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pH and redox dual-sensitive polysaccharide
nanoparticles for the efficient delivery of
doxorubicin

Shengcai Yang,a,b Zhaohui Tang, *b Dawei Zhang,b Mingxiao Dengc and
Xuesi Chena,b

A pH and redox dual-sensitive biodegradable polysaccharide, succinic acid-decorated dextran-g-phenyl-

alanine ethyl ester-g-cysteine ethyl ester (Dex-SA-L-Phe-L-Cys), was synthesized to load doxorubicin

hydrochloride (DOX·HCl). The DOX-loaded nanoparticles, which were prepared in aqueous solution and

free of organic solvent, could spontaneously self-assemble into uniform sizes. When loading DOX·HCl,

mercapto Dex-SA-L-Phe-L-Cys was oxidized into a crosslinked disulfide linkage to form pH and redox

dual-sensitive nanoparticles (DOX-S-NPs). The amphiphilic polymer loaded DOX·HCl into the core

through electrostatic and hydrophobic interactions, meanwhile the crosslinked disulfide bond could

stabilize the drug loaded nanoparticles. As a control with similar polymer structure, succinic acid deco-

rated dextran-g-phenylalanine ethyl ester (Dex-SA-L-Phe) was prepared to obtain pH-sensitive DOX-

loaded micelles (DOX-N-NPs). The controlled pH and redox-dependent release profiles of the DOX-S-

NPs in vitro were certified in different releasing mediums. Furthermore, the cellular uptake of the DOX-S-

NPs was comparable with that of free DOX·HCl, determined by confocal laser scanning microscopy

(CLSM) and flow cytometry. Cytotoxicity assay in vitro showed that the DOX-S-NPs and free DOX·HCl

were similar in inhibiting the proliferation of non-small cell lung carcinoma A549 and breast cancer

MCF-7 cell lines. DOX-S-NPs displayed similar antitumor efficiency compared with free DOX·HCl, but

lower toxicity by body weight. These dual-sensitive DOX-S-NPs provide a useful strategy for anti-tumor

therapy.

Introduction

Cancer has become an enormous threat to human health,
resulting in ever-larger amounts of people dying every year.1

Among the various tumor treatments, chemotherapy is one of
the most common methods,2,3 with doxorubicin hydrochloride
(DOX·HCl), cisplatin (CDDP), and gemcitabine (GEM) being
frontline clinical anticancer drugs.4–6 However, the poor
selectivity limits the application of chemotherapy.7 The free
drugs can enter not only tumor cells but also normal tissue
cells, causing grave systemic toxicity and a poorly curative
effect. To overcome the aforementioned problem, nano-
medicine was put forward in the 1980s and developed rapidly
in virtue of its special advantages.8,9 Nano-carriers can efficien-
tly load free drugs and circulate in the blood to avoid clearance

by the renal and reticuloendothelial systems (RES), meanwhile
dramatically enhancing the anticancer effect by accumulating
in the tumor via the enhanced permeability and retention
(EPR) effect and selectively releasing the cargo in the tumor
sites.10,11

Doxorubicin hydrochloride (DOX·HCl), an anthracycline
antibiotic, is one of the most dominating clinically-used anti-
cancer drugs and possesses a wide spectrum of treatment
possibilities.4,12 DOX·HCl can embed in DNA or RNA, inhibit
the synthesis of nucleic acids and effectively induce cell apop-
tosis.13 However, the side effects of myelosuppression as well
as cardiotoxicity severely limit its application and its hydro-
philicity inhibits the drug loading efficiency.14,15 Generally, for
the preparation of DOX·HCl nanomedicine, DOX·HCl is
neutralized with excess triethylamine to produce a hydro-
phobic form, doxorubicin.16–19 The hydrophobic doxorubicin,
dissolved in dimethyl sulfoxide (DMSO), N,N′-dimethyl form-
amide (DMF), dichloromethane or any other organic solvent
rather than water, can be loaded by an amphiphilic copolymer
through hydrophobic interaction. However, the organic solvent
residual in the nanoparticles may be harmful to health, and in
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addition the anticancer activity of the hydrophobic doxo-
rubicin is reduced.20

The development of a smart amphiphilic copolymer, which
is capable of accomplishing rapid drug release when arriving
at the tumor sites and averting premature release of cargo in
blood circulation,21–26 has been a key issue in materials struc-
ture designing. In recent years, an increasing number of
stimuli-sensitive smart nanoparticles were reported and these
can release the cargos rapidly under certain stimuli (light, pH,
temperature, glutathione, etc.).27–31 For instance, utilizing the
difference in the redox potential between an intracellular con-
centration of glutathione (GSH) and extracellular environment
(∼10 mM vs. ∼2 μM), which is present even at higher levels in
the cancer cells, a series of redox-sensitive polymers have been
designed for controlled drug delivery in vivo.32–36 In addition,
various studies have confirmed that the pH in the intracellular
environment of more aggressive tumor cells is lower than that
of normal cells and normal blood systems.37 Hence, it will be
a promising and convenient design if a nano-carrier responds
to two intrinsic stimuli (redox and pH) to control the payload
release behaviors.38

Dextran is a natural analogue of poly(ethylene glycol) (PEG)
with comprehensive applications in the biomedicine field
owing to its outstanding aqueous solubility, biocompatibility
and nontoxicity.21,22,39,40 Herein, succinic acid decorated
dextran (Dex-SA) was synthesized as a hydrophilic backbone
with abundant carboxyl and hydroxyl groups. L-Phenylalanine
ethyl ester hydrochloride (L-Phe) and L-cysteine ethyl ester
hydrochloride (L-Cys) were elaborately introduced to serve as
hydrophobic moieties and crosslinking points.41,42 The
prepared polymer Dex-SA-L-Phe-L-Cys, which is pH and redox-
sensitive, can load DOX·HCl in an innocuous aqueous solution
through electrostatic and hydrophobic interactions, mean-
while hydrosulphonyl can be oxidized into the disulfide bond
to stabilize the micelle (DOX-S-NPs). In addition, Dex-SA-L-Phe
with a similar polymer structure was prepared to obtain only
pH-sensitive DOX-loaded micelles (DOX-N-NPs). The promis-
ing drug-loaded nanoparticles were assessed for their physico-
chemical characteristics, release behaviors, cellular uptake,
cytotoxicity in vitro and antitumor efficacy in vivo.

Experimental section
Materials

Doxorubicin hydrochloride (DOX·HCl, Beijing Huafeng United
Technology Corporation), N-hydroxysuccinimide (NHS,
Aladdin), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCl, Aladdin), L-phenylalanine ethyl ester
hydrochloride (L-Phe, Aladdin), L-cysteine ethyl ester hydro-
chloride (L-Cys, J&K chemical Ltd), 3-(4,5-dimethyl-thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) and 4′,6-di-
amidino-2-phenylindole dihydrochloride (DAPI, Sigma) were
used as received without further purification. Dimethyl sulf-
oxide (DMSO) and triethylamine (Et3N) were stored over calcium
hydride (CaH2) for 24 h and purified by vacuum distillation

with CaH2. All the other reagents were purchased from the
Sinopharm Chemical Reagent Co. Ltd and used as received.

Methods

The 1H NMR spectra were recorded on a Bruker AV 300 NMR
spectrometer in D2O. GPC analyses of Dex, Dex-SA, Dex-SA-L-
Phe and Dex-SA-L-Phe-L-Cys were conducted on a Waters 2414
system equipped with an Ultra hydrogel linear column and a
Waters 2414 refractive index detector (eluent: 0.1 M phosphate
buffer, pH 7.4; flow rate: 0.5 mL min−1; temperature: 35 °C;
standard: poly(ethylene glycol)). The zeta potentials of the
samples were measured by a Zeta Potential/BI-90Plus particle
size analyzer (Brookheaven Instruments Corporation, USA).
Dynamic laser scattering (DLS) measurement was performed
on a WyattQELS instrument with a vertically polarized HeNe
laser (Dawn EOS, Wyatt Technology, USA). The scattering angle
was fixed at 90°. The critical micelle concentration (CMC) was
measured by fluorescence spectroscopy using Nile Red as a
probe on a PerkinElmer LS50B luminescence spectrometer
with an emission wavelength of 550 nm. The UV–Vis spectra
were measured on a UV-2401PC spectrophotometer
(SHIMADZU). Elemental analysis was accomplished using a
Varian EL microanalyzer.

The synthesis of Dex-SA-L-Phe and Dex-SA-L-Phe-L-Cys

The synthesis of Dex-SA was conducted according to our pre-
vious work.22 To prepare Dex-SA-L-Phe-L-Cys, Dex-SA (1.00 g,
3.08 mmol –COOH) and anhydrous DMSO (15.0 mL) were
added to a 100 mL dried flask and heated to 50 °C in an oil
bath until Dex-SA dissolved. When the above solution had
cooled to room temperature, EDCl (124 mg, 0.646 mmol) and
NHS (68.0 mg, 0.592 mmol) were added, followed by three
freeze–thaw cycles and activation overnight. Under the protec-
tion of argon, L-Phe (107 mg, 0.462 mmol) and L-Cys (14.3 mg,
0.0769 mmol) were added and Et3N (0.0624 mL, 0.538 mmol)
was injected via a syringe. All the reaction procedures were
conducted in water-free and argon conditions, and the reac-
tion was proceeded for 48 h at room temperature (RT). The
crude products were precipitated in cooled ethanol, filtered,
washed 3 times with ethanol and dried under vacuum at RT.
The crude products were redissolved in deionized water, dia-
lyzed (MWCO 3500) against deionized water for 3 days and
then freeze-dried to give Dex-SA-L-Phe-L-Cys. As a control com-
pound, the synthesis of Dex-SA-L-Phe was similar, the differ-
ences were the dosage of EDCl (106 mg, 0.554 mmol), NHS
(58.4 mg, 0.508 mmol), L-Phe (107 mg, 0.462 mmol) and Et3N
(0.0535 mL, 0.462 mmol) and the process of deoxygenation
was also omitted.

The synthesis of DOX-N-NPs and DOX-S-NPs

Dex-SA-L-Phe-L-Cys (87.0 mg) was dissolved in distilled water
(10.0 mL), the pH adjusted to 7.4, and 3.0 mL of distilled water
solution of DOX·HCl (15.9 mg) was added to this solution
dropwise. The above liquid was stirred overnight, dialyzed
(MWCO 3500) against deionized water for 1 day, filtered
through a 0.45 μm pore-sized microporous membrane, and
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freeze-dried to obtain DOX-S-NPs. The DOX-N-NPs were pre-
pared similarly with Dex-SA-L-Phe instead of Dex-SA-L-Phe-L-
Cys. All these operations were conducted under darkness. The
change in the particle size of the developed nanoparticles in
10% (v/v) FBS solution was monitored by DLS for 84 h. The
drug loading content (DLC) and drug loading efficiency (DLE)
of the DOX-NPs were determined using UV-Vis spectroscopy at
488 nm using the following calculation formulae:

DLC% ¼ weight of DOX loaded innanoparticles
weight of DOX‐loadednanoparticles

� 100%

DLE% ¼ weight of DOX loaded innanoparticles
weight of feeding DOX

� 100%

The release of DOX·HCl in vitro

To investigate the release behavior of DOX-S-NPs, the weighted
freeze-dried nanoparticles were dissolved in 5 mL of phos-
phate buffered saline (PBS) solution of various pH values (7.4,
6.5, or 5.2) or 20 mM GSH in PBS (pH 7.4) and transferred into
a dialysis bag (MWCO 3500 Da). Then the release assays were
initiated by adding 25 mL of homologous PBS into the outer
dialysis bag of a 37 °C shaking box (100 rpm) under darkness.
At predetermined time points, 10 mL of the release solution
was withdrawn with the same volume of fresh PBS sup-
plemented. The amount of DOX·HCl in the release media was
determined using UV-Vis spectroscopy at 488 nm. Similarly,
the release profiles of DOX·HCl in the DOX-N-NPs were
conducted in PBS (pH 7.4, 6.5 or 5.2) without GSH.

Cell culture

The non-small cell lung cancer (A549) cells and breast cancer
(MCF-7) cells were purchased from Shanghai Bogoo
Biotechnology Co. Ltd. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) with high glucose
containing 10% fetal bovine serum (FBS), supplemented with
1% penicillin and 1% streptomycin and incubated at 37 °C in
a 5% CO2 atmosphere.

Cellular uptake

The celluar uptake was determined by flow cytometry and con-
focal laser scanning microscopy (CLSM).

For the flow cytometry assay, 3 × 105 MCF-7 cells per well
were seeded in the 6-well plate and incubated overnight with
2 mL of DMEM, and then replaced with fresh DMEM contain-
ing DOX·HCl, DOX-N-NPs or DOX-S-NPs (at a final DOX·HCl
concentration of 5 mg mL−1). After 1 h and 3 h, the cells were
washed 3 times with 3 mL of PBS, treated by trypsin without
EDTA and collected in 1 mL of PBS. The cell suspension was
centrifuged at 900 rpm for 5 min and washed twice with 1 mL
of PBS. Eventually, the cells were suspended in 0.3 mL of PBS
for flow cytometry tests (BD Biosciences, CA, USA).

For the CLSM assay, 105 MCF-7 cells per well were seeded
onto glass coverslips placed in the 6-well plate and incubated

overnight for a cell adherence culture with 2 mL of DMEM,
then replaced with fresh DMEM with DOX·HCl, DOX-N-NPs or
DOX-S-NPs (at a final DOX·HCl concentration of 5 mg mL−1).
After 1 h and 3 h, the cells were washed 3 times with 3 mL of
PBS and fixed with 4% formaldehyde for 20 min at room temp-
erature, followed by washing the residual formaldehyde
3 times with 3 mL of PBS. According to the manufacturer’s
instructions, the cell nuclei were stained with DAPI. The cover-
slips were placed onto glass microscope slides and fixed with
nail polish, and the cellular uptake of DOX·HCl was visualized
using a CLSM (Carl Zeiss LSM 700).

Cellular cytotoxicity assay in vitro

To verify the biocompatibility of Dex-SA-L-Phe and Dex-SA-L-
Phe-L-Cys, two different cell lines, MCF-7 and A549, were used.
The MCF-7 or A549 cells were seeded in the 96-well plates with
a density of 7000 cells per well and incubated overnight with
100 μL of DMEM for the cell adherence culture, then replaced
with 200 μL of fresh DMEM with different concentrations of
Dex-SA-L-Phe and Dex-SA-L-Phe-L-Cys. The cells were subjected
to MTT assay after being incubated for another 24 h.
Specifically, at the end of the experiments, 20 μL of MTT
(1 mg mL−1 in sterile PBS) was added into the 96-well plates
for another 4 h of incubation. The supernatant was removed
and 100 μL of DMSO was added. The absorbance of the solu-
tion was measured on a Bio-Rad 680 microplate reader at
490 nm. The relative cell viability (%) was calculated by the
following formula:

Cell viability ð%Þ ¼ ðAexperimental=AcontrolÞ � 100

Aexperimental and Acontrol represent the absorbance of the experi-
mental well and control well, respectively. The data are
presented as the average ± SD (n = 3).

The cellular cytotoxicities of DOX·HCl, the DOX-N-NPs and
DOX-S-NPs were also validated by MTT assay. The MCF-7 or
A549 cells were seeded in 96-well plates, 7000 cells per well,
and different concentrations of free DOX·HCl, DOX-N-NPs and
DOX-S-NPs were added for 24 or 48 h of incubation, to
confirm the time and dose-dependence of the DOX·HCl and
DOX nanoparticles.

Animals

Female Balb/C nude mice (6–8 weeks old) were obtained from
the Beijing Vital River Laboratory Animal Technology Co., Ltd
(Beijing, China). The mice were raised in a specific pathogen
free (SPF) animal lab. All the animals received care in compli-
ance with the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals and all procedures were
approved by the Animal Care and Use Committee of Jilin
University.

Antitumor efficiency in vivo

MCF-7 cells (2 × 106 per mouse) were subcutaneously injected
into the right mammary fat pad to obtain the orthotopic
breast xenograft tumor model. The mice were divided into

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2017 Biomater. Sci., 2017, 5, 2169–2178 | 2171

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 A

pp
lie

d 
C

he
m

is
tr

y,
 C

A
S 

on
 7

/9
/2

01
9 

7:
28

:2
5 

A
M

. 
View Article Online

https://doi.org/10.1039/c7bm00632b


4 groups randomly when the tumor volume reached approxi-
mately 50 mm3. The 4 groups of mice were treated with PBS
(control), free DOX·HCl (3 mg kg−1), DOX-N-NPs (3 mg kg−1 on
DOX·HCl basis) or DOX-S-NPs (3 mg kg−1 on DOX·HCl basis)
and injected intravenously via the tail vein on day 0, 4, 7, and
10. The antitumor activity was evaluated by the tumor volume
(Vt), tumor-growth-rate (TGR) and tumor-suppress-rate (TSR),
which were calculated using the following equations.
Meanwhile, the body weight was measured simultaneously
every other day as a symbol of the systemic toxicity. At the end
of the assay, the mice were sacrificed. The tumors and major
organs (heart, liver, spleen, lung and kidney) were excised for
histopathology analyses.

Tumor volume ðV t;mm3Þ ¼ a� b 2=2

Tumor-growth-rate ðTGR;%Þ ¼ ðV t=V0Þ � 100%

Tumor-suppress-rate ðTSR;%Þ ¼ ½ðTGRc � TGRxÞ=TGRc�
� 100%

a and b represent the longest and shortest diameters of
the tumors, measured by a vernier caliper, respectively.
V0 represents the tumor volume on day 0. Subscript c and x
represent the control group and treatment group, respectively.

Histological and immunohistochemical analyses

The excised tumors and major organs were fixed in 4% PBS
buffered paraformaldehyde overnight, and then embedded in
paraffin. The paraffin embedded tumors and organs were cut
at a 5 μm thickness and stained with hematoxylin and eosin
(H&E) to assess the histological alterations using an optical
microscope (Nikon TE2000U).

Statistical analysis

All experiments were performed at least three times and
expressed as the mean ± SD. The data were analyzed for
statistical significance using the Student’s t-test. p < 0.01 was
considered a significant difference.

Results and discussion
The synthesis of Dex-SA-L-Phe and Dex-SA-L-Phe-L-Cys

The synthesis of Dex-SA-L-Phe-L-Cys is shown in Scheme 1.
Dex-SA was synthesized according to our previous work and
subsequently conjugated with L-Phe and L-Cys to form side
chains and obtain Dex-SA-L-Phe-L-Cys.

The 1H NMR spectra of Dex-SA-L-Phe and Dex-SA-L-Phe-L-
Cys are shown in Fig. 1. For Dex-SA-L-Phe (Fig. 1A), the signals
of C6H5– (a) and –CH2CH3 (b) in the L-Phe unit are at
δ 7.17–7.29 and 1.11 ppm, respectively. Similarly, for Dex-SA-L-
Phe-L-Cys (Fig. 1B), the signals δ 1.07–1.14 ppm are –CH2CH3

in the L-Phe unit (b) and L-Cys unit (e). As our previous work
showed, the number of SA units per 100 anhydroglucosidic
units was 50, so we determined that x and y were 50.22 Verified
by the elemental analysis, the amounts of the L-Phe and L-Cys

units in Dex-SA-L-Phe-L-Cys are 19 and 4 while the control
material Dex-SA-L-Phe contains 19 L-Phe groups. The GPC
analyses (Fig. 2 and Table 1) show that the number average
molecular weights (Mn) of Dex-SA-L-Phe-L-Cys and Dex-SA-L-phe
are 23.8 × 103 and 23.7 × 103, while the poly dispersity indexes
(PDI, Mw/Mn) are 2.36 and 2.42. All these results confirm the
successful conjugation of the hydrophobic and crosslinking
groups with Dex-SA.

The critical micelle concentration (CMC) was measured by
fluorescence spectroscopy using Nile red as a probe. Briefly,
25 mg of Dex-SA-L-Phe-L-Cys was dissolved in 5 mL of millQ-
water, and 1 mL of Nile red solution (1 mM Nile red in DMF)
was added under gentle stirring. After stirring overnight, the
mixed solution was dialyzed against distilled water for 24 h
and diluted with water to 10 mL. Then, the sample was double

Fig. 1 The 1H NMR spectra of Dex-SA-L-Phe (A) and Dex-SA-L-Phe-L-
Cys (B) in D2O.

Scheme 1 The synthesis of Dex-SA-L-Phe-L-Cys.
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diluted in turn to measure using fluorescence spectroscopy.
The Dex-SA-L-Phe-L-Cys blank nanoparticles have an extremely
low CMC, 4.6 mg L−1 (Table 1), indicating that the nano-
particles possess great stability against immense dilution.
Because of the crosslinked disulfide bond, the Dex-SA-L-Phe-L-
Cys blank nanoparticles have a smaller CMC than the Dex-SA-
L-phe blank nanoparticles, 6.5 mg L−1. Such a low CMC value
will ensure that the micelles maintain their spherical construct
throughout the diluted conditions (e.g. blood stream) in vivo,
which is a great benefit for effective drug delivery to tumors.

The synthesis and characterization of the DOX-loaded
nanoparticles

The smart pH and redox dual-responsive Dex-SA-L-Phe-L-Cys
was designed to load hydrophilic free drug DOX·HCl. The
preparation of the DOX-loaded nanoparticles was conducted
in an aqueous medium without any organic solvent, which
was convenient and nontoxic. In practical terms, the pH of the
Dex-SA-L-Phe-L-Cys solution was adjusted to 7.4 to guarantee
that the carboxyl group deprotonated completely.
Furthermore, the DOX-S-NPs were prepared in an open beaker
to ensure that the sulfhydryl group oxidized into a disulfide
bond. The DOX-S-NPs were formed through self-assembly
between the hydrophobic L-Phe segment and hydrophobic
DOX, and at the same time stabilized by the electrostatic inter-
actions of the carboxylic acid ion. Moreover, the polymer had a
sulfhydryl group (–SH) as a crosslinking point to keep the

nanoparticles stable in normal conditions (e.g. blood system)
and sensitive in the reduced conditions (e.g. tumor intra-
cellular environment).

The DOX-S-NPs were pH and redox dual-sensitive nano-
particles, while the DOX-N-NPs were only pH-sensitive. The
DOX-N-NPs were obtained using a pH-sensitive material,
Dex-SA-L-Phe, which has abundant carboxyl and hydrophobic
moieties (L-Phe). Dex-SA-L-Phe could load DOX·HCl
innocuously into the aqueous solution through electrostatic
and hydrophobic interactions.

The DLC and DLE of the DOX-S-NPs were 13.0% and 84.7%
(Table 2), respectively, denoting the successful loading of
DOX·HCl. The size distribution of the DOX-S-NPs was
measured by DLS. As shown in Fig. 3A and Table 2, the nano-
particles had a radius of about 62.7 nm, which could escape
liver, spleen and RES clearances and accumulate into the
tumors by the EPR effect. The zeta potential of the DOX-S-NPs
was −6.61 mV and the weakly negative surface charge facili-
tates the lengthening circulation of the nanoparticles.

Similarly, the DLC and DLE values of the DOX-N-NPs were
13.4% and 86.7%, respectively (Table 2). The DOX-N-NPs
exhibited analogous hydrodynamic radius and zeta potential,
i.e. 63.5 nm and −5.57 mV, which were almost the same as
those of the DOX-S-NPs, avoiding the interference of the
particle size and potential in treatment.

The serum stability of the nanoparticles was investigated by
co-incubation with 10% FBS. The DOX-N-NPs stayed stable for
12 h, but a slight size increase was detected after 24 h of incu-
bation (Fig. 3B). However, the DOX-S-NPs kept a constant size
in FBS for 84 h, which indicated that they were stable under
physiological conditions due to their lower affinity for plasma

Fig. 2 The GPC traces of Dex, Dex-SA, Dex-SA-L-Phe and Dex-SA-L-
Phe-L-Cys.

Table 1 The characterization of the blank nanoparticles

Entry Rh
a/nm

Zeta
potentialb/mV

CMCc/
mg L−1

Mn × 10−3/
g mol−1 PDI

Dex-SA-L-Phe 21.4 ± 4.13 −6.89 ± 0.95 6.5 23.7 2.36
Dex-SA-L-
Phe-L-Cys

20.4 ± 5.35 −8.76 ± 1.33 4.6 23.8 2.42

aMeasured by DLS at 25 °C. b Estimated at pH 7.4 at 25 °C, the mean ±
SD of 7 measurements. cDetermined by fluorescence spectroscopy.

Table 2 The characterization of the DOX-loaded nanoparticles

Entry Rh
a/nm DLCb/% DLE/% Zeta potentialc/mV

DOX-N-NPs 63.5 ± 14.8 13.4 86.7 −5.57 ± 1.48
DOX-S-NPs 62.7 ± 15.9 13.0 84.7 −6.61 ± 1.45

aMeasured by DLS at 25 °C. bDetermined by UV–Vis spectroscopy at
488 nm. c Estimated at pH 7.4 at 25 °C, the mean ± SD of
7 measurements.

Fig. 3 The hydrodynamic radius distribution of the blank micelles and
DOX-loaded nanoparticles in aqueous solution as determined by DLS
(A). The change in the particle size (nm) of the DOX-loaded nano-
particles in serum for 84 h (B).
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proteins. Therefore, the crosslinked DOX-S-NPs were more
stable and could reach the tumor region without aggregation
or precipitation in the blood stream.

The release behavior of the DOX-loaded nanoparticles

The in vitro release profiles of the pH and redox dual-sensitive
DOX-S-NPs were studied in different PBS solutions (pH 7.4, 6.5
or 5.2) and PBS (pH 7.4) with 20 mM GSH. PBS environments
with various pH values were used to testify the pH-sensitivity:
(1) normal blood (pH 7.4); (2) tumor extracellular fluid (pH
6.5); (3) tumor endosome (pH 5.2).43,44 As shown in Fig. 4B,
the DOX·HCl cumulative releases within 24 h at pH values of
5.2, 6.5 and 7.4 were 76.2%, 50.2% and 27.8%, respectively,
indicating that the more acidic environments contributed to
faster release rates. The acidic environments boosted the pro-
tonation degree of the carboxyl groups, resulting in extensive
disruption of their electrostatic interactions with DOX, mean-

while enhancing the hydrophilicity of DOX to accelerate the
release behavior. But when 20 mM GSH was added into PBS
(pH 7.4) to simulate the redox environments of the tumor
cells, the DOX-S-NPs released almost 69.4% DOX·HCl within
24 h (Fig. 4C), confirming the redox-responsive release pro-
perty of the DOX-S-NPs. Due to the lower pH and higher GSH
concentration in the solid tumor intracellular environment,45

the pH and redox dual-sensitive DOX-S-NPs could effectively
reduce the undesired drug loss during blood circulation and
preferentially release the drugs under tumor-relevant con-
ditions after the accumulation at the tumor site through the
ERP effect, leading to enhanced antitumor efficacy.

Similarly, approximately 70.5%, 50.0% and 29.6% of total
DOX·HCl were released from the DOX-N-NPs within 24 h at pH
values of 5.2, 6.5 and 7.4 (Fig. 4A), revealing the sensitivity
under acid-biased pH stimuli.

Cellular uptake

The cellular internalizations of free DOX·HCl, the DOX-N-NPs
or DOX-S-NPs were investigated by flow cytometry after incu-
bation with the MCF-7 cells at 37 °C for 1 or 3 h. Since
DOX·HCl possesses spontaneous red fluorescence, the
DOX-NPs did not require labelling by any other luminescent
dyes. The fluorescence intensity was positively correlated with
the cellular uptake of DOX·HCl in the tumor cells. As Fig. 5
shows, in the MCF-7 cell lines, the DOX·HCl fluorescence
intensity was increased through the lengthening of the
incubation time from 1 h to 3 h, indicating that the behavior
of the cellular uptake was time-dependent. And the fluo-
rescence intensity of the DOX-N-NPs or DOX-S-NPs had no
significant difference, implying that the DOX-NPs could
release DOX·HCl rapidly after internalizing into the MCF-7
cells, which was also the same as DOX·HCl.

Similarly, the behaviors of the cellular uptake and DOX dis-
tribution were further determined by CLSM in the MCF-7 cells.
The cell nuclei were stained blue with DAPI. Red fluorescence
imaging was carried out to visualize DOX·HCl. Red fluo-
rescence was observed in the cell nuclei after 1 h of incubation
with DOX·HCl or the DOX-NPs and enhanced when the incu-
bation time was extended to 3 h (Fig. 6). These phenomena
manifested that the DOX-NPs could be internalized into the
MCF-7 cells and release DOX·HCl in the cytoplasm, which can
then rapidly enter the nucleus. Although free DOX·HCl and
DOX-NPs could both be taken in by cancer cells, free DOX·HCl
entered the cell by passive transport through the cell mem-

Fig. 5 The flow cytometric images of the MCF-7 cells after incubation
with DOX·HCl (A), DOX-N-NPs (B) and DOX-S-NPs (C) for 1 h or 3 h.

Fig. 4 The in vitro DOX·HCl release profiles of DOX-N-NPs (A) and
DOX-S-NPs (B) in PBS with different pH values, and the DOX-S-NPs (C)
in PBS (pH 7.4) with or without GSH.
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brane, while the DOX-NPs relied on the conventional endocytic
pathways. The fluorescence intensities of free DOX·HCl and
the DOX-NPs were almost identical, revealing that the velocity
of the cellular uptake and release behavior of the DOX-NPs in
the MCF-7 cell lines were comparable with free DOX·HCl.

Cell cytotoxicity

Firstly, the biocompatibilities of the Dex-SA-L-Phe and Dex-SA-
L-Phe-L-Cys blank nanoparticles were verified by MTT assay
using the MCF-7 and A549 cell lines. As shown in Fig. 7, the
relative cell viability was almost above 80% after 24 h of incu-
bation, even at a concentration of the blank nanoparticles up
to 1 mg mL−1, indicating the safety and excellent biocompat-
ibility of the polysaccharide materials.

The antitumor activities of the non-crossed-linked DOX-N-
NPs and crossed-linked DOX-S-NPs were conducted in the
MCF-7 and A549 cells. The DOX-S-NPs could play an efficient

role in inhibiting the cell viability, close to the cancer killing
potency of DOX·HCl and the DOX-N-NPs (Fig. 8). The cell
viabilities of both the MCF-7 and A549 cell lines treated with
DOX·HCl, DOX-N-NPs or DOX-S-NPs were dose-dependent and
time-dependent. For example, the IC50 values of DOX·HCl, the
DOX-N-NPs and DOX-S-NPs observed in MCF-7 at 48 h were
0.49, 0.62 and 0.53 µg mL−1 (Table 3), respectively, indicating
that the cancer killing potency of DOX·HCl and the DOX-NPs

Fig. 6 The CLSM images of MCF-7 after incubation with DOX·HCl, DOX-N-NPs and DOX-S-NPs for 1 h or 3 h. Scale bar: 50 μm.

Fig. 7 The in vitro cytotoxicity of Dex-SA-L-Phe and Dex-SA-L-Phe-L-
Cys to the A549 (A) and MCF-7 (B) cells at 24 h.

Fig. 8 The in vitro cell viabilities of the MCF-7 and A549 cells incubated
with DOX·HCl, DOX-N-NPs and DOX-S-NPs for 24 h and 48 h.
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was coincident, and this was in agreement with the con-
sequence of cellular uptake.

In vivo anticancer efficacy

Inspired by the excellent anti-proliferation effect of the
DOX-NPs in vitro, the antitumor efficacy and systemic toxicity
of the micelles on an MCF-7 orthotopic breast xenograft tumor
model were conducted. When the tumors were about 50 mm3,
the mice received the treatment via intravenous injection with
PBS, free DOX·HCl, DOX-N-NPs or DOX-S-NPs on days 0, 4,
7 and 10. The tumor volumes and mice body weights were
measured every other day. As shown in Fig. 9A, compared with
the control group, the mice treated with different DOX formu-
lations showed remarkable inhibition of tumor growth.
However, the free DOX·HCl treated mice started dying around
day 10 and only 3 mice survived to day 14. The tumor-sup-
press-rates (TSR, %) of the DOX-N-NPs and DOX-S-NPs treated
groups were 60% and 78%, respectively (Table 4 and Fig. 9C).

The changes of the mice’s body weights were a symbol of
the systemic toxicity. Fig. 9B showed that the free DOX·HCl
treated mice had an overt body weight loss (nearly 25%),
whereas the DOX-S-NPs treated mice had a relatively inconspic-
uous body weight change. The mice of the DOX-N-NPs group
also had an obvious body weight loss (nearly 20%), indicating
that the nanoparticles without –SH to act as a cross-linking
point were less stable than the DOX-S-NPs, and this was tenta-
tively attributed to immature release occurring during blood
circulation, which was consistent with the results of the serum
stability. The increased antitumor efficacy and decreased sys-
temic toxicity of the DOX-S-NPs were potentially caused by the
crosslinking stability, prolonged circulation time and sudden
drug release in tumor sites.

Histological and immunohistochemical analyses

At the end of the antitumor experiments, to further assess the
therapeutic effect of DOX·HCl and the DOX-NPs, the tumors
and major organs were collected and stained with H&E for
pathological analysis. For the H&E staining, the tumor treated
with PBS had large nuclei and more chromatin, revealing the
powerful ability of tumor cell proliferation (Fig. 10). In con-
trast, for different drug formulation treated groups, the tumor
slices did not have normal and clear cell morphology, and the
chromatin was concentrated and pyknotic or absent outside
the cell. The degrees of tumor tissue necrosis treated with
different DOX formulation were comparable, whereas there

was no obvious necrosis or significant morphological changes
of the spleen, lung and kidney derived from mice in treatment
groups compared to the control group. However, overtly
varying degrees of damage of the heart and liver were observed
in groups treated with free DOX·HCl and the DOX-N-NPs.
Cardiotoxicity is a well-known side effect of free DOX·HCl in a

Fig. 9 The in vivo antitumor efficacy of DOX·HCl (3 mg kg−1), the
DOX-N-NPs (3 mg kg−1 DOX·HCl eq.) and DOX-S-NPs (3 mg kg−1

DOX·HCl eq.) in the MCF-7 tumor bearing Balb/C nude mice. (A) The
tumor volume increment during the treatment. The black arrows rep-
resent the treatment day. (B) The body weight changes of the MCF-7
tumor bearing mice during the treatment. (C) The tumor-suppress-rate
(TSR, %) of the DOX-N-NPs and DOX-S-NPs treated groups on day 14.
The data are shown as mean ± SD (n = 7). The black face icon represents
the free DOX·HCl treated mice that started dying on day 10. **p < 0.01.

Table 4 The tumor-growth-rate (TGR, %) and tumor-suppress-rate
(TSR, %) of the PBS, DOX·HCl, DOX-N-NPs and DOX-S-NPs treated
groups on day 14

PBS DOX·HCl DOX-N-NPs DOX-S-NPs

V0 (mm3) 49 ± 15 49 ± 11 37 ± 11 55 ± 15
V14 (mm3) 580 ± 81 — 176 ± 35 143 ± 26
TGR (%) 1184 — 476 262
TSR (%) — — 60 78

Table 3 The IC50 of DOX·HCl, DOX-N-NPs and DOX-S-NPs on the
MCF-7 and A549 cells at 24 h and 48 h

MCF-7-IC50/µg mL−1 A549-IC50/µg mL−1

24 h DOX·HCl 1.03 1.14
DOX-N-NPs 1.27 1.40
DOX-S-NPs 1.27 1.31

48 h DOX·HCl 0.49 0.32
DOX-N-NPs 0.62 0.25
DOX-S-NPs 0.53 0.29
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clinical application.46 Significant histological changes and
necrosis of the muscle fibers of heart tissues were observed in
free DOX·HCl and the DOX-N-NPs treated group. The obvious
necrosis of hepatocytes was also observed in the DOX-N-NPs
treated group, which was attributed to the accumulation of
nanoparticles in the liver tissue, while the damage degree of
the liver tissues was more moderate in the free DOX·HCl
treated group. In contrast, the pathological images of the
cardiac and liver tissues treated with crosslinked DOX-S-NPs
had no difference from the control group.

Conclusions

We have developed a pH and redox dual-sensitive poly-
saccharide-based polymer, Dex-SA-L-Phe-L-Cys, to act as a
smart nano-vehicle for loading a cationic and hydrophilic
drug, DOX·HCl. The Dex-SA-based polymer possessed favor-
able biocompatibility and size distribution. The dual-sensitive
DOX-loaded nanoparticles are stable under a normal physio-
logical environment, but release cargo rapidly under weak
acidic conditions and a reducing environment. The cytotoxicity
of DOX-S-NPs in the MCF-7 and A549 cells in vitro was compar-
able to free DOX·HCl. For the in vivo antitumor efficacy of
breast cancer MCF-7, DOX-S-NPs exhibited excellent antitumor
activity and lower systemic toxicity than free DOX·HCl.
Furthermore, the customized polymer, Dex-SA-L-Phe-L-Cys, can
expand more widely for the delivery of other drugs.
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