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The development of multiple drug resistance (MDR) to chemotherapy and subsequent treatment failures
are major obstacles in cancer therapy. An attractive option for combating MDR is inhibiting the expres-
sion of P-glycoprotein (P-gp) in tumor cells. Here, we report a novel chemosensitizing agent, XMD8-92,
which can down-regulate P-gp. To enhance the specificity of MDR chemotherapy, a promising nanother-
anostic micelle system based on poly(ethylene glycol)-blocked-poly(L-leucine) (PEG-b-Leu) was devel-
oped to simultaneously carry the anticancer drug doxorubicin, chemosensitizing agent XMD8-92, and
superparamagnetic iron oxide nanoparticles (SPIOs). Featured with MDR environmentally responsive
dual-targeting capability, controllable drug delivery, and efficient magnetic resonance (MR) imaging
characteristics, the prepared nanotheranostics (DXS@NPs) showed outstanding in vitro cytotoxicity on
MDR cells (SCG 7901/VCR) with only 53% of cells surviving compared to 90% of DOX-treated cells.
Furthermore, efficient tumor inhibition and highly reduced systemic toxicity were exhibited by MDR
tumor-bearing mice treated with DXS@NPs. Overall, the environmentally responsive dual-targeting nan-
otheranostics represent a promising approach for overcoming cancer MDR.
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1. Introduction

Chemotherapy is commonly used to treat cancer, either alone or
in combination with radiotherapy or surgery. However, the devel-
opment of cancers with multiple drug resistance (MDR) to
chemotherapeutic agents and the subsequent treatment failures
are seriously impeding the effectiveness of cancer chemotherapy
in clinic [1,2]. Various biological events are attributed to the estab-
lishment of a MDR phenotype, but for most of the MDR cancer
cells, the over-expression of P-glycoprotein (P-gp) is the chief cul-
prit [3]. As a member of the ATP-binding cassette (ABC) superfam-
ily, P-gp can efficiently expel a wide spectrum of chemotherapeutic
agents out of cells, thereby decreasing their intracellular accumu-
lation and therapeutic potency [4-6]. Hence, pharmacological inhi-
bition of specific ABC transporters, especially P-gp, has been
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identified as a promising way to combat MDR. Recently, several
inhibitors and modulators of ABC transporters have been devel-
oped, but high toxicity and unfavorable pharmacokinetic interac-
tions have prohibited their use [7]. The search for novel
inhibitors and modulators to combat MDR is still ongoing. Interest-
ingly, we have recently found that XMD8-92, in addition to serving
as a big mitogen-activated protein kinase 1 (BMK1) inhibitor to
target p53 up-regulation, can efficiently down-regulate P-gp
expression [8-12]. This rather unexpected finding implies that
the combination of XMD8-92 with traditional chemotherapeutic
agents may represent a promising new approach toward enhanc-
ing the susceptibility of MDR cancer cells to chemotherapy.
However, the P-gp transporters are also a crucial defense line to
protect the cells and organisms via efflux of xenobiotics. Therefore,
inhibition of P-gp expression may enhance the delivery of harmful
xenobiotics to the unaffected organs, which may lead to increased
intracellular accumulation of toxins. How to specifically deliver
anticancer therapeutics and their sensitizers to tumor sites and
effectively reduce the exposure of healthy tissues is a major
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challenge facing MDR cancer treatment. Toward this end,
nanotechnology brings a new era in cancer research since it
revolutionizes both the diagnosis and treatment by refining
tumor-specific targeting [13-15]. Recent studies have suggested
that nanomedicine offers great promise for eradicating MDR by
increasing and tailoring the intracellular delivery of therapeutic
agents [6,16-22]. Compared to the traditional chemotherapy,
nano-based delivery systems make it accessible to co-load
chemotherapeutic compounds and chemosensitizing agents,
including transporter protein inhibitors or gene-silencing agents,
into one nanocarrier [23-30]. With continued elaborate engineer-
ing, through chemical modification or physical coating, such nano
delivery systems can be tailored to serve a wealth of functions,
such as active tumor targeting, environmentally-responsive drug
release, and image-guided cancer theranostics [31-33]. Conse-
quently, it is available to realize enhanced specificity to tumor
sites, improved therapeutic index of MDR cancer, as well as
decreased toxicity.

In this context, a multifunctional drug delivery system (DDS)
based on poly(ethylene glycol)-blocked-poly(L-leucine) (PEG-b-
Leu) micelles was developed for cancer imaging and chemother-
apy (Scheme 1). The hydrophobic L-leucine core provides ample
space for drug loading and the hydrophilic PEG shell improves
the stability of PEG-b-Leu micelles and prolongs their blood circu-
lation time [34-36]. As a commonly used cancer-targeting moi-
ety, biotin was incorporated into the PEG-b-Leu backbone for
effective tumor localization and cellular uptake [37-39]. The
chemotherapeutic drug doxorubicin (DOX), chemosensitizing
agent XMD8-92, and magnetic resonance imaging (MRI) agent
superparamagnetic iron oxide nanoparticles (SPIOs) were simul-
taneously loaded into the Biotin-PEG-b-Leu nanoparticles
(DXS@NPs) through a simple one-step method and then were
evaluated on MDR cancer cells (SCG 7901/VCR). Due to the pH-
sensitivity of poly(L-leucine) which can be protonated in acidic
conditions and then converted from hydrophobicity into
hydrophilicity, the DXS@NPs rapidly dissociated to release encap-
sulated agents under the acidic tumor microenvironment. Further
taking advantage of the passive enhanced permeability and reten-
tion (EPR) effect and active biotin-targeting in tumor tissue, a
highly increased tumor accumulation was observed through
MRI imaging. Compared to the cytotoxicity of free DOX, the
DXS@NPs efficiently combatted drug resistance, providing more
excellent in vitro inhibition on MDR SCG 7901/VCR cells. In vivo
studies on MDR tumor-bearing mice further confirmed such
potent MDR reversion and anticancer effects. Moreover, in addi-
tion to the widely reported function of p53 up-regulation, this
study established XMD8-92 as a viable approach toward down-
regulating P-gp expression.

2. Materials and methods
2.1. Materials

Doxorubicin hydrochloride (DOX-HCl) was purchased from
Zhejiang Hisun Pharmaceutical Co., China. Biotin-poly(ethylene
glycol)-NH,-3400 (Biotin-PEG-NH,) was brought from Laysan Bio
Inc. Iron (IIl) acetylacetonate and XMD8-92 were obtained from
Sigma-Aldrich (USA). Dulbecco’s Modified Eagle’s Medium
(DMEM), Roswell Park Memorial Institute-1640 (RPMI-1640)
medium, fetal bovine serum (FBS), trypsin, penicillin, streptomycin,
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-zoliumbromide (MTT),
4’ 6-diamidino-2-phenylindole (DAPI) were purchased from
Invitrogen. Rabbit anti-mouse P-gp antibody was obtained from
Santa Cruz Biotechnology. All other reagents and solvents were
of analytical grade and used directly.

2.2. Synthesis and characterization

Biotin-PEG-b-Leu was synthesized according to our previous
report [40]. 'H nuclear magnetic resonance ("H NMR) spectra of
Leu-NAC and Biotin-PEG-b-Leu were recorded on a Varian Unity
300 MHz spectrometer. The molecular weight of Biotin-PEG-b-
Leu was confirmed to be about 5,000 g/mol by gel-permeation
chromatography (GPC) system consisting of Waters 2690D separa-
tions module and Waters 2410 refractive index detector
(PDI = 1.20). Superparamagnetic iron oxide nanoparticles (SPIOs)
nanocrystals were synthesized by thermal decomposition of iron
(IIl) acetylacetonate. The DXS@NPs were prepared by mixing
DOX, XMD8-92, SPIOs and Biotin-PEG-b-Leu in chloroform (5 mg
DOX, 1 mg XMD8-92, 5mg SPIOs, 5mg Biotin-PEG-b-Leu in
500 pL chloroform) and then adding the mixed solutions into dis-
tilled water (5 mL) by droplets under sonication. Afterwards, the
resulting solution was shook overnight to evaporate the chloro-
form and centrifuge at 12,000 r/min for 10 min to acquire the
nanoparticles.

The particle size was measured using dynamic light scattering
(DLS) (NanoZS 90, Malvern, USA) and transmission electron micro-
scopy (TEM) (Tecnai G2 Spirit BioTwin, FEI, USA). The encapsula-
tion efficiencies of DOX, XMD8-92, and SPIOs were determined
using fluorescence microplate reader, high performance liquid
chromatography (HPLC) (Ulti-Mate 3000, Dionex, USA) and induc-
tively couple plasma mass spectrometry (ICP-MS) by measuring
the unloaded drugs in the supernatant, respectively.

The MRI capacity of the DXS@NPs was verified at a 9.4 T MR
scanner (Bruker 94/20 USR, Germany) at room temperature.
DXS@NPs of different iron concentration ranging from 0.03 to
0.5 mmol/L were dispersed in 1% agarose gel, and T»-weighted
MR images were acquired using a fast spin-echo (FSE) sequence
with the following parameters: repetition time/echo time (TR/
TE) =2,500/33 ms (T3), 256 x 256 matrices.

2.3. In vitro drug release study

To measure in vitro drug release, DXS@NPs solutions were incu-
bated in PBS (pH 5.5 and 7.4) at 37 °C in dialysis bags. The bags
were immersed into 20 mL of PBS (pH 5.5 and 7.4) in a 50 mL cen-
trifuge tube and kept shaking at 37 °C. Then the PBS was replaced
with new one at selected time point. The DOX and XMD8-92 con-
tent was quantified with a fluorescence microplate reader and
HPLC by comparing with a standard curve.

2.4. Cell culture

Drug-sensitive SCG 7901 cells were incubated in DMEM med-
ium and multidrug-resistant counterpart SCG 7901/VCR cells were
incubated in RPMI-1640 medium supplemented with 10% FBS and
1% antibiotics at 37 °C in a humidified atmosphere containing 5%
CO,. To maintain the resistant phenotype, SCG 7901/VCR cells were
maintained in the medium containing 1 pg/mL vincristine and
were cultured in drug-free medium for 48 h before the
experiments.

2.5. In vitro cytotoxicity assay

MTT experiments were performed to confirm the sensitivities of
the drug-sensitive SCG 7901 cells and drug-resistant SCG 7901/
VCR cells, as well as the cytotoxicity of XMD8-92, DS@NPs (DOX
and SPIO were co-encapsulated into Biotin-PEG-b-Leu), XS@NPs
(XMD8-92 and SPIO were co-encapsulated into Biotin-PEG-b-
Leu), DXS@NPs (DOX, XMD8-92 and SPIO were co-encapsulated
into Biotin-PEG-b-Leu) on SCG 7901/VCR cells. SCG 7901 cells
and SCG 7901/VCR cells were seed in 96-well plates at a density
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Scheme 1. (Color online) Schematic representation for DXS@NPs theranostic platform. (a) The preparation of DXS@NPs. (b) The use of DXS@NPs to image and treat MDR
tumors. Long circulating DXS@NPs are passively localized in the tumor tissue via the EPR effect and active targeting (D, which could be used for further MRI @. The release of
DOX, XMD8-92 and SPIOs could be triggered by dissociation of DXS@NPs as a decrease of pH in the endosomes Q. DOX in the cytoplasm is expelled through P-gp in the cell

membrane @, while XMD8-92 could destroy P-gp and keep DOX inside tumor cells ®.

of 5,000 cells/well for 12 h incubation and then treated with differ-
ent drugs for 72 h. After mixing with MTT solution (0.5 mg/mL) for
4 h, DMSO was added to dissolve the formazan crystals. The absor-
bance of the resulting solution was measured at a wavelength of
570 nm using a microplate reader (Thermo Multiskan Go, USA).

2.6. Cellular uptake and intracellular accumulation and retention of
DOX

The cellular uptake of free DOX, DS@NPs, DXS@NPs and intra-
cellular DOX accumulation and retention were investigated by
laser scanning confocal microscope (CLSM) (FV1200, Olympus,
Japan). Slides with SCG 7901/VCR cells were washed three times
with PBS and immobilized with 4% polyformaldehyde after treat-
ment with above solutions at 37 °C for 0, 4, 6, 24 h (DOX concentra-
tion: 2.3 umol/L). The slides were further stained with DAPI and
imaged under the CLSM.

2.7. Cancer cell targeted uptake

A competition assay was performed to confirm the cellular tar-
geted efficiency of DXS@NPs. As experiment group, SCG 7901 can-
cer cells and GES normal cells were seeded on the slides and
incubated with DXS@NPs (containing 2.3 umol/L DOX) for 3 h. By
contrast, cells in biotin block group were pre-treated with excess
biotin (1 mmol/L) for 4 h in advance. Then the culture medium
was replaced with new one and incubated with DXS@NPs (contain-
ing 2.3 pmol/L DOX). After 3 h, the cells were washed three times
with PBS and stained nuclei with DAPI. All slides were observed
under the CLSM (FV1200, Olympus).

2.8. In vitro P-gp expression

The P-gp protein expression was analyzed by immunofluores-
cence, flow cytometry (FCM) and western blot experiments. To

perform immunofluorescence staining, cells were seeded on slides,
treated with different methods, and washed three times with PBS.
After immobilization with 4% polyformaldehyde, thorough wash
using PBS and block by 5% BSA, the slides were treated with rabbit
anti-mouse P-gp antibody (1:200, Santa Cruz Biotechnology) over-
night at 4 °C, followed by incubation with FITC goat anti-rabbit IgG
(1:200; Santa Cruz Biotechnology) secondary antibodies for 1 h at
37 °C. After that, the slides were washed with PBS for three times,
stained with DAPI and visualized under the CLSM (FV1200,
Olympus).

The P-gp levels on the surface of cells were also measured by
FCM (Cyan ADP, Beckman, USA). Cells with different therapies
were collected, washed three times with PBS, and incubated with
P-gp antibody (1:200, Santa Cruz Biotechnology, overnight at
4 °C) and appropriate FITC goat anti-rabbit IgG (1:1,000), Santa
Cruz Biotechnology, 1 h at room temperature). After washing with
cold PBS and filtering through 35 pm nylon mesh, the fluorescent
intensity was examined on FCM and analyzed with Flow]o
software.

Western blot experiment was performed as following proce-
dures: cells samples were harvested after therapy and the proteins
were subjected to 10% SDS-PAGE and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Immobilon-P). After being
blocked with 5% BSA, the membranes were incubated with diluted
rabbit anti-mouse P-gp (1:1,000, Santa Cruz Biotechnology) and a
monoclonal anti-p-actin antibody (1:1,000, Santa Cruz Biotechnol-
ogy) at 4 °C overnight. After being washed with TBST for 3 times
and further incubation with secondary antibodies, the membrane
was visualized using Bio-Rad Chemi Doc XR + system.

2.9. In vitro magnetic resonance imaging
SCG 7901/VCR cells were seeded on 6-well plates (5 x 10° cells/

well) and incubated with DXS@NPs of different SPIOs concentra-
tion (0, 1, 5, 10 pg/mL) for 24 h. Then the cells were trypsinized,
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collected, and resuspended in 1% agarose gel for MRI analysis. The
MRI analysis was carried out at a 9.4 T MR scanner (Bruker 94/20
USR, Bruker, Germany) at room temperature, and T,-weighted
MR images were acquired using a fast spin-echo (FSE) sequence
with the following parameters: TR/TE=2500/33ms (T5),
256 x 256 matrices, slice thickness = 1 mm.

2.10. Animal studies and tumor inoculation

Male Balb/c nude mice (6-8 weeks old) were cared in accor-
dance with the Guidance Suggestions for the Care and Use of Lab-
oratory Animals. To establish tumor model, about 107 SCG 7901/
VCR cells were subcutaneously injected into the right forelegs.
Around 10d post-inoculation, the multidrug resistant tumor
model was established. All animal experiments were approved
by the Animal Management and Ethics Committee of Xiamen
University.

2.11. In vivo MR imaging with DXS@NPs

In vivo MRI studies were performed with a 9.4T imaging
system (Bruker 94/20 USR, Bruker) using a mouse coil (Bruker)
for transmission and reception of the signal. Multisection
T,-weighted FSE  sequence (TR=2,500ms, TE=33ms;
FOV =40 mm x 40 mm,; slice thickness 1 mm; flip angle 180) was
used for all our studies. MRI scan was performed before and after
DXS@NPs injection at a dose of 10 mg SPIOs/kg body weight.

2.12. In vivo tumor growth inhibition

When the tumors reached around 100 mm?, the mice were ran-
domly divided into four groups (five mice in each group) and intra-
venously injected with 100 uL of PBS, XS@NPs, free DOX and
DXS@NPs at a DOX dosage of 5 mg/kg on day 1, 4, 7. The dosages
of DOX in free DOX and XS@NPs groups were consistent with
DXS@NPs group. The tumor volumes and body weights of various
groups were measured every two days. The tumor volumes were
calculated as follows: V=L x W?/2, where V is tumor volume, L is
the tumor dimension at the longest point, and W is the tumor
dimension at the widest point.

2.13. Immunohistochemistry analysis

Tumor sections obtained from SCG 7901/VCR tumor bearing
mice with different therapies (PBS, free DOX, DS@NPs, DXS@NPs)
were fixed in 4% polyformaldehyde and embedded in paraffin.
Paraffin embedded tissue blocks were cut to 4 um sections and
dehydrated in xylene and graded alcohol. After antigen retrieval,
3% hydrogen peroxide was incubated with the slides for 30 min
to inactivate endogenous peroxidase. Then the slides were blocked
with goat serum to reduce nonspecific binding and then incubated
with diluted P-gp antibody (1:200, Santa Cruz Biotechnology) at
4°C overnight, followed by incubation with peroxidase-
conjugated secondary antibody for 1 h. Diaminobenzidine (DAB)
substrate and hematoxylin were used for detection and counter-
staining respectively. All slides were reviewed under a microscope
(Nikon, Ti-U).

2.14. Hematoxylin and eosin (H&E) stain of tissue sections

Major organs (heart, liver, spleen, lung, kidney) and tumors
from the treatment groups and control group were collected and
immediately fixed in 4% polyformaldehyde. The tissue sections
were stained with hematoxylin and eosin stains according to stan-
dard histological protocols. All sections were examined under a
Nikon microscope.

2.15. Statistical analysis

Data were reported as mean * standard deviations. The differ-
ences among groups were determined using one-way ANOVA anal-
ysis. The differences were considered statistically significant when
P values were 0.01 or less.

3. Results and discussion
3.1. Synthesis and characterization of DXS@NPs

As shown in Fig. S1 (online), the Biotin-PEG-b-Leu nanocarrier
was synthesized through a multistep process and characterized
by 'H NMR (Fig. S2 online). The hydrodynamic size, determined
by DLS, was around 105 nm in an aqueous solution (pH 7.4)
(Fig. S3 online) and TEM image confirmed its spherical morphology
(Fig. S4 online). Using self-assembling technology, the DXS@NPs
were constructed by co-encapsulating DOX, XMD8-92, and SPIOs
into the Biotin-PEG-b-Leu carrier. The TEM image in Fig. 1a showed
that the SPIO clusters were successfully loaded into DXS@NPs,
resulting in a significantly high r, value (322.8 Fe (mmol/L)'s™ 1)
and low MRI signal intensity (Fig. 1b). The hydrodynamic size of
the DXS@NPs indicated by DLS was around 91 nm (Fig. 1c), which
was optimal for increased accumulation of DXS@NPs in tumor sites
through the EPR effect. DS@NPs and XS@NPs were also prepared by
encapsulating DOX and SPIOs or XMD8-92 and SPIOs into the
Biotin-PEG-b-Leu carrier using the same method.

The encapsulation efficiencies of DOX, XMD8-92, and SPIOs
were quantified with fluorescence microplate reader, high perfor-
mance liquid chromatography (HPLC), and inductively coupled
plasma mass spectrometry (ICP-MS) with 97%, 85%, and 62%,
respectively. The drug release capacity of the DXS@NPs was deter-
mined in vitro at 37 °C in PBS buffer at two different pH values (pH
5.5 and 7.4) (Fig. 1d). Both DOX and XMD8-92 showed a pH-
dependent release, which may be attributed to the increased pro-
tonation of the amino groups in Biotin-PEG-b-Leu under acidic
conditions [41,42]. The release rates at pH 5.5 were much faster
than at pH 7.4 with 56% and 28% of DOX and 53% and 23% of
XMD8-92 released respectively after 24 h of incubation. Nanopar-
ticles are generally internalized into the cells by endocytosis and
end up in the slightly acidic environments of the endosomal and
lysosomal vesicles (pH 4.5-6.0) of the tumor cells. This pH-
dependent release behavior is expected to endow DXS@NPs with
sufficient stability during transportation in the blood (pH 7.4)
and efficient release in the tumor cells, both of which are necessary
to improve chemotherapy efficacy and reduce off-target toxicity.

3.2. In vitro cytotoxicity, cancer-targeted cellular uptake and
internalization of the DXS@NPs

To examine the cytotoxicity of DXS@NPs on the MDR cells, MTT
assays were performed. Free DOX was incubated with drug-
sensitive SCG 7901 cells and drug-resistant SCG 7901/VCR cells
for 72 h to establish the sensitivity of the two cell lines (Fig. S5
online). Results showed that the SCG 7901 cells are much more
sensitive to free DOX (ICsp = 0.08 umol/L) than the SCG 7901/VCR
cells (ICsq > 4.6 pmol/L). No cytotoxicity was observed for XMD8-
92 or XS@NPs alone up to the concentration of 10 umol/L on SCG
7901/VCR cells (Fig. S6 online).

The optimal proportion of free DOX and XMD8-92 in the parti-
cles was chosen based on cytotoxicity experiments (Fig. 2a). The
free DOX concentration was fixed at 2.3 pmol/L according to previ-
ous results (Fig. S5 online), while the XMD8-92 concentration ran-
ged from 0 to 5.0 umol/L. The combined cytotoxicity was relatively
high at 0.5 umol/L of XMD8-92 (DOX 2.3 umol/L). To confirm the
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Fig. 1. (Color online) Characterization of DXS@NPs. (a) TEM image; (b) T, relaxation rate; (c) size distribution; and (d) drug release profiles of DXS@NPs. Scale bar: 100 nm.
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inhibitory effect of the nanoparticles on the SCG 7901/VCR cells,
free DOX, DS@NPs (containing DOX and SPIOs), and DXS@NPs
(containing DOX, XMD8-92, and SPIOs) solutions were added to
the MDR cells respectively at different DOX equivalent doses
(0.58, 1.15, and 2.3 umol/L) for 72 h (Fig. 2b). The cell viability
decreased in a concentration-dependent manner. For example,
about 90% of the SCG 7901/VCR cells were alive after incubation
with free DOX at the concentration of 2.3 pmol/L, while only 69%
and 53% cells survived when treated with DS@NPs and DXS@NPs
respectively. The sensitivity of SCG 7901/VCR cells to DOX
increased after DS@NPs treatment, likely due to the increased
intracellular DOX concentration achieved by active targeting and
the reduced drug efflux characteristic of nano-encapsulation. In
contrast, the MDR cells exposed to DXS@NPs had the lowest resis-
tance to DOX, which was attributed to the presence of XMD8-92
and the nanocarrier. These results suggest that DOX barely dam-
ages the MDR cells, while XMD8-92 greatly increased the cell sus-
ceptibility to DOX.

The cellular uptake and internalization of free DOX, DS@NPs,
and DXS@NPs were investigated on SCG 7901/VCR cells at different
time intervals (baseline, 1, 3, 6, and 12 h). The cells were fixed on
slides, stained with DAPI, and then immediately imaged using

CLSM (Fig. S7 online). The free DOX group showed faster fluores-
cence signal accumulation compared to the DXS@NPs group, peak-
ing at 3 h, and then exported out of cells shortly, according to the
quantitative analysis of intracellular DOX (Fig. S8 online). At 12 h,
the intracellular DOX was greatly reduced in the free DOX and
DS@NPs groups. However, the DXS@NPs group still exhibited rela-
tively high DOX levels at 12 h, with a maximum accumulation at
6 h. This is most likely due to the faster diffusion of free DOX than
the endocytosis-mediated processing of the DXS@NPs. Meanwhile,
free DOX was efficiently exported by overexpressing P-gp, result-
ing in rapid intracellular DOX elimination. In the DXS@NPs group,
the nanocarrier reduced this efflux and XMD8-92 decreased P-gp
expression, jointly resulting in a higher intracellular concentration
of DOX.

CLSM was used to establish the cancer-targeting ability of nan-
otheranostics. DXS@NPs was incubated with non-cancerous
human gastric epithelial GES-1 cells (biotin receptor-negative)
and cancerous SCG 7901 cells (biotin receptor-positive), which
were pre-treated with or without free biotin for 6 h. Compared to
the slight red fluorescent signal in the GES cells, the SCG 7901 cells
showed considerable fluorescence from DOX (Fig. 3a), indicating
that the nanoparticles were taken up more effectively by the
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Fig. 3. (Color online) CLSM images of DXS@NPs incubated SCG 7901 and GES cells initially blocked with or without biotin (a-d). Scale bar: 100 pm.

cancerous cells (Fig. 3b). This increased intracellular uptake of
nanoparticles was due to the active targeting ability of biotin on
the surface of DXS@NPs [40]. To further confirm that the active tar-
geting was mediated by the biotin receptor, cells were pre-treated
with excessive free biotin to block its receptor. For the SCG 7901
cancer cells, the fluorescence intensity dropped dramatically rela-
tive to cells without biotin blocking treatment (Fig. 3¢), while there
was no obvious difference between the two conditions in the GES
cell line, both of which had low fluorescence compared to the SCG
7901 cancer cells (Fig. 3d). The relative quantitative analysis of
intracellular DOX also confirmed this result (Fig. S9 online).

3.3. In vitro P-gp detection

In order to confirm the elevated cytotoxicity of DXS@NPs
caused by decreased expression of P-gp, three in vitro experiments
were carried out including immunofluorescence, flow cytometry,
and western blot analysis. Initially, SCG 7901/VCR cells, SCG
7901 cells, and DXS@NPs-treated SCG 7901/VCR cells were used
for immunofluorescence analysis of P-gp after paraformaldehyde
fixation (Fig. 4a-c). P-gp was overexpressed in SCG 7901/VCR cells
compared to SCG 7901 cells, and the expression of P-gp was signif-
icantly reduced on the MDR cells after DXS@NPs treatment. Addi-
tionally, these cells were harvested and their P-gp contents were
assessed using FCM (Fig. 4d-f). More P-gp expression was observed
in the MDR cells than in the drug-sensitive SCG 7901 cells. For SCG

7901/VCR cells, treatment with DXS@NPs greatly reduced the
number of P-gp positive cells from 51.0% to 15.8%, which is consis-
tent with the immunofluorescence results. Finally, western blot
analysis was performed to confirm the results of the other expres-
sion assays. As shown in Fig. 4g, P-gp expression dramatically
reduced in MDR SCG 7901/VCR cells after incubation with
DXS@NPs. These results indicate that the down-regulation of P-
gp plays an important part in overcoming cancer MDR and improv-
ing the effectiveness of chemotherapy.

3.4. MRI imaging of DXS@NPs in vitro and in vivo

With SPIO loading, the DXS@NPs system becomes a potential
candidate for MRI imaging. At first, the T, enhancing effect of
DXS@NPs on cells was evaluated. After 24 h incubation, the cells
were harvested and dispersed in 1% agarose for imaging on a
9.4 T small animal MRI scanner. The results indicate that T, signal
decreased dramatically with DXS@NPs treatment (Fig. 5a). The
visualization of drug delivery in vivo is an important aspect of mul-
tifunctional DDSs. Since DXS@NPs was an excellent MRI contrast
agent in T,-weighted MR imaging in vitro, in vivo MR imaging
was performed to confirm drug accumulation in the tumor region.
In our experiment, MR images of tumor areas were obtained before
and after intravenous injection of DXS@NPs (Fig. 5b). The acquired
T,-weighted MR images showed a strong darkening effect in the
tumor areas, confirming the successful accumulation of the
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nanoparticles. The 36% reduction in signal intensity around the
tumor area (Fig. 5c) was also indicative of a high amount of
nanoparticle accumulation.

3.5. Anticancer effect in resistant SCG 7901/VCR xenograft

The in vivo therapeutic efficacy of DXS@NPs was investigated
by monitoring the tumor growth rates after 15 d of treatment. Four
groups (n=5) of nude mice with xenografts of SCG 7901/VCR
tumors were used in the following experiments. As shown in
Fig. 6a and b, the tumor volumes in the PBS group significantly

increased in 15 d. Similar to the control group (PBS), nanoparticles
containing only XMD8-92 and SPIOs (XS@NPs) could not delay
tumor expansion, while free DOX and DXS@NPs induced a notable
inhibition of the tumor growth (P < 0.01, one-way ANOVA). Mice
treated with DXS@NPs showed a significantly stronger anticancer
effect than free DOX group (P < 0.01, one-way ANOVA), indicating
that DXS@NPs had a necrotic effect on MDR tumors. Histological
analysis of the tumors confirmed the tumor necrosis induced by
DXS@NPs (Fig. 6¢). The antitumor effect of the DXS@NPs described
here may be explained by the following reasons. First, XMD8-92
down-regulated P-gp expression, resulting in more DOX being
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trapped within the tumor cells. Second, the biotin modification on
the surface of DXS@NPs enhanced the targeted drug delivery into
the cancer cells and contributed greatly to the improved
chemotherapeutic effect. Third, the proper diameter of DXS@NPs
(91 nm) endowed it with a potent EPR effect, which combined with
the biotin-mediated active targeting to enhance drug accumulation
at the tumor sites. Finally, the DDS decreased the drug concentra-
tion in the bloodstream and the pH-dependent drug release was
helpful to increase the drug concentration in the tumor area.

The P-gp expression in tumors from mice treated with PBS, free
DOX, XS@NPs, and DXS@NPs was assessed by immunohistochem-
ical methods (Fig. 6d, e). In the PBS-treated group, P-gp was highly
expressed on the tumor tissues, while the expression was remark-
ably reduced in the DXS@NPs group (P < 0.01, one-way ANOVA).
The other two groups (free DOX and XS@NPs) were still positive
for P-gp after two weeks of treatment, but the expression levels
were notably lower compared to the control PBS-treated group.
The XMD8-92 in the XS@NPs group decreased P-gp expression,
while mice in the free DOX-treated group showed reduced cancer
cells as well as relatively low P-gp expression. These results
demonstrated that DXS@NPs can effectively inhibit SCG 7901/
VCR tumor growth likely by reducing its P-gp expression and
thereby improving the DOX-induced apoptosis on cancer cells.

3.6. Systemic toxicity

Although mice exposed to free DOX alone showed noticeable
tumor growth inhibition compared to the control group, it was
accompanied by obvious toxic side effects as well. In our
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experiments, this systemic toxicity was investigated by monitoring
the body weight of the mice and histological analysis of the main
organs after chemotherapy. During the therapy, the body weight
of mice reduced significantly (34.5%) after free DOX treatment,
while mice in the control group (PBS) and XS@NPs group were
barely affected. The body weight of the mice treated with
DXS@NPs also decreased slightly in the first 11 d, likely in response
to the high dose of DOX, and then remained stable for the duration
of the treatment. Compared to the free DOX-treated group, the
weight loss in the DXS@NPs group suggests that the DOX-
containing DDS developed here could considerably reduce the sys-
temic toxicity of free DOX at the current dose (Fig. S10 online).
Histological analysis of the major organs after 15 d revealed no
obvious difference between the four groups (PBS, XS@NPs, free
DOX, and DXS@NPs), except for the heart tissue of the free DOX
group. As shown in Figs. S11 and S12 (online), heart section from
the DOX group exhibited severe congestion in the myocardial
blood vessels (Fig. S11 online) associated with edema of myocar-
dial tissue and increased inflammatory cells (Fig. S12 online). In
the other three groups, there was no evidence of myocyte damage.

4. Conclusions

In summary, a polypeptide micelles-mediated theranostic
nanoplatform was successfully designed to co-deliver the anti-
cancer drug DOX, the MDR reverser XMD8-92, and the MRI agent
SPIO. In addition to the EPR effect, the biotin-modified micelles
greatly enhanced the in vivo tumor accumulation of DXS@NPs by
active targeting, and the improved drug release in the tumor
microenvironment (pH 5.5) further increased the intracellular drug
concentration. Benefiting from the ability of XMD8-92 to down-
regulate P-gp expression, high MDR tumor regression and low sys-
temic toxicity were observed both in vitro and in vivo. Considering
these advantages, this theranostic nanosystem represents a
promising strategy to overcome MDR cancer and improve the effi-
cacy of chemotherapy.
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