linkage in glucose unit.

IR spectra were recorded on a JASCO Fourier-transform infra-
red spectrometer. Dex, SA, and Dex-SA were thoroughly ground
with exhaustively dried KBr, and discs were prepared by com-
pression under vacuum.

The critical micelle concentration (CMC) of Dex-SA was deter-
mined by fluorescence measurement using pyrene as a probe.33

The excitation wavelength was set at 337 nm, the excitation slit
at 2.5 nm, and the emission slit at 10 nm. The intensities of the
emission at a wavelength range of 360�450 nm were monitored
using a fluorescence spectrophotometer (F-2500, Hitachi Co.,
Japan). The concentration of Dex-SA solution was varying from
1.0 � 10�3 to 1.0 mg mL�1 containing 5.94 � 10�7 M of pyrene.
Then the emission intensity ratio of the first peak (I1, 374 nm) to
the third peak (I3, 385 nm) was calculated for the determination
of CMC.

Preparation of Blank and DOX-Loaded Dex-SA Micelles. The blank
Dex-SA micelles solution was prepared by dissolving 10 mg of
Dex-SA into 10 mL of pure water using the treatment of probe-

GR% ) A0.9/(A4.9 × 3) × 100% (1)
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type ultrasonicator (400 W, JY92-II, Ningbo Xinzhi Scientific In-
strument Institute, Zhejiang, China) for 30 times (active every 2 s
for a 3-s duration) at room temperature.

Doxorubicin base (DOX) was obtained by the reaction of
DOX · HCl (Hisun Pharm Co.) with twice the molar amount of tri-
ethylamine in DMSO overnight.34 Different volumes of 1 mg
mL�1 DOX DMSO solution was added into Dex-SA micelles solu-
tion (DOX:Dex-SA � 5%, 10%, and 20%, w/w). The mixture solu-
tion was dialyzed (MWCO 7.0 kDa) against pure water for 24 h
with frequent exchange of pure water. After dialysis, the mixture
solution was centrifuged at 4000 rpm for 10 min to remove
drug that precipitated during the dialysis process, and the DOX-
loaded Dex-SA (Dex-SA/DOX) micelles solution was obtained.

Physicochemical Properties of Blank and DOX-Loaded Dex-SA Micelles.
The micellar size and size distribution were determined by dy-
namic light scattering using a ZETASIZER (3000HS, Malvern Co.,
UK).

The morphological examinations were performed by a trans-
mission electron microscopy (TEM) (JEOL JEM-1230, Japan). The
samples were dropped onto a formar-coated copper grid and
stained with 2% (w/v) phosphotungstic acid for viewing.

The DOX content in micelles was determined using a fluores-
cence spectrophotometer (F-2500, Hitachi Co., Japan). Dex-SA/
DOX micelles solution was diluted 10-fold by DMSO to dissoci-
ate the micelles, and then the fluorescence intensity was
measured. The excitation wavelength was set at 505 nm, the
emission wavelength at 560 nm, the excitation slit at 5.0 nm,
and the emission slit at 5.0 nm. The DOX content was calcu-
lated by comparing to standard curve obtained from DOX DMSO
aqueous solution (DMSO:H2O � 9:1, v:v).

The DOX-loading content (DL%) and encapsulation effi-
ciency (EE%) were calculated using eqs 2 and 3 below,
respectively:

In Vitro DOX Release From Dex-SA/DOX Micelles. In vitro drug release
experiments were conducted using the dialysis method. One
milliliter of Dex-SA/DOX micelles solution was sealed in a dialy-
sis bag (MWCO 7.0 kDa) and was immersed into 30 mL of phos-
phate buffer solution (PBS) at pH 7.4 (or PBS solution containing
10% fetal bovine serum) in a plastic tube. The experiments were
carried out in an incubator shaker (HZ-8812S, Scientific and Edu-
cational Equipment Plant, Taicang, China) which was maintained
at 37 °C and shaken horizontally at 60 rpm. The solution in the
tube was periodically withdrawn and replaced with fresh PBS at
predefined time intervals. DOX content in PBS was determined
by a fluorescence spectrophotometer (F-2500, Hitachi Co.,
Japan). All drug release tests were performed thrice.

Cell Culture. A549, MCF-7, and MCF-7/Adr cells were donated
by the second Affiliated Hospital, College of Medicine, Zhejiang
University (Hangzhou, China). Cells were maintained in RPMI
1640 (Gibco BRL, U.S.A.) supplemented with 10% (v/v) FBS (fetal
bovine serum) (Sijiqing Biologic, Hangzhou, China) and penicil-
lin/streptomycin (100 U mL�1, 100 U mL�1) at 37 °C in a humidi-
fied atmosphere containing 5% CO2. Cells were subcultured
regularly using trypsin/EDTA.

Cellular Uptake of DOX-Loaded Dex-SA Micelles. FITC-labeled Dex-SA
micelles were prepared by adding 2.0 mg mL�1 FITC (C21H11NO5S,
Sigma Chemical Co.) ethanol solution into 1.0 mg mL�1 Dex-SA
aqueous solution (Dex-SA:FITC � 1:8, mol:mol). The mixture so-
lution was stirred in aphotic environment for 24 h and then was
dialyzed (MWCO 7.0 kDa) against pure water overnight with fre-
quent exchange of pure water to remove ethanol and unreacted
FITC. Finally, FITC-Dex-SA micelles solution was obtained. Then
the DOX-loaded micelles were prepared using the FITC-labeled
Dex-SA for the cellular uptake test.

The cells were seeded at 105 mL�1 cells/well in a 24-well
plate (Nalge Nunc International, Naperville, IL, U.S.A.) and incu-
bated for 24 h. Then the cells were exposed to a medium con-

taining DOX · HCl or FITC-labeled Dex-SA/DOX micelles for fur-
ther incubation. After washing the cells with PBS three times, the
cellular uptake was observed using a fluorescence microscope
(Olympus America, Melville, NY, U.S.A.).

Cytotoxicity Evaluation. Cytotoxicities of DOX · HCl, blank, and
DOX-loaded Dex-SA micelles against A549, MCF-7, and MCF-7/
Adr were evaluated by MTT assay. In a 96-well culture plate
(Nalge Nunc International, Naperville, IL, U.S.A.) were seeded
104 cells/well and incubated for 24 h. After preincubation, cells
were exposed to DOX · HCl, blank, and DOX-loaded Dex-SA mi-
celles solution with serial concentrations for 48 h. At predeter-
mined times, 15 �L of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (C18H16BrN5S, Sigma Chemi-
cal Co.) solution with the concentration of 5 mg mL�1 was added
and incubated for further 4 h. Then the metabolized product,
MTT formazan was dissolved by 200 �L of DMSO into each well.
Finally, the plates were shaken for 20 min, and the absorbance
of the formazan product was measured at 570 nm in a
microplate reader (Bio-Rad, model 680, U.S.A.).

In Vivo Antitumor Activity of DOX-Loaded Dex-SA Micelles. All animal
procedures were approved by the Zhejiang University Institu-
tional Animal Care and Use Committee. BALB/C	nu/F1 nude
mice 6�8 weeks old were transplanted with A549 cells and drug
injection via tail vein was started when the tumor volume
reached approximately 100 mm3. Mice were divided into five
groups, six mice in each group. The first group, as control, was in-
jected with 0.2 mL of glucose solution for 7 days consecutively.
The second group was injected with 2 mg kg�1 body weight of
Adriamycin (commercial doxorubicin hydrochloride injection) for
7 days consecutively. The third, fourth, and fifth groups were in-
jected with Dex-SA/DOX micelles, 1 mg of equivalent DOX kg�1,
2 mg of equivalent DOX kg�1, and 4 mg of equivalent DOX kg�1,
respectively, for 7 days consecutively.

The size of the tumor and the body weight of each mouse
were monitored every 3 days thereafter. After 21 days, the nude
mice were sacrificed, and the tumor weight was measured.

Tumor volume and inhibition of tumor growth (%) were re-
spectively calculated using the eqs 4 and 5 below:

Statistical Analysis. Data were expressed as means of three or
six separate experiments and were compared by t tests. A
P-value �0.05 was considered statistically significant in all cases.
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