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pH responsive cisplatin prodrug crosslinked polysaccharide-based nanoparticles were developed from
succinic acid decorated dextran (Dex-SA) for active loading and triggered intracellular release of doxo-
rubicin (DOX). Nanoparticles with uniform size were formed spontaneously in aqueous medium via
electrostatic interaction between anionic Dex-SA and cationic DOX, and subsequently transformed into
crosslinked nanoparticles (CL-Nanoparticles) in situ by readily crosslinking the micelles via chelate in-
teractions between the ionic polymeric carrier and the platinum (II) antitumor drug. This strategy
eliminated the need of organic solvents and sophisticated processes in the drug loading procedure. The
in vitro release studies showed that DOX was released from the CL-Nanoparticles in a controlled and pH-
dependent manner. Furthermore, the pharmacokinetics and biodistribution investigations indicated that,
as compared to the non-crosslinked nanoparticles (NCL-Nanoparticles) and free DOX, the CL-
Nanoparticles significantly prolonged the blood circulation time of drug, decreased accumulation in
the normal tissues and enriched drug into the tumors. As a consequence, the DOX-loaded CL-Nano-
particles exhibited enhanced therapeutic efficacy in tumor-bearing mice compared with the NCL-
Nanoparticles and free DOX, which were further confirmed by the histological and immunohisto-
chemical analyses. These cisplatin prodrug crosslinked polysaccharide nanoparticles proved to be a
promising nanomedicine drug delivery system for tumor-targeted delivery of DOX.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Doxorubicin hydrochloride, an amphiphilic anticancer drug, is a
leading clinically-used anticancer drug due to its potency and a
broad spectrum of activity against diverse cancer types (e.g., breast,
lung, prostate, brain, cervix, bone, and bladder cancers) [1]. Current
drug delivery systems involving doxorubicin (DOX) are mostly
based on hydrophobic interaction between the drug and hydro-
phobic moieties of the drug carrier. As a general rule, DOX hydro-
chloride was neutralized by excess triethylamine to remove the
hydrochloride and DOX becomes hydrophobic in organic solvents
(dimethyl formamide or dimethylsulfoxide) [2e4]. Nevertheless,
.
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the hydrophobization treatment on the amphiphilic DOX hydro-
chloride significantly reduces its anticancer activity [4]. The second
most potent anticancer drug is cisplatin that has also been widely
used for many malignancies, such as ovarian, head and neck,
gastrointestinal, testicular, bladder, and lung cancers [5]. Combi-
nation chemotherapy (using two or more drugs proven effective
against a tumor type) often brings about advantage such as
enhancing the overall cytotoxicity of each drug against cancer cells
at reduced doses, maximizing therapeutic efficacy against indi-
vidual drug targets, and overcoming drug resistance [6]. For this
specific reason, Nguyen’s group developed a single polymer-caged
nanobinwith both DOX and cisplatin, which yielded strong synergy
in the efficacy of these agents [7]. Recently, Yang and co-workers
demonstrated that the presence of the carboxyl groups in mi-
celles significantly increased loading capacity of DOX due to ionic
interactions between the carboxyl group in the micelle and amine
group in the drug [8e10]. Meanwhile, our previous study also
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proved that anionic PEGylated polypeptide could load relatively
large amount of cisplatin or cationic DOX for effective treatment of
lung cancer and hepatoma [11e14].

Anticancer drugs are often delivered by utilization of polymeric
micelles, however the extracellular stability versus intracellular
drug release dilemma via this delivery system remains a challenge
[15,16]. One potential solution is the use of reversible crosslinked
micelles, which can simultaneously enhance their stability outside
the cells, while efficiently breaking their crosslink inside cells in
response to the appropriate stimuli, and thus releasing the payload
[17]. Progress has been achieved in developing stimuli-responsive
crosslinked micelles, including enzymatically cleavable [18e20],
pH-cleavable [21], disulfide or diselenide bond-containing [22], and
hydrolysable ester-bond-containing [23] micellar nanoparticles.
Even more promising are micellar nanoparticles which are
responsive to multiple stimuli as reported recently for the precise
spatiotemporal drug release in the complex in vivo microenviron-
ment, showing the benefits of high drug loading efficiency, superior
stability against dilution, prolonged circulation time, and enhanced
drug accumulation at the tumor site [16,24,25]. Although great
progress has been achieved in this field, effective methods for facile
synthesis of the simple yet efficient stimuli-responsive crosslinked
micelles are still much in demand. To the best of our knowledge, the
application of cisplatin as the crosslinker for efficient doxorubicin
hydrochloride delivery has not been studied yet.

In the present study, taking the advantage of cisplatin prodrug
(an inactive substance that is converted to cisplatinwithin the body
by the action of chloridion or acidic species) as the crosslinker, we
explore the potential of carboxylic ligands functionalized dextran
as the carrier for DOX delivery. Towards this aim, we firstly syn-
thesized the carboxyl groups modified polysaccharide dextran-
succinic acid (Dex-SA), which was then used to adsorb doxoru-
bicin hydrochloride electrostatically in aqueous solution and self-
assembled into polymeric micelles with uniform size. Subse-
quently, the crosslinked nanoparticles (CL-Nanoparticles, Dex-SA-
DOX-CISPLATIN) were synthesized in situ by crosslinking the mi-
celles via chelate interactions between the ionic polymeric carrier
and the platinum (II) antitumor drug. It is of note that a small
amount of cisplatin could effectively stabilize the nanoparticles,
and the drug release kinetics could be readily regulated by the
crosslinking degree of the DOX-loaded nanoparticles. The effects of
crosslinking were studied by comparing the physicochemical
properties, the drug release kinetics, cellular uptake, in vitro cyto-
toxicity, pharmacokinetics, tolerability, and tissue distribution, as
well as the in vivo antitumor efficacy.

2. Materials and methods

2.1. Materials

Dextran (Dex, 40 kDa) was purchased from Fluka and used without further
purification. Succinic anhydride was obtained from Sinopharm Chemical Reagent
Co., Ltd. Doxorubicin hydrochloride (Beijing Huafeng United Technology Corpora-
tion), cisplatin (Shandong Boyuan Pharmaceutical Co., Ltd.), 4-
dimethylaminopyridine (DMAP, Alfa Aesar), 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT, Sigma) and 40 ,6-diamidino-2-phenylindole
dihydrochloride (DAPI, Sigma) were used as received. Dimethyl sulfoxide (DMSO)
was stored over calcium hydride (CaH2) and purified by vacuum distillation with
CaH2. Purified deionized water was prepared by the Milli-Q plus system (Millipore
Co., Billerica, MA, USA).

2.2. Characterization

1H and 13C NMR spectrawere recorded on a Bruker AV 400 NMR spectrometer in
DMSO-d6. Fourier transform infrared (FT-IR) spectra were recorded on a Bio-Rad
Win-IR instrument using KBr method. GPC analyses of Dex and Dex-SA were con-
ducted on aWaters 2414 system equipped with Ultrahydrogel� 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)). Zeta po-
tentials (z-potential) of the samples were measured by 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 HeeNe laser (DAWN EOS, Wyatt Technology, USA). The scat-
tering angle was fixed at 90� . Inductively coupled plasma optical emission spec-
trometer (ICP-OES, iCAP 6300, Thermoscientific, USA) and inductively coupled
plasma mass spectrometer (ICP-MS, Xseries II, Thermoscientific, USA) were used for
quantitative determination of platinum. Transmission electron microscopy (TEM)
measurement was performed on a JEOL JEM-1011 transmission electron microscope
with an accelerating voltage of 100 KV.

2.3. Synthesis of Dex-SA

Dextran (5.002 g, 30.750 mmol AHG) was dissolved in 40 mL of dry DMSO and
introduced into a flame-dried flask, followed by addition of 4-(dimethylamino)
pyridine (1.878 g, 15.375 mmol) solution in DMSO (5 mL) and succinic anhydride
(1.538 g, 15.375 mmol) in DMSO (5 mL), respectively. The reactionwas performed at
30 �C for 48 h under nitrogen. The product was isolated by precipitation in cold
ethanol, washed several times with ethanol, and dried under vacuum. The resulting
white powder was then dissolved in deionized water, dialyzed against phosphate
buffer (PB, 0.01 M, pH 7.0) and deionized water for 72 h to remove the excess re-
actants. The final product was obtained as a white powder after lyophilization of the
dialyzed solution.

2.4. Preparation of the DOX-loaded nanoparticles

Dex-SA lyophilized powder was dissolved in deionized water and stirred for
10 min, and then its pH was adjusted to 7.4 with a few drops of 0.05 M NaOH. An
aqueous solution of doxorubicin hydrochloride was added dropwise into the poly-
mer solution and the mixture solution was vigorously stirred overnight in the dark.
Subsequently, a predetermined amount of cisplatin was added into the above
mixture and the reactionwas continued at 37 �C for 72 h. Excess drug was removed
by dialysis (MWCO 3500) against deionized water for 24 h and followed by lyoph-
ilization in the dark. The drug loading content (DLC) and drug loading efficiency
(DLE) of DOX and cisplatin was determined by using UVevis spectrometer and ICP-
OES. DLC and DLE were calculated according to the following formula:

DLCðwt:%Þ ¼ ðweight of loaded drug=weight of drug� loaded nanoparticlesÞ
� 100%

DLEðwt:%Þ ¼ ðweight of loaded drug=weight of feeding drugÞ � 100%

2.5. In vitro release of DOX

To determine the release profiles of DOX, the weighed freeze-dried DOX-loaded
nanoparticles powder was suspended in 10 mL of release medium and transferred
into a dialysis bag (MWCO 3500 Da). The release experiment was initiated by placing
the end-sealed dialysis bag into 40 mL of release medium at 37 �C with constant
shaking. At selected time intervals, 3 mL of release media was taken out and
replenished with an equal volume of fresh media. The amount of DOX released was
determined using UVevis spectrometer at 480 nm.

2.6. Cell cultures

The human lung carcinoma (A549) cells were cultured at 37 �C in a 5% CO2 at-
mosphere in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS), penicillin (50 U mL�1) and streptomycin
(50 U mL�1).

2.7. Confocal laser scanning microscopy

The cellular uptake and intracellular release behaviors of the NCL-Nanoparticles
and CL-Nanoparticles were determined by confocal laser scanning microscopy to-
ward A549 cells. The cells were seeded on the coverslip in 6-well plates with a
density of 1�105 cells per well in 2 mL of DMEM and cultured for 24 h, and then the
original medium was replaced with free DOX, NCL-Nanoparticles and CL-
Nanoparticles (at a final DOX concentration of 5 mg L�1) containing DMEM. After
1 h and 3 h incubation, the cells were washed and fixed with 4% formaldehyde for
20min at room temperature, and the cell nuclei were stained with DAPI. The cellular
localization was visualized under a laser scanning confocal microscope (Carl Zeiss,
LSM 700).

2.8. Flow cytometry

A549 cells were seeded in 6-well plates with a density of 2� 105 cells per well in
2 mL of DMEM and incubated for 24 h, and then the original medium was replaced
with free DOX, NCL-Nanoparticles and CL-Nanoparticles (at a final DOX concentra-
tion of 5 mg L�1) containing DMEM. The cells were incubated for 1 h and 3 h at 37 �C,
and then washed three times with phosphate buffered saline (PBS). The harvested
cells were suspended in PBS and centrifuged at 1000 rpm for 5 min at 4 �C. The
supernatants were discarded and the cells were washed with PBS to remove the
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background fluorescence in the medium. After two cycles of washing and centri-
fugation, cells were resuspended with 500 mL PBS, and flow cytometry was done
using a BD FACSCalibur flow cytometer from BD Biosciences.

2.9. Cytotoxicity assay

The cytotoxicities of Dex-SA, free DOX, NCL-Nanoparticles and CL-Nanoparticles
were evaluated by MTT assay. The cells were seeded in 96-well plates (1 �104 cells
per well) in 100 mL of DMEMmedium and incubated at 37 �C in a 5% CO2 atmosphere
for 24 h. The culture mediumwas replaced with 200 mL of fresh medium containing
Dex-SA, free DOX, NCL-nanoparticles and CL-nanoparticles. The cells were subjected
to MTT assay after being incubated for another 24 h. The absorbance of the solution
was measured on a Bio-Rad 680 microplate reader at 490 nm. The relative cell
viability was determined by comparing the absorbance at 490 nmwith control wells
containing only cell culture medium. Data are presented as means � SD (n ¼ 6).

2.10. Hemolysis assay

Hemolytic activity of Dex-SA was evaluated according to a previous protocol
with minor modification [11,26]. Briefly, fresh rabbit blood obtained from the Lab-
oratory Animal Center of Jilin University was diluted by physiological saline, and
then red blood cells (RBC) were isolated from serum by centrifugation. After careful
wash and dilution, RBC suspension was added to Dex-SA solution at systematically
varied concentrations andmixed by vortex, then incubated at 37 �C in a thermostatic
water bath for 2 h. PBS and triton X-100 (10 g L�1), a surfactant known to lyse RBCs,
were used as negative and positive controls, respectively. Then, RBCs were centri-
fuged at 3000 rpm for 10 min and 100 mL of supernatant of each sample was
transferred to a 96-well plate. Free hemoglobin in the supernatant was measured
with a Bio-Rad 680 microplate reader at 540 nm. The hemolysis ratio (HR) of RBCs
was calculated using the following formula: hemolysis (%) ¼ (Asample e Anegative

control)/(Apositive control e Anegative control) � 100, where Asample, Anegitive control and
Apositive control were denoted as the absorbencies of samples, negative and positive
controls, respectively. All hemolysis experiments were carried out in triplicates.

2.11. Pharmacokinetics

Wistar rats (240e250 g) were randomly divided into three groups (n ¼ 3). Free
DOX, NCL-Nanoparticles and CL-Nanoparticles were administered intravenously via
tail vein (5 mg kg�1 DOX). At defined time periods (2, 10, 20, 40, 60, 120, 180, 240,
360, 480, 600 and 720 min), blood samples were collected from orbital cavity,
heparinized, and centrifuged to obtain the plasma. The concentrations of DOX in the
above samples were determined by the HPLC methods reported previously with
minor modifications [27,28]. Briefly, a 180 mL plasma sample was deproteinized with
600 mL of acetonitrile, 200 mL of methanol and 100 mL of daunorubicin hydrochloride
(1 mg mL�1, internal standard), vortexed for 10 min, and centrifuged at 13,000 rpm
for 10 min. Then 800 mL of supernatant was collected and dried under a stream of
nitrogen at 35 �C. The dried sample was then dissolved in the mobile phase for HPLC
analysis. Waters liquid chromatographic system (Waters e2695 Separations Module,
USA) was equipped with a fluorescence detector (Waters 2475 Multi l Fluorescence
Detector, USA) with the excitation and emission wavelengths set at 472 nm and
592 nm, respectively. A Waters Symmetry C18 analytical column (5 mm,
4.6 � 250 mm) was used at 35 �C.

2.12. Ex vivo DOX fluorescence imaging

The NCL-Nanoparticles, CL-Nanoparticles and free DOX were injected into mice
bearing A549 tumor via lateral tail vein (5 mg kg�1 on DOX basis). The mice were
sacrificed 3, 10 and 24 h post-injection. The tumor and major organs (heart, liver,
spleen, lung and kidney) were excised, followed by washing the surface with
physiological saline three times for ex vivo imaging of DOX fluorescence using the
Maestro in vivo Imaging System (Cambridge Research & Instrumentation, Inc., USA).
The resulting data can be used to identify, separate, and remove the contribution of
autofluorescence in analyzed images by the commercial software (Maestro 2.4). The
average signals were also quantitatively analyzed using Maestro 2.4 software.

2.13. Evaluation of maximum tolerated dose

Male Kunming mice (at 5e6 weeks of age) were used to evaluate the maximum
tolerated dose of free DOX, NCL-Nanoparticles and CL-Nanoparticles. All groups
(n ¼ 3) received a single dose by intravenous injection. Five groups of mice received
DOX, NCL-Nanoparticles and CL-Nanoparticles at a dose of 5, 10, 15, 20, and
25 mg kg�1 DOX. The control groups received saline or 400, 600, 800, and
1000 mg kg�1 of Dex-SA. The body weight and physical states of all the mice were
monitored for a period of 10 d. The MTD was defined as the allowance of a median
bodyweight loss of 20% and causes neither death due to toxic effects nor remarkable
changes in the general signs within 10 d after administration [29].

2.14. In vivo antitumor efficiency

Male Balb/C nude mice were obtained from SLRC Laboratory Animal Company
(Shanghai, China), and used at 6 weeks of age. All animals received care in
compliance 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. A human non-small cell lung cancer (NSCLC) xenograft
tumor model was generated by subcutaneous injection of A549 cells (1.5 � 106) in
the right flank of each mouse. When the tumor volumewas approximately 50 mm3,
micewere randomly divided into 8 groups. Animals were treated with PBS, free DOX
(3.0 mg kg�1), free cisplatin (0.32 mg kg�1), free DOX (3.0 mg kg�1) plus free
cisplatin (0.32 mg kg�1), Dex-SA-CISPLATIN (0.32 mg kg�1 on cisplatin basis), Dex-
SA-DOX (3.0 mg kg�1 on DOX basis), Dex-SA-DOX (3.0 mg kg�1 on DOX basis) plus
Dex-SA-CISPLATIN (0.32 mg kg�1 on cisplatin basis) and Dex-SA-DOX-CISPLATIN
(3.0 mg kg�1 on DOX basis and 0.32 mg kg�1 on cisplatin basis) by intravenous
injection on days 0, 4, 8, and 12. The tumor sizewasmeasured using vernier calipers,
and the tumor volume (mm3) was calculated using V ¼ a$b2/2, where a and b were
the longest and shortest diameter of the tumors. The body weight was measured
simultaneously as an indicator of systemic toxicity.

2.15. Histological and immunohistochemical analyses

The mice were sacrificed (at day 6 after the last injections) and the tumors and
major organs (heart, liver, spleen, lung and kidney) were collected, fixed in 4% PBS
buffered paraformaldehyde overnight, and then embedded in paraffin. The paraffin-
embedded tumors and organs were cut at 5 mm thickness, and stained with he-
matoxylin and eosin (H&E) to assess histological alterations by microscope (Nikon
TE2000U).

Immunohistochemistry was performed as described previously [16,30]. Rabbit
monoclonal primary antibody for cleaved PARP (Abcam, USA) and PV-6000 two-step
immunohistochemistry kit (Zhongshan Goldbridge Biotechnology, Beijing, China)
were used in this study.

2.16. In situ TUNEL assay

Terminal deoxynucleotidyl transferaseemediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay was performed using a FragELTM DNA fragment
detection kit (colorimetric-TdT Enzyme method) according to the manufacturer’s
protocol (EMD chemicals Inc, Darmstadt, Germany).

2.17. Statistical analysis

All experiments were performed at least three times and expressed as
means � SD. Data were analyzed for statistical significance using Student’s test.
p < 0.05 was considered statistically significant, and p < 0.01 was considered highly
significant.

3. Results and discussion

3.1. Synthesis of Dex-SA

The Dex-SA conjugate was conveniently prepared by treating
dextran with succinic anhydride in anhydrous DMSO (Scheme 1).
The quantitative 1H and 13C NMR spectra of Dex-SA recorded in
DMSO-d6 were displayed in Fig. 1A and B with the relevant signals
labeled. The actual degree of substitution (DS, defined as the
number of SA units per 100 anhydroglucosidic units) was deter-
mined to be 50 by comparing integration areas of peak b þ c (e
COCH2CH2COe, 2C, SA) in the range of 29.8e27.8 ppm with that of
peak e (eOCHOe, 1C, Dextran) in the range of 100.1e94.3 ppm. The
FT-IR spectrum of Dex-SA (Fig. 1C) clearly revealed the presence of
absorbance peak at 1731 cm-1 characteristic of carboxyl moieties.
The GPC trace (Fig. 1D) was monomodal and quite symmetric,
revealing the number average molecule weight (Mn) of
3.18� 104 gmol�1 and polydispersity index (PDI,Mw/Mn) of 1.82. In
comparison with that of dextran, GPC trace of Dex-SA exhibited a
clear shift to the higher Mn region, indicating that the succinic acid
was successfully grafted on to the dextran. A combination of NMR,
FT-IR, and GPC verified the successful synthesis of Dex-SAwith high
purity and moderate polydispersity.

3.2. Preparation of the cisplatin crosslinked DOX-loaded Dex-SA
nanoparticles

It has been reported that DOX should be administered intrave-
nouslyas thehydrochloride salt formaximumprotectionof thedrug
activity [31]. In the present study, the polysaccharide containing
side-chain carboxyl groups provided sites for complexation with



Scheme 1. The schematic illustration of the process of preparing Dex-SA, Dex-SA-DOX and Dex-SA-DOX-CISPLATIN.

Fig. 1. (A) 1H and (B) 13C NMR spectra of dextran and Dex-SA in DMSO-d6; (C) FT-IR spectra obtained for (a) dextran and (b) Dex-SA; and (D) GPC traces recorded for (a) dextran and
(b) Dex-SA.
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Fig. 2. (A) Hydrodynamic radius distribution and (B) morphology of (a) NCL, (b) CL-1, (c) CL-2, (d) CL-3, (e) CL-4 and (f) CL-5 in aqueous solution as determined by DLS and TEM
(scale bars: 500 nm); (C and D) Time- and pH-dependent DOX release profiles of (a) NCL, (b) CL-1, (c) CL-2, (d) CL-3, (e) CL-4 and (f) CL-5 in PBS at (C) pH 7.4 and (D) 5.5.
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DOX in the active form and cisplatin via electrostatic and chelate
interactions, respectively. Aswe know, the usage of organic solvents
in pharmaceutical formulations was rarely desirable owing to their
potential deleterious effects and the regulatory requirement to
quantify residual levels of the harmful organic solvents. A significant
advantage of our approach is that the drug loading procedure can be
carried out with efficiency in aqueous medium without the use of
toxic reagents or organic solvents, thus representing a green
chemistry approach. The preparation strategy for the cisplatin
crosslinked DOX-loaded Dex-SA nanoparticles (Dex-SA-DOX-
CISPLATIN) was shown in Scheme 1. Firstly, DOX loading was per-
formed by incubating the carboxyl-rich polysaccharide Dex-SAwith
DOX in aqueous medium below its pKa value. Then, the DOX-loaded
nanoparticleswere crosslinked in situ by introducing cisplatin (with
various molar ratio of carboxylic groups of Dex-SA to cisplatin from
120 to 10) to the solution. After dialyzing the polymer/drug solution
Table 1
Characterization of the DOX-loaded NCL- and CL-nanoparticles.

Entry Feeding molar ratio
of [Cisplatin]/[COOH]

Resultant molar ratio
of [Cisplatin]/[COOH]

D

NCL 0 0 1
CL-1 1/120.0 1/143.3 1
CL-2 1/80.0 1/95.8 1
CL-3 1/40.0 1/49.7 1
CL-4 1/20.0 1/25.9 1
CL-5 1/10.0 1/12.9 1

Abbreviation: DOX, doxorubicin; NCL, non-crosslinked; CL, crosslinked; DLC, drug loadin
to remove the unloaded drugs, the drug loaded nanoparticles were
lyophilized for long-term storage.

The anionic polysaccharide and cationic DOX readily formed
nanosized particles in water. The hydrodynamic sizes (radius), as
determined by DLS measurements, of the nanoparticles decreased
from 71 to 40 nm as the feeding molar ratio of cisplatin and car-
boxylic group increased from 0 to 0.05 (Fig. 2A and Table 1). The
shrinkage of nanoparticles after cross-linking is similar to what has
been reported [22]. When the molar ratio of cisplatin and carbox-
ylic group increased to 0.1, an increased hydrodynamic size could
be observed. Further increase of the molar ratios, however, resulted
in destabilization and precipitation of the nanoparticles. Thus, as
can be seen in Table 1, we were able to obtain stable CL-
Nanoparticles with [Cisplatin]/[COOH] molar ratio from 0 to 0.1.
Such CL-Nanoparticles could be lyophilized and re-dispersed in the
aqueous solution. The changes in the particle sizes upon different
LC (%) DLE (%) Zeta potential (mV) Rh (nm)

5.1 90.8 �43.3 � 6.6 71.3 � 26.1
4.1 85.0 �19.6 � 3.9 63.7 � 19.7
3.9 84.2 �17.2 � 2.4 54.2 � 12.4
3.4 80.6 �15.9 � 3.8 39.5 � 11.6
2.7 76.8 �14.7 � 4.1 40.1 � 14.8
2.2 73.8 �12.9 � 2.1 48.3 � 20.2

g content; DLE, drug loading efficiency.
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extents of crosslinking were further verified by TEM (Fig. 2B),
which were consistent with the variation trends of the DLS mea-
surements. The smaller size from TEM observations should be due
to the dehydration of the DOX-loaded nanoparticles in the TEM
sample preparation process and the fact that DLS was sensitive to
the interference of large particles [32,33]. Zeta-potential analyses
demonstrated that these nanoparticles had negative surface
charges (�43.3 to �12.9 mV), indicating good dispersion stability
[34], which would also minimize the undesirable rapid elimination
of DOX-loaded nanoparticles from the blood circulation, and facil-
itate their accumulation at the tumor sites [35,36]. Besides, it is
worthy of note that the surface charge of the CL-Nanoparticles
increased from �43.3 to �19.6 mV with the addition of a small
amount of cisplatin, revealing the consumption of the carboxylate
groups by cisplatin. However, zeta potential increased much slowly
with increasing [Cisplatin]/[COOH] ratio. As expected, the DLC and
DLE of the CL-Nanoparticles was decreased after crosslinking,
which could be due to steric hindrance to drug binding as a result of
nanoparticles shrunk and the consumption of the carboxylate
groups by cisplatin.

3.3. In vitro release of DOX

The in vitro release of DOX from the NCL and CL-Nanoparticles
was carried out at pH 7.4 and 5.5 by dialysis method (Fig. 2C and
D). The release profiles showed that no significant initial burst
release could be observed and the DOX release rate increased as the
pH decreased from 7.4 to 5.5 for both NCL and CL-Nanoparticles. In
addition, as compared to the NCL-Nanoparticles, the release of DOX
from the CL-Nanoparticles was significantly inhibited at both
neutral and acidic pH. Take CL-3 as an example, at physiological pH,
there was approximately 43.8% release for the NCL-Nanoparticles
after a 60 h incubation period, while only 24.6% release for the
CL-Nanoparticles. Notably, accelerated DOX release at acidic pH
was observed for both the NCL- and CL-Nanoparticles, wherein
approximately 85.7% and 56.1% of drugs were released in 60 h from
NCL- and CL-Nanoparticles, respectively. Drug release under
physiological conditions (pH 7.4) was significantly lower than that
Scheme 2. The schematic illustration of the blood circulation, tumor accumulation, cellul
intravenous injection.
under acidic conditions (pH 5.5), which might be attributed to a
significant reduction in the ionization degree of SA moieties,
resulting in extensive disruption of their electrostatic interactions
with DOX [37]. In addition, increased hydrophilicity of DOX in acid
condition also resulted in a rapid release of DOX [38]. Such a pH-
triggered release behavior of DOX showed great potential in drug
delivery for the anti-proliferative effect, due to the release of DOX in
cancer cells while limiting its release in blood circulation [16].
Moreover, cisplatin crosslinking could largely enhance micellar
stability and might effectively prevent premature drug release
following intravenous (i.v.) injection (Scheme 2). The crosslinking
degree of the DOX-loaded nanoparticles was correlative to the drug
release kinetics, and the release rate was in the following order of
NCL> CL-1> CL-2> CL-3> CL-4> CL-5 at all the test pH. CL-3was
chosen for further study because of its appropriate nanoparticle
size, which was optimal for tumor targeting by the enhanced
permeability and retention (EPR) effect [39].

3.4. Intracellular drug delivery

To investigate the cellular internalization and intracellular
release of DOX, the DOX-loaded nanoparticles were incubated with
A549 cells for 1 h and 3 h at 37 �C. The cells were then observed by
confocal laser scanning microscopy (Fig. 3A). DOX fluorescence
could be observed in the cells following 1 h incubation with DOX-
loaded NCL- and CL-Nanoparticles, which provided clear visual
evidence of the cellular internalization of NCL- and CL-
Nanoparticles and the release of the loaded DOX molecules.
When the incubating timewas prolonged to 3 h, DOXwas delivered
and released into the nuclei of A549 cells, with the DOX fluores-
cence intensity of CL-Nanoparticles slightly weaker than that of
NCL-Nanoparticles. This phenomenon could be explained by the
delayed drug release from the CL-Nanoparticles as compared to the
NCL-Nanoparticles [40], which was consistent with the data ob-
tained in buffered solutions (Fig. 2C and D).

It should also be noted that stronger DOX fluorescence was
observed in cells following incubation with free DOX for 1 and 3 h,
compared with the NCL- and CL-Nanoparticles, which could be
ar uptake and pH-responsive intracellular drug release of the CL-Nanoparticles after



Fig. 3. Cellular uptake of (a) free DOX, (b) NCL-Nanoparticles and (c) CL-Nanoparticles after incubation with A549 cells for 1 h and 3 h, observed by (A) confocal laser scanning
microscopy and (B) flow cytometric analyses.

M. Li et al. / Biomaterials 35 (2014) 3851e3864 3857



M. Li et al. / Biomaterials 35 (2014) 3851e38643858
attributed to the different cellular internalization mechanisms of
the DOX loaded nanoparticles (endocytosis) and free DOX (diffu-
sion) [41]. Additionally, free DOX has been reported to possess
stronger fluorescence compared with the DOX in the nanoparticles
at the same concentration due to the self-quenching effect of DOX
[16,32,42]. Thus, the weaker DOX fluorescence of NCL- and CL-
Nanoparticles might be explained by the slightly slower cellular
uptake of DOX-loaded nanoparticles and the self-quenching effect
of DOX in the NCL- and CL-Nanoparticles [43]. For further confir-
mation, the cellular uptake of DOX and DOX-loaded NCL- and CL-
Nanoparticles into the A549 cells were analyzed using
fluorescence-activated flow cytometry (Fig. 3B), and the consistent
results were acquired.
3.5. In vitro cytotoxicity

The biocompatibility studies using A549 cells revealed that Dex-
SA was nontoxic up to the highest testing concentration of 1 g L�1

(Fig. 4A), indicating its excellent biocompatibility. At an equivalent
drug concentration, DOX-loaded non-crosslinked nanoparticles
revealed a slightly lower cell killing efficiency as compared to free
DOX (Fig. 4B), whereas the DOX-loaded crosslinked nanoparticles
induced more lower cancer cell killing potency, which agreed well
with the in vitro drug release behavior and intracellular DOX release
observations (Fig. 2C, D and 3A). It was because free DOX could
easily diffuse across the cell membrane, while the NCL- and CL-
Nanoparticles were internalized through the endocytic pathway,
thus resulting in the greater cell uptake and higher cytotoxic effi-
ciency of free DOX [44]. However, for in vivo applications, it is un-
likely that such a high concentration of free DOX would be present
for such a long treatment time [22]. On the other hand, DOX-loaded
nanoparticles, especially the crosslinked formulation with long
circulating property may facilitate its passive accumulation at tu-
mor tissue via EPR effect [45].
3.6. Hemolysis and pharmacokinetics

The application of the vesicular formulations in the pharma-
ceutical field counts on several aspects including safety, drug
loading efficiency and stability. It is necessary to guarantee the
blood compatibility of the drug carrier, because it will be finally
injected intravenously into blood vessels. In this study, a hemolysis
assay was carried out based on the previous report [11,46]. As
shown in Fig. 5A, Dex-SA showed negligible hemolysis toxicity
(w0%) to RBCs even at the highest polymer concentration of 5 g L�1,
Fig. 4. (A) In vitro cytotoxicities of Dex-SA to A549 cells; (B) Cytotoxicities of (
demonstrating the excellent blood compatibility of Dex-SA and the
potential application as drug delivery vehicles.

Nanoparticles could be diluted once entering the blood by
intravenous administration and this dilution effect may be enlarged
when most of the nanoparticles have been distributed into
different compartments of the organs (e.g. liver, lung and spleen),
leaving only small amounts of nanoparticles circulating in the
blood [47,48]. Therefore, the prolonged blood circulation and
retardatory blood clearance of nanoparticles is an important issue
for effective drug-redistribution to the tumor site [49]. In the pre-
sent study, plasma pharmacokinetics of free DOX, Dex-SA-DOX and
Dex-SA-DOX-CISPLATIN formulations were evaluated with HPLC
from plasma after intravenous administration. As shown in Fig. 5B,
the disappearance of DOX-loaded NCL-Nanoparticles as well as the
free DOX from blood circulation compartment occurred in an
exponential manner, whereas plasma DOX concentration of CL-
Nanoparticles was the highest at the completion of injection and
slowly decreased thereafter, indicating an obvious retardation in
clearance from the blood. The blood circulation time of Dex-SA-
DOX-CISPLATIN was significantly extended compared to Dex-SA-
DOX and free DOX (Fig. 5B), which may promote accumulation in
tumor through the EPR effect. The decreased clearance of DOX in
plasma in the Dex-SA-DOX-CISPLATIN group compared with the
free DOX group might be explained by the in vitro delayed drug
release (shown in Fig. 2C) and in vivo enhanced circulation of
nanoparticles based on the slightly negative charged surface of the
nano-sized delivery vehicles.
3.7. In vivo toxicity and tolerability

Despite recent advances in chemotherapeutic agents for cancer,
their clinical applications were often limited by systemic toxicity.
To determine the toxicity and tolerability of the DOX-loaded NCL-
and CL-Nanoparticles, we estimated the MTD by a single i.v.
administration to Kunming mice. The weights and survival details
of the mice were monitored for 10 days after injection of Dex-SA at
doses of 0, 600, 800 and 1000 mg kg�1, and free DOX, Dex-SA-DOX
and Dex-SA-DOX-CISPLATIN at doses of 5, 10, 15, 20 and 25 mg kg�1

DOX equivalents (Fig. 6). No morbidity, death or weight loss was
observed for Dex-SA at dose up to 1000 mg kg�1, indicating its
excellent biocompatibility and a potential clinical utility. As ex-
pected, a significant loss of body weight was observed at 15, 20 and
25 mg kg�1 of free DOX, and all the mice in the groups treated with
doses of free DOX higher than 15 mg kg�1 died within 4 days post-
injection. In contrast, the DOX-loaded nanoparticles, especially the
CL-Nanoparticles could effectively reduce the systemic toxicity
a) free DOX, (b) NCL-Nanoparticles and (c) CL-Nanoparticles to A549 cells.



Fig. 5. (A) Hemolytic activity of Dex-SA; (B) In vivo pharmacokinetics profiles after intravenous injection of (a) free DOX, (b) Dex-SA-DOX and (c) Dex-SA-DOX-CISPLATIN in rats.
Data are presented as a mean � standard deviation (n ¼ 3).
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with a significant prolongation of survival time, less weight loss at
all doses and gradual recovery of body weight. The MTD was esti-
mated based on the threshold at which all animals survived and the
body weight loss was below 20% [50], and the corresponding MTD
of free DOX was determined to be 5 mg kg�1, which was in accor-
dance with previous studies [51]. However, DOX-loaded NCL- and
CL-Nanoparticles were able to increase the MTD of DOX to 10 and
15 mg kg�1 (2 and 3 fold of free DOX), respectively. Dose intensi-
fication of DOX in a clinical setting is significant as it may allow
patients to receive a full dose of chemotherapy without the dose
limiting toxicities. This result suggested that theMTD of DOX can be
increased through Dex-SA micelle-mediated delivery, and the
crosslinked formulation with prolonged drug release could further
increase the MTD and reduce systemic toxicity simultaneously.

3.8. Ex vivo DOX fluorescence imaging

For biodistribution studies, imaging of the isolated solid organs
(heart, liver, spleen, lung and kidney) and tumors at 3, 10 and 24 h
post-injection were carried out in nude mice bearing A549 tumors,
and the fluorescence intensity was semi-quantitatively analyzed
(Fig. 7). At 3 h post-injection, liver and kidney showed strong DOX
fluorescence for free DOX group, suggesting that drug molecules as
foreign bodies were mainly captured and metabolized by liver and
kidney [52]. However, compared with free DOX, the fairly weaker
fluorescence in kidney for the injection of Dex-SA-DOX and Dex-
SA-DOX-CISPLATIN was observed, which could be explained by
the significantly improved pharmacokinetics of the nanomedicine
formulations. In addition, a favorable biodistribution with
increased and decreased accumulation in tumor and the normal
tissues (especially for liver and kidney), respectively, for the injec-
tion of Dex-SA-DOX-CISPLATIN, could be observed. These results
indicated that the CL-Nanoparticles were able to alter the bio-
distribution of the drug and provide significant benefits to enhance
the tumor accumulation of the DOX and reduce the drug’s systemic
toxicity.

Notably, a higher intensity of Dex-SA-DOX in the liver was
measured as compared to free DOX and Dex-SA-DOX-CISPLATIN,
implicating that the liver readily captured DOX-loaded Dex-SA
micelles. This is consistent with previous report: undesirable liver
uptake was very high for highly positively or negatively charged
nanoparticles, which was likely due to active phagocytosis by
macrophages (Kupffer cells) in the liver [35]. Consequently, slightly
negative charged surface and enhanced micellar stability of DOX-
loaded Dex-SA micelles after cisplatin crosslinking appeared to be
particularly significant for blood circulation and tumor accumula-
tion (Scheme 2). The photon numbers per unit area (average sig-
nals) shown in Fig. 7B indicated that the CL-Nanoparticles delivered
DOX to the tumor with around 1.36 and 1.27-fold higher concen-
tration than DOX and NCL-Nanoparticles groups, respectively.
Equally important, the NCL- and CL-Nanoparticles reduced the
concentration of DOX in heart by 59% and 63%, and in kidney by 38%
and 57%, respectively, as compared to the free DOX. This indicated
that the use of Dex-SA micelle or cisplatin crosslinked Dex-SA
nanoparticles as a DOX carrier could minimize the possibility of
DOX-associated side effects in the heart and kidney, such as car-
diomyopathy, congestive heart failure and toxic nephrosis [53].
These data also convincingly demonstrated that the MTD of DOX
could be increased through cisplatin crosslinked Dex-SA micelle-
mediated delivery. Similar patterns were also been observed at 10 h
and 24 h post-injection. Better yet, the DOX-loaded nanoparticles,
especially the crosslinked ones increased accumulation in tumor
over time, which could contribute to increase the cancer therapy
efficiency by EPR effect [54], while free DOX showed nearly
invariable fluorescence intensity.

3.9. In vivo anticancer efficacy

Owing to the enhanced tolerability, prolonged circulation and
good tumor localization, the DOX-loaded CL-Nanoparticles might
contribute to superior antitumor efficacy without unexpected side
effects. To provide in vivo evidence for the antitumor potential of
Dex-SA-DOX-CISPLATIN, the antitumor efficacy was further inves-
tigated on Balb-c/nude mice bearing human lung tumors (A549).
The treatments were done by intravenously injecting PBS, free DOX,
free cisplatin, free DOX plus free cisplatin, Dex-SA-CISPLATIN, Dex-
SA-DOX, Dex-SA-DOX plus Dex-SA-CISPLATIN and Dex-SA-DOX-
CISPLATIN, respectively, into tumor-bearing mice.

As shown in Fig. 8A, compared with the control group (treat-
ment with PBS), the tumor growth was effectively inhibited in all
the groups treated with free DOX and the DOX-loaded formulations
(p< 0.001), whereas there was no clear inhibition efficiency on free
cisplatin and Dex-SA-CISPLATIN. As compared to Dex-SA-DOX
(group f) or free DOX (group b, p < 0.01, compared with Dex-SA-
DOX-CISPLATIN), intravenous injection of Dex-SA-DOX-CISPLATIN
(group h) was more efficient in inhibiting tumor growth, indi-
cating that the cisplatin prodrug crosslinked structure was
responsible for tumor suppression. Note that the tumor inhibition
in group g (the combination of Dex-SA-DOX and Dex-SA-
CISPLATIN) was not as effective as group h (Dex-SA-DOX-



Fig. 6. Survival rate and body weight change of Kunming mice treated with Dex-SA at a dose of (a) 0, (b) 400, (c) 600, (d) 800 and (e) 1000 mg kg�1, free DOX, Dex-SA-DOX and Dex-
SA-DOX-CISPLATIN at a dose of (a) 5, (b) 10, (c) 15, (d) 20 and (e) 25 mg kg�1 DOX.
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CISPLATIN), suggesting that the crosslinking procedure was critical
for the enhanced antitumor activity. The enhanced tumor inhibi-
tion of the Dex-SA-DOX-CISPLATIN might be explained by the
enhanced accumulation of the crosslinked nanoparticles at the
tumor site. Furthermore, the effective encapsulation of DOX against
leakage in the bloodstream and the facilitated intracellular release
of DOX might also contribute to the observed enhanced antitumor
efficacy.

All the mice were alive during the experimental period. Dex-SA-
DOX-CISPLATIN treatment resulted in almost no difference in the
physical activity level and body weight after 18 days. However, a
slight loss of bodyweight inmice receiving Dex-SA-DOX (3.2% body



Fig. 7. (A) Ex vivo DOX fluorescence images showing the drug bio-distribution of (a) free DOX, (b) Dex-SA-DOX and (c) Dex-SA-DOX-CISPLATIN in nude mice bearing A549 tumor at
3, 10 and 24 h post-injection; (B) Average signals collected from the major organs (heart, liver, spleen, lung and kidney) and tumor in nude mice bearing A549 tumor after the
treatment of (a) free DOX, (b) Dex-SA-DOX and (c) Dex-SA-DOX-CISPLATIN at different time points.
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weight loss, Fig. 8B) and an obvious loss were noted in the free drug
treatment groups (5.8 and 7.6% body weight loss for groups b and d,
respectively), indicating that DOX became less toxic after micelli-
zation and crosslinking. These results were in accordance with the
phenomena received from the tolerability study. Such differences
demonstrated that the encapsulation of DOX in the reversible
crosslinked nanoparticles reduced the random exposure of drug to
normal tissues, increased the passive accumulation efficacy of the
nanoparticles to the tumor sites, and thus led to lower undesirable
systemic toxicities and enhanced antitumor efficacy.

3.10. Histological and immunohistochemical analyses

To further evaluate the antitumor efficacy after treatment with
various formulations, the tumors and solid organs (heart, liver,
spleen, lung and kidney) were dissected from mice and sectioned
for pathology analysis.

As shown in Fig. 8C, the tumor cells with a large nucleus and a
spherical or spindle shape were observed in the tumor tissue
treatedwith PBS group, inwhichmore chromatin and binucleolates
were also observed, indicating a rapid tumor growth. In contrast,
the tumor cellularity, as evaluated by average tumor cell numbers
of each microscopic field [55], decreased significantly and various
degree of tissue necrosis, extensive nuclear shrinkage and frag-
mentation were observed in the free DOX and the DOX-loaded
formulations treated groups. Chromatin was concentrated and
distributed around the edge, and nuclei became pyknotic, frag-
mented or absence, especially for the Dex-SA-DOX-CISPLATIN
treated tumor cells. The necrosis area in the Dex-SA-DOX-
CISPLATIN group was the largest among the tested groups, while
the free DOX and Dex-SA-DOX groups displayed a relatively lower
necrotic level.

As shown by the TUNEL assay, tumors treated with all the DOX
formulations had extensive regions of apoptotic cells, especially for
the Dex-SA-DOX-CISPLATIN administrated tumors, whereas such
apoptotic cells were much less present in the tumors treated with
PBS and low dose of cisplatin (free cisplatin and Dex-SA-
CISPLATIN), consistent with the in vivo antitumor capability and
H&E stain results. To further confirm the tumor apoptosis, the
cleaved 25 kDa fragment of PARP1, one of the essential substrates
cleaved by both caspase-3 and -7 [30,56], was analyzed in the tu-
mor sections by immunohistochemistry. Intensive positive signals



Fig. 8. In vivo antitumor efficacy and histological observation of major organs of (a) PBS, (b) free DOX (3.0 mg kg�1), (c) free cisplatin (0.32 mg kg�1), (d) free DOX (3 mg kg�1) plus
free cisplatin (0.32 mg kg�1), (e) Dex-SA-CISPLATIN (0.32 mg kg�1 cisplatin eq.), (f) Dex-SA-DOX (3.0 mg kg�1), (g) Dex-SA-DOX (3.0 mg kg�1) plus Dex-SA-CISPLATIN (0.32 mg kg�1

cisplatin eq.) and (h) Dex-SA-DOX-CISPLATIN (3.0 mg kg�1 DOX eq.) in the A549 tumor bearing mouse model. (A) Tumor sizes of the mice as a function of time. The arrows represent
the day on which the intravenous tail vein injection was performed; (B) Body weight changes with the time of tumor-bearing mice; (C) Ex vivo histological, TUNEL and immu-
nohistochemical analyses of A549 tumor sections (18 days after the first treatment). Nuclei were stained bluish violet, whereas extracellular matrix and cytoplasmwere stained pink
in H&E staining. Brown and green stains indicated apoptotic and normal cells, respectively, in TUNEL analysis; brown and blue stains indicated cleaved PARP and nuclei, respectively,
in immunohistochemical assay; (D) Histologic assessments of major organs with H&E staining in mice. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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increased in the Dex-SA-DOX-CISPLATIN treated tumors compared
with free DOX and Dex-SA-DOX treated ones, indicating that more
cells underwent apoptosis in these groups. Our results demon-
strated that Dex-SA-DOX-CISPLATIN could efficiently deliver DOX
to the NSCLC tumor, leading to reduced cell proliferation and
increased apoptosis in vivo, which resulted in a persistent inhibition
of tumor growth.

Long-term toxicity is a major concern for in vivo applications of
chemotherapy. Representative sections of several susceptible or-
gans including heart, liver, spleen, lung and kidney taken at day 6
after the last injections from control mice receiving PBS and mice
receiving various drug formulations were harvested and stained by
H&E (Fig. 8D). Histological analysis of fixed tissues showed that no
significant morphological changes could be detected in spleen and
lung derived from animals in the control group compared to mice
treated with free DOX, Dex-SA-DOX and Dex-SA-DOX-CISPLATIN.
However, compared with the PBS control group, varying degree
of organ damages of the treatment groups, including heart, liver,
and kidney, were observed. Free DOX treated groups (group b and
d) displayed noticeable signals of damage in heart, with the critical
pathological changes and necrosis of the muscle fibers in cardiac
tissues. In contrast, treatment of the tumor-bearing mice by DOX-
incorporated nanoparticles, especially the crosslinked formulation
obviously reduced the blight of heart. Slight structural disturbance
with increased necrosis of hepatocytes could be observed in liver
for free DOX treated group, but the degreewasmoremoderate than
the Dex-SA-DOX treated group. This was in accordance with the
results of biodistribution study (Fig. 7), in which the accumulation
of the NCL-Nanoparticles in liver was found relatively high due to
their highly negatively charged surfaces. However, after the in situ
crosslinking by cisplatin, the side effects were distinctly inhibited
(Dex-SA-DOX-CISPLATIN, group h). It’s worth noting that free
cisplatin at a low dose (group c and d) could also induce severe
nephrotoxicity (e.g., marked necrosis in proximal tubules, increased
vacuole formation in proximal tubules, thickening of the mesan-
gium and glomerular basement membrane, and contraction of
epithelial luminal space). Whereas, the nephrotoxicity of cisplatin
could be significantly inhibited after chelation (group e and h),
suggesting that Dex-SA-DOX-CISPLATIN could allow the long-term
administration.

4. Conclusions

We have demonstrated that DOX-loaded, dextran-based
reversible crosslinked micellar nanoparticles can efficiently deliver
DOX into cancer cells in vitro, and reduce A549 xenograft tumor size
in vivo. Importantly, in situ crosslinking of the DOX-loaded poly-
saccharide nanoparticles by introducing a small amount of cisplatin
as the crosslinker, could significantly increase the surface charge
and stability, which would further improve the tolerability, in vivo
pharmacokinetics, biodistribution, and antitumor efficacy, and
reduce drug-related multiorgan toxicity side-effect. Furthermore,
systemic delivery of the crosslinked nanoparticles carrying DOX via
intravenous injection could significantly inhibit tumor growth in
A549 xenograft murine model due to its prolonged blood circula-
tion, enhanced drug accumulation and facilitated intracellular
release in the tumor cells. The current study also demonstrated that
pH responsive polysaccharide-based cisplatin-crosslinked nano-
particles held great potential for achieving an optimal therapeutic
effect of the transported drugs in cancer therapy. This design could
be extended to nanoparticle delivery systems for a broad range of
cationic drugs. A more comprehensive study of such nanoparticle
systems is in progress to gain a better understanding of the efficacy
of such systems in metastatic breast carcinoma and primary colon
cancer.
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