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Cancer treatment can in principle be enhanced by the synergistic effects of chemo- and nucleic acid-
based combination therapies but the lack of efficient drug nanocarriers and occurrence of multidrug
resistance (MDR) are major obstacles adversely affecting the effectiveness. Herein, a lanthanide-
integrated supramolecular polymeric nanoassembly that delivers anticancer drugs and siRNA for more
effective cancer therapy is described. This nanotherapeutic system is prepared by loading adamantane-
modified doxorubicin (Dox) into polyethylenimine-crosslinked-y-cyclodextrin (PC) through the supra-
molecular assembly to form the interior Dox-loaded PC (PCD) followed by electrostatically driven self-
assembly of siRNA and PCD to produce the PCD/siRNA nanocomplexes. The PCD/siRNA nanocomplex is
further decorated with the exterior neodymium (Nd)-integrated PC (Nd-PC) layer to obtain the PCD/
siRNA/Nd-PC nanoassembly in which the interior PC serves as an efficient carrier for simultaneous de-
livery of Dox and siRNA to the human breast cancer cell line, Dox-resistant MCF-7 (MCF-7/ADR) both
in vitro and in vivo. The exterior Nd-PC layer improves the drug sensitivity to the MCF-7/ADR cells as a
result of the improved nanoassembly uptake, reduced drug efflux, and enhanced apoptosis, as evidenced
by multiple regulation of a series of intracellular proteins related to MDR. Furthermore, in vivo delivery of
the PCD/siRNA/Nd-PC nanoassembly is demonstrated to inhibit tumor growth in the mouse model with
MCF-7/ADR tumor xenografts as a result of reduced angiogenesis and increased necrosis at the tumor
site. This study reveals a simple and universal strategy to transform polymer-based nanoassemblies into
advanced organic-inorganic nanotherapeutics suitable for cancer MDR therapy.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The phenomenon, known as multidrug resistance (MDR), repre-
sents one of the major hurdles in cancer chemotherapy and con-

Cancer is a complex disorder resulting from multiple genetic
changes as well as cellular abnormalities and treatment can be
difficult. In chemotherapies, cancer cells often develop resistance to
multiple drugs with different chemical structures and mechanisms.
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tributes to the failure in the treatment of metastatic cancer [1].
Owing to the complexity of MDR, combination therapies involving
two or more therapeutic drugs with different mechanisms have
gained more attention recently [2]. Several drug delivery strategies
have been proposed to overcome MDR and one of the promising
approaches is to incorporate both chemotherapeutics and MDR
modulators into nanoparticles to produce synergetic effects. For
example, liposomes loaded with the cytotoxic drug and efflux
pump are more cytotoxic to cancer cells than the free drug or
nanoparticles loaded only with drugs [3,4]. Therefore, co-delivery
of chemotherapeutics and MDR inhibitors can effectively sup-
press tumor cell growth and invasion by reversing the
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chemotherapeutic sensitivity [5,6]. Recently, RNA interference
(RNAI) strategies to inhibit efflux pumps have been explored by
exploiting siRNA as an alternative MDR modulator [7]. Despite the
prospect of combination therapies, the therapeutic effect of co-
delivery systems is restricted due to the lack of promising de-
livery vectors and hence, development of a functional delivery
vehicle to maximize the effectiveness of combination therapies is
needed.

Metal-incorporated organic assemblies combine the virtues of
organic and inorganic materials to produce synergistic effects in
biological applications [8—10]. For instance, surface functionaliza-
tion of polymeric nanomaterials by plasma-based metal ion im-
plantation has been applied to artificial blood vessels and
antibacterial materials [ 11—13]. Metals such lanthanides, which are
essential elements in the body, maintain the functionalities of
proteins and enzymes and are involved in many physiological
processes such as metabolism regulation, cell function promotion,
and immune system maintenance [14,15]. Lanthanides can be
transported into cells through the calcium ion channels or sodium-
calcium exchange pathway [ 16—18] and the ability of lanthanides to
activate endocytosis in plant cells has been demonstrated recently
[19]. Lanthanides can facilitate cellular uptake of certain drugs by
increasing the cell permeability [20,21] and suppress proliferation
of cancer cells, as manifested by the decreased calmodulin (CaM)
expression as well as up-regulation of other gene expressions in
cancer cells [22]. Last but not least, lanthanides can induce signif-
icant morphological changes, arrest the transition from GO/G1 to S
state [23], and trigger the receptor-mediated extrinsic pathway of
apoptosis [24]. Our recent study on the neodymium (Nd)-func-
tionalized gene delivery vector reveals higher gene transfection
activity by stimulation of the cellular energy metabolism and
enhancement of cellular uptake ability [25]. We have also demon-
strated that supramolecular cationic polyethyleneimine (PEI)-
cyclodextrin conjugates are efficient carriers to encapsulate hy-
drophilic drugs via host-guest interactions and induce nucleic acid
complexation by electrostatic interaction [26,27].

In this work, we design and prepare a lanthanide-integrated

supramolecular nanoassembly serving as an efficient carrier for
simultaneous delivery of chemotherapeutic drugs and siRNA to
combat cancer MDR (Fig. 1). Doxorubicin (Dox) is first conjugated
with 1-adamantanecarboxylic acid (Ada-COOH) to form
adamantane-modified doxorubicin (Ada-Dox). Ada-Dox is then
incorporated into the hydrophobic cavities of (2-hydroxypropyl)-y-
cyclodextrins (HP-CD) on polyethylenimine-crosslinked y-cyclo-
dextrins (PC) via host-guest interactions between the adamantyl
group and cyclodextrin to form Dox-loaded PC (PCD) as a core with
positive surface charges. Negatively charged siRNA is then wrapped
onto the exofacial surface of the PCD core by interacting with
cationic polyethyleneimine arms to form the PCD/siRNA complexes.
Finally, lanthanide integration is achieved by decorating the PCD/
siRNA complexes with Nd-doped PC (Nd-PC) to form the PCD/
siRNA/Nd-PC tertiary nanoassembly. The Nd-PC in the outer layer
of the PCD/siRNA/Nd-PC nanoassembly provides a protective layer
to prevent the siRNA from degradation in the bloodstream and
interacts with the cell membrane to enhance penetration of the
PCD/siRNA/Nd-PC nanoassembly through either the clathrin-
mediated or caveolin-mediated endocytosis. Since the outer Nd-
PC layer contains a large number of secondary and tertiary
amines, protonation of the amino groups after cellular endocytosis
causes accumulation of protons leading to influx of counter ions
causing swelling and disruption of the endosome that traps the
PCD/siRNA/Nd-PC nanoassembly. In the meantime, the release of
siRNA is induced by the competitive interaction of the negatively
charged substances in the cytoplasm [28,29] and Ada-Dox may be
detached from the cavity of CD in PCD followed by the release of
Dox under acidic and enzymatic conditions. The released siRNA
into the cytoplasm down-regulates the P-gp protein expression,
turns off the P-gp pump, and retards the efflux of the released Dox.
This greatly facilitates the release Dox preserved in the cells and
allows Dox to diffuse passively into nuclei to produce high cancer
cell killing efficacy. The in vitro and in vivo therapeutic effects are
investigated in terms of cellular uptake, cell apoptosis, tumor
weight and volume, tumor angiogenesis, as well as immunohis-
tology of tumor slices. Regulation of a series of proteins is also

Fig. 1. Schematic illustration of the fabrication of the PCD/siRNA/Nd-PC nanoassembly and intracellular delivery mediated by the PCD/siRNA/Nd-PC nanoassembly.
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examined in vitro and in vivo after administration of the Nd-
integrated supramolecular polymeric nanoassembly. To the best
of our knowledge, this is the first demonstration of successful
reversal of tumor MDR by delivery of a lanthanide-integrated
polymeric nanoassembly and our findings disclose the possibility
of lanthanide-integrated polymeric therapeutics in treating various
types of MDR cases.

2. Materials and methods
2.1. Materials

Branched PEI (MW 600 Da), y-cyclodextrin (CD) (MW 1297),
1,10-carbonyldiimidazole (CDI, MW 162.15), triethylamine (99%),
dimethyl sulfoxide (DMSO, >99.5%), and [3-(4,5-dimethylthiazol-
2-yl1)-2,5-diphenyltetrazolium bromide] (MTT, 98%) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Dox hydrochloride
(MW 543.52) was obtained from Haida Pharmaceutical Co., Ltd.
(Hangzhou, Zhejiang, China) and 4/,6-diamidino-2-phenylindole
(DAPI) was purchased from the Beyotime Institute of Biotech-
nology (Haimen, Jiangsu, China). FAM-labelled scrambled siRNA
(FAM-siRNA) was obtained from Biomics Biotechnologies Co., Ltd.
(Nantong, Jiangsu, China) and the siRNA targeted to MDR-1 (sense:
5'-GUAUUGACAGCUAUUCGAAATAT-3'; antisense: 3'-dTdTCAUAA-
CUGUCGAUAAGCUU-5) was bought from Shanghai GenePharma
Co., Ltd. (Shanghai, China).

2.2. Cell culture

The human breast cancer cell line, Dox-resistant MCF-7 (MCF-7/
ADR), was obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in Dulbecco's Modified
Eagle Medium (DMEM, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific, Waltham, MA, USA) in a humidified incubator at
37 °C and 5% CO,. The MCF-7/ADR cells were maintained in the
presence of free Dox at 500 ng/mL in the culture medium.

2.3. Preparation and characterization of Nd-PC

The cationic supramolecular PC conjugates were synthesized as
described previously [30]. The PC films were prepared by dropping
200 pL of 50 mg/mL of the PC solution onto a 1 cm x 1 cm silicon
plate which was dried in air overnight. Afterwards, Nd ion im-
plantation was conducted on a metal ion implanter (HEMII-80,
Plasma Technology Ltd., Hong Kong SAR, China) equipped with a Nd
cathodic arc source for 10 min at 20 kV to obtain Nd-PC. Four other
metal elements including praseodymium (Pr), zirconium (Zr),
molybdenum (Mo), and niobium (Nb) were also implanted into PC
to obtain Pr-PC, Zr-PC, Mo-PC, and Nb-PC for comparison.

The elemental depth profiles and chemical states of the un-
treated PC, Nd-PC, as well as the other four metal-doped PC were
determined by X-ray photoelectron spectroscopy (XPS, PHI 5802,
Physical Electronics, Inc., Eden Prairie, MN, USA) with Al Ky irra-
diation. The sputtering rate was estimated to be approximately
7 nm/min based on a SiO, reference and the binding energies were
referenced to the Au 4f7 line at 84.0 eV. The Nd, Pr, Zr, Mo, and Nb
concentrations in the metal-doped PC were determined by
inductively-coupled plasma optical emission spectroscopy (ICP-
OES, PE Optima 2100DV, Perkin Elmer, Waltham, MA, USA). The
coordinated contents of the incorporated elements were calculated
from the total contents of the incorporated elements which were
equal to those in the metal-doped PC dissolved in HNO3 subtracted
by those in the metal-doped PC dissolved in water. The Nd-PC was
prepared by mixing the Nd-PC solution (50 mg/mL, 200 uL) with

50 pL of SiO, particles (D = 2.7 um, 10% w/w, Microparticles GmbH,
Berlin, Germany) electrostatically. Energy dispersive X-ray spec-
troscopy (EDS) was conducted on a transmission electron micro-
scope (TEM, FEI Tecnai TF20, FEI Company, Hillsboro, OR, USA) at
200 kv.

2.4. Synthesis and characterization of PCD

The details about the synthesis of Ada-Dox and preparation of
supramolecular PCD inclusion complexes were described in our
previous paper [31]. In brief, Ada-COOH (35.2 mg, 0.19 mmol) and
CDI (45.5 mg, 0.28 mmol, 1.5 equiv) were dissolved in DMSO (2 mL),
added with triethylamine (200 pL), and stirred at room tempera-
ture under nitrogen. After 3 h, doxorubicin hydrochloride (93.3 mg,
0.17 mmol) dissolved in 1 mL of DMSO was slowly added to the
Ada-CDI intermediate and the mixture was stirred overnight under
nitrogen. After addition of distilled water to remove excess CDI,
different amounts of PC (0.60 g, 1.80 g or 5.42 g) dissolved in H,0
(10—30 mL) were added dropwise to Ada-Dox. The resulting
mixture was stirred for 8 h and the crude product was dialyzed
against water for 1 day and freeze-dried. The purified PCD was
obtained by removing excessive Ada-Dox by filtering the overnight-
reacted mixture through silica gel.

H nuclear magnetic resonance ('"H NMR) spectra were acquired
from Dox, Ada-COOH, Ada-Dox, PC, and PCD on the Varian Unity
Inova 400 MHz spectrometer (Varian, Inc., Palo Alto, California,
USA). 32 scans were acquired at room temperature after the drug
and polymers were dissolved in 0.5 mL of DMSO-dg or deuterium
oxide (D,0). Two-dimensional nuclear overhauser effect spectros-
copy (2D-NOESY) and nuclear magnetic resonance (NMR) were
performed on the Bruker DRX-400 spectrometer (Bruker, Ettlingen,
Germany) at room temperature using DO as the solvent. The
UV—vis absorption spectra of Dox, PC, and PCD were acquired on a
UV—vis spectrophotometer (Halo DB-20 UV/Visalbe Double Beam
Spectrophotometer, Dynamica Scientific Ltd., Newport Pagnell, UK)
and X-ray diffraction (XRD) was performed on a Rigaku D/max
2550PC diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu
K,, radiation.

2.5. Formation and characterization of the PCD/siRNA/Nd-PC
nanoassemblies

The PCD/siRNA nanoassembly was prepared by mixing PCD with
an equal volume of siRNA with a nitrogen/phosphorus (N/P) ratio of
15/1 and incubated at room temperature for 20 min. The PC or Nd-
PC solution was added to the PCD/siRNA complexes and incubated
for another 20 min at room temperature to produce the PCD/siRNA/
PC or PCD/siRNA/Nd-PC nanoassembly. The final N/P ratio of the
prepared nanoassembly was maintained at 30/1.

The particle size and zeta potential of the PCD/siRNA, PCD/
siRNA/PC, and PCD/siRNA/Nd-PC complexes were determined by
dynamic light scattering (DLS). Three measurements were per-
formed on each sample using the Zetasizer Nano series Nano-ZS
(Malvern Instruments Ltd., Malvern, UK) at 25 °C. The
morphology of the complexes was examined by TEM (JEOL Ltd.,
Tokyo, Japan) and atomic force microscopy (AFM, Auto Probe CP,
Park Scientific Instruments, Sunnyvale, CA, USA). Super-resolution
stochastic optical reconstruction microscopy was performed on
the DeltaVision Imaging OMX System (GE Healthcare, Little Chal-
font, UK). In the investigation of the serum effects on the nano-
assemblies, 100 pL of the aqueous PCD/siRNA/Nd-PC were mixed
with 100 pL of FBS on 96-well plates at 37 °C. Aggregation of the
PCD/siRNA/Nd-PC nanoassemblies was monitored in terms of
turbidity by measuring the absorbance values at 630 nm on a
microplate reader (BioTek Eon, BioTek Instruments Inc., Winooski,
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Vermont, USA) [32].
2.6. In vitro drug release and cytotoxicity

The Dox loading content was determined on a UV-—visible
spectrophotometer (Halo DB-20 UV/Visalbe Double Beam Spec-
trophotometer, Dynamica Scientific Ltd., Newport Pagnell, UK). The
PCD was dissolved in PBS and analyzed at A = 480 nm. The cali-
bration curve was established according to the absorption at the
maximum emission wavelength of the PCD solution with different
concentrations under the same conditions. The Dox loading content
of PCD was calculated by the mass of the loaded Dox in the PCD
over the mass of PCD X100%. The drug loading efficiency was
calculated to be 5.5%. The drug release experiments were carried
out in PBS at 37 °C at different pH of 5.0, 6.8, and 7.4 to simulate the
normal blood and tumor surroundings. The PCD was dispersed in
1 mL of PBS and placed in a dialysis bag with a molecular weight
cut-off of 8—14 kDa. The sealed dialysis bags were immersed in
50 mL of 1 x PBS and agitated at 100 rpm at 37 °C. At prescribed
time intervals, 2 mL of the medium were taken out to measure the
absorbance of Dox at 480 nm by UV—vis absorption and the same
volume of fresh water was added. The amount of released Dox was
calculated by comparing the calibration curves at each pH.

In the in vitro cytotoxicity evaluation, the MCF-7/ADR cells were
seeded on 96-well plates at a density of 1 x 10% cells per well. After
incubation for 24 h at 37 °C, the culture medium was discarded and
the cells were treated with 200 uL fresh medium containing
different concentrations of PC, Nd-PC, Dox, and PCD. After incu-
bation for 48 h, 10 pL of MTT were added to each well and the plate
was incubated for another 4 h. The solutions were then removed
and the formazan crystals were dissolved in 100 pL DMSO. After
gentle agitation for 15 min, the absorbance was monitored at
570 nm on a microplate reader (BioTek Eon, BioTek Instruments
Inc., Winooski, Vermont, USA). The untreated cells served as the
100% cell viability control and the completely dead cells as the
blank. The cytotoxicity was expressed as the percentage of the cell
viability compared to the blank control. The relative cell growth (%)
related to control cells was calculated by ([Altest—[Alblank)/
([Alcontroi—[Alblank) x 100%.

2.7. In vitro cellular uptake and cell apoptosis

Imaging of siRNA and Dox cellular uptake was conducted by
confocal laser scanning microscopy (CLSM, Leica TCS SPE, Leica
Microsystems, Wetzlar, Germany). In brief, the MCF-7/ADR cells
(4 x 10% cells/well) were seeded on 24-well plates and incubated for
24 h. A series of serum-free medium containing FAM-siRNA, free
Dox, PCD, PCD/FAM-siRNA, PCD/FAM-siRNA/PC, and PCD/FAM-
siRNA/Nd-PC prepared described above were added and incu-
bated with the cells for 4 h at 37 °C. The concentrations of equivalent
free Dox and FAM-siRNA were 4 pg/mL and 200 nM, respectively.
After removing the medium, the cells were washed twice with cold
phosphate buffered saline (PBS) and fixed with 4% para-
formaldehyde for 15 min. Finally, the cells were stained with DAPI
for 10 min and washed with PBS twice prior to observation by CLSM.
Fluorescence from the DAPI, Dox, and FAM-siRNA was triggered at
405 nm, 532 nm, and 488 nm and measured at emission ranges of
440—470 nm, 580—610 nm, and 500—530 nm, respectively.

In the cellular uptake studies by flow cytometry, the MCF-7/ADR
cells were seeded on a 12-well plate at a density of 1.5 x 10° cells
per well. After culturing for 24 h, the cells were incubated with
FAM-siRNA, free Dox, PCD, PCD/FAM-siRNA, FAM-siRNA/PC, FAM-
siRNA/Nd-PC, PCD/FAM-siRNA/PC, and PCD/FAM-siRNA/Nd-PC for
4 h at 37 °C. The concentrations of equivalent free Dox and FAM-
siRNA were 2 pg/mL and 100 nM, respectively. The medium was

aspirated and the cells were washed twice with cold PBS. The cells
were then trypsinized, centrifuged, and washed twice by cold PBS.
Finally, the samples were resuspended in 1 mL of PBS. 1 x 10% cells
for each sample were analyzed for co-delivery of FAM-siRNA and
Dox cellular uptake by flow cytometer (BD FACSCalibur, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). The mean fluo-
rescence intensity of the gated viable cells was quantified.

To examine the intracellular distribution of the complexes, the
MCF-7/ADR cells were incubated with PCD/FAM-siRNA/Nd-PC or
PCD/siRNA/Nd-PC complexes using a similar method for the
cellular uptake observation by CLSM. After incubation for 12 h, the
lysosomes were labeled with LysoTracker Deep Red (Ex = 647 nm,
Em = 668 nm) or LysoTracker Green DND-26 (Ex = 504 nm,
Em = 511 nm). The cells were then fixed with 4% paraformaldehyde
and examined by CLSM.

Apoptosis of the MCF-7/ADR cells induced by the PCD/MDR-1/
Nd-PC and other complexes was also investigated by flow cytom-
etry. The MCF-7/ADR cells (8 x 10* cells/well) were seeded on 12-
well plates and after incubation for 24 h, the cells were treated with
the PCD, PCD/MDR-1, and PCD/MDR-1/Nd-PC complexes. The
equivalent Dox and MDR-1 concentrations were 0.375 pg/mL and
100 nM, respectively. After incubation for 4 h, the medium was
replaced by a fresh growth medium. After additional incubation for
48 h, the cells were rinsed twice with cold PBS, detached with the
trypsin solution, and washed twice with cold PBS. They were
diluted in 100 pL of the annexin-binding buffer at a density of
approximately 1 x 108 cells/mL. 5 pL of annexin V FITC Conjugate
and 10 pL of propidium iodide (PI) solution (Annexin V-FITC
Apoptosis Detection Kit, Sigma-Aldrich, St. Louis, Missouri, USA)
were added to 100 pL of the cell suspension and the cells were
incubated in darkness for 10 min at room temperature. Afterwards,
400 pL of the annexin-binding buffer were added and mixed gently
and the stained cells underwent flow cytometer to determine the
fluorescence intensity.

The in vitro cytotoxicity of PCD/siRNA/Nd-PC, PC/siRNA, and PC/
siRNA/Nd-PC was also investigated. The MCF-7/ADR cells were
seeded on 96-well plates at a density of 1 x 10% cells per well. After
incubation for 24 h at 37 °C, the culture medium was discarded and
the cells were treated with 100 pL of serum-free medium con-
taining PCD/siRNA/Nd-PC, PC/siRNA, and PC/siRNA/Nd-PC with
different N/P ratios. After incubation for 5 h, the medium was
replaced by a fresh growth medium. After further incubation for
48 h, the serum-free medium with 10 pL of MTT was added to each
well and the plate was incubated for 4 h. The solutions were then
removed and the formazan crystals were dissolved in 100 uL DMSO.
After gentle agitation for 15 min, the absorbance was monitored at
570 nm on a microplate reader (BioTek Eon, BioTek Instruments
Inc., Winooski, Vermont, USA). The cytotoxicity was calculated ac-
cording to the method described above.

2.8. In vitro protein and mRNA regulation

The MCF-7/ADR cells were seeded on 6-well culture plates at a
density of 5.0 x 10° cells per well and incubated at 37 °C in 5% CO,
for 18 h to reach 70% confluence. The medium was replaced with
3 mL of fresh serum-free DMEM with free Dox, PCD, PCD/siRNA,
PCD/siRNA/PC, PCD/siRNA/Nd-PC, PCD/siRNA/Pr-PC, PCD/siRNA/Zr-
PC, PCD/siRNA/Mo-PC, and PCD/siRNA/Nb-PC containing 4 pg of
siRNA. After incubation for 4 h, the medium was replaced by a fresh
growth medium and the cells were further incubated for 48 h.

The cell proteins were extracted and cellular levels of CaM,
metallothionein (MT), Caveolinl, Clathrin, P-gp, Bcl-2, Bax, and
Caspase3 were assessed using the Western blot analysis. The total
protein was quantified by the Pierce BCA protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). An equal amount of protein
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was separated on the SDS-PAGE, transferred to the nitro-cellulose
membrane, blocked, and incubated overnight with monoclonal
antibodies against CaM, MT, Caveolinl, Clathrin, P-gp, Bcl-2, Bax,
and Caspase3. After washing, the membrane was incubated with
the HRP-conjugated secondary antibody for 2 h at room tempera-
ture. The bands were visualized using the Westzol enhanced
chemiluminescence kit (iNtRON Biotechnology, Gyeonggi-do, Ko-
rea) and the expression was normalized to the house keeping gene
(B-actin) expression.

Quantitative reverse transcription polymerase chain reaction
(RT-PCR) was used in the analysis of the MCF-7/ADR cell lines
expression of genes encoding CaM, MT, Caveolinl, Clathrin, P-gp,
Bcl-2, Bax, and Caspase3 proteins. In the RT-PCR analysis, the cells
were collected to extract mRNA and then reverse-transcribed into
cDNA using the RNEasy Mini Kit (Qiagen, Hilden, Germany). The
PCR parameters included 5 min of Taq activation at 95 °C, followed
by 32 cycles of 95 °C x 30 s, 56 °C x 45 s, and 72 °C x 45 s. The
relative gene expression values were calculated using the BandS-
can4.3 software and the data representing the CaM, MT, Caveolin1,
Clathrin, P-gp, Bcl-2, Bax, and Caspase3 mRNA expressions were
normalized to the housekeeping gene geneglyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as the endogenous reference.
The eight genes and GAPDH in this study are listed in Table S1.

2.9. In vivo antitumor activity and immunohistology

Athymic female mice (BALB/c strain) (5—6 weeks old, 16—18 g)
were acquired from the Zhejiang Chinese Medical University and
maintained in a pathogen-free environment under controlled hu-
midity and temperature. The animal experiments were performed
in accordance with the China Animal Protection Law. The MCF-7/
ADR cells were inoculated subcutaneously at an injection volume
of 0.1 mL containing 1 x 107 cells at the abdominal of BALB/c nude
mice, respectively.

The mice were assigned to six groups and treated with PBS, free
Dox, PCD, PCD/MDR-1, PCD/MDR-1/PC, and PCD/MDR-1/Nd-PC at
0.5 mg/kg equivalent Dox and 6.5 pg of siRNA via intra-tumour
injection when the tumour grew to a diameter of around 5 mm.
Each treatment group consisted of eight mice (n = 8) for the anti-
tumor therapy and three mice (n = 3) for RT-PCR and western
blotting analysis. The treatment was performed twice a week for 3
weeks and tumor growth was monitored by calipers twice a week.
The tumor volume (V) was calculated by the following formula:
tumor volume V (mm?) = 7t/6 x length (mm) x width (mm ) Three
mice from each group were sacrificed 3 weeks later after the first
injection. The tumors were dissected, weighed, and imaged. In the
in vivo biodistribution study, PCD/FAM-siRNA/Nd-PC together with
free Dox and FAM-siRNA as control groups was administrated to the
tumor-bearing mice via intratumoral injection using similar
method as described above. The Dox and FAM-siRNA fluorescence
from the tumor-bearing mice was monitored by biofluorescence
imaging after 1, 3, 6, and 12 h. The mice were sacrificed at 12 h after
administration and the tumor, heart, liver, spleen, lung, and kidney
were excised and imaged by the in vivo imaging system (FX Pro In-
Vivo Imaging System, Kodak, Rochester, NY, USA). Magnetic reso-
nance imaging (MRI) were conducted on the MesoMR60 (Shanghai
Niumag Corporation, Shanghai, China) and the tumor vasculature
conditions were also acquired by high-resolution photoacoustic
imaging system (Vevo LAZR, FUJIFILM VisualSonics, Toronto, Can-
ada) and multispectral optoacoustic tomography (MSOT) (iThera
Medical GmbH, Munich, Germany). In the histological assay, the
tumor tissues were fixed in 4% paraformaldehyde for 24 h. The
specimens were dehydrated in graded ethanol, embedded in
paraffin, and cut into 5-mm-thick sections. The fixed sections were
deparaffinized and hydrated according to a standard protocol and

stained with hematoxylin and eosin (H&E), CD31, Ki67, and MDR-1
immunohistochemistry before microscopic evaluation. The sec-
tions were examined on a Leica DM IL microscope (Leica Micro-
systems, Wetzlar, Germany). In the RT-PCR and western blotting
analysis, the mice from each group were sacrificed 48 h after the
last injection. The tumors were extracted and the rest of the process
was the same as that described above.

2.10. Statistical analysis

The data are presented as means =+ standard deviation (SD).
Statistical analysis was performed using a standard Student's t -test
with a minimum confidence level (P) of 0.05 for significant statis-
tical difference.

3. Results
3.1. Characterization of PCD and Nd-PC

The supramolecular conjugate PCD is characterized by '"H NMR
(Fig. 2A and Fig. S1), UV—vis spectroscopy (Fig. 2B), 2D-NOESY NMR
(Fig. S2), and XRD (Fig. S3). The characteristic peaks of PEI (4
2.2-2.7 ppm, -CHpCHpNH-) and HP-CD (6 0.8—1.2 ppm,
-OCH,CH(CH3)OH-) are observed and the weak peaks at 6 1.68 and
1.94 ppm in PCD are ascribed to the -CH- and -CHay- groups in the
adamantyl moiety (Fig. 2A, Fig. S1). In the UV spectrum, PC almost
shows no UV absorption from 325 to 700 nm and Dox shows a
broad absorption peak at around 480 nm. After Dox incorporation
with PC, the absorption peak of Dox slightly shifts to 510 nm
(Fig. 2B). The red-shifted peak in the UV—visible spectra is due to
the host-guest interaction between the Dox molecules and poly-
mers commonly observed from the Dox-polymer conjugates indi-
cating complex formation and the phenomenon has also been
observed by Chun et al. and Zhou et al. [33,34]. Supramolecular
incorporation of Ada-Dox into HP-CD is confirmed by 2D-NOESY
NMR. As shown in Fig. S2, the proton from the Ada moiety can be
correlated with the inner protons of HP-CD core, indicating that
Ada-Dox forms supramolecular inclusion complexes. This is further
confirmed by XRD. Fig. S3 shows that the sharp peaks from Dox
represent the channel-type crystal structure, whereas the broad
peak of PC represents its amorphous structure. When PC forms
supramolecular inclusion complexes with Dox by the host-guest
interaction, the sharp peaks from Dox disappear providing strong
evidence of the amorphous structure of PCD.

Incorporation of Nd as well as other four metals into PC is
determined by XPS (Fig. 2C and Figs. S4—S9) and ICP-OES (Table S2).
The XPS full spectrum reveals successful doping of Nd into PC and
the high-resolution Nd 3d spectra of Nd-PC in Fig. 2C show two
peaks at 982.6 and 1005.2 eV ascribed to the Nd-O bond. Compared
to the untreated PC (Fig. S4), the O 1s peaks of Nd-PC shift to a lower
binding energy of 530.8 eV attributed to its bond with Nd (Fig. S5).
Doping with Pr, Mo, Zr, and Nb into PC is also confirmed by XPS
(Figs. S6—S9). Fig. S5 demonstrates that the maximum Nd atomic
concentration is 6.2% and it decreases with sputtering time, indi-
cating that only a tiny amount of Nd is introduced into PC and Nd is
mainly distributed in the near surface of PC. When Nd-PC is dis-
solved in an aqueous solution, the concentrations of coordinated
Nd (in the form of Nd-0) and free Nd (Nd>*) are 0.75 %00 and 0.24
%00, TEspectively (Table S2). The extremely small concentration of
Nd incorporated into PC is expected to induce negligible systemic
cytotoxicity. The EDS map acquired from the Nd-PC@SiO; particles
discloses that Nd is evenly distributed on the SiO, particles sug-
gesting a uniform Nd distribution on the PC polymers after disso-
lution and re-drying (Fig. 2D).

Fig. 2E shows that PCD is able to sustain Dox release under
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Fig. 2. Characterization of PCD and Nd-PC: (A) 'H NMR spectra of Ada-Dox, PC, and PCD. (B) UV—vis spectra of Dox, PC, and PCD. (C) High-resolution XPS spectra of Nd 3d at
different sputtering time. (D) EDS elemental maps of the Nd-PC@SiO2 microparticles. (E) In vitro Dox release from PCD in PBS at different pH values. (F) Viability of MCF-7/ADR cells
after treated with PC, Nd-PC, Dox and PCD for 48 h. All the quantitative data represent mean + SD (n = 3).

different pH conditions (pH = 74, 6.8, and 5.0) simulating the
physiological condition, weak acidic condition in the tumor envi-
ronment, and acidic endosome compartments, respectively. At a pH
of 7.4, release of Dox from PCD is only 7.9% in the first 8 h and 17.7%
within 84 h. Dox release increases dramatically with decreasing pH.
At a pH of 5.0, the cumulative release of Dox increases to 15.0% in
the first 8 h and as high as 37.6% within 84 h. The facilitated Dox
release is attributed to dissociation of Ada-Dox from the CD cavity
since the interaction between the acid solution and Ada becomes
stronger than the weak hydrogen bond between Ada and CD under
the acidic condition. This demonstrates that Dox release is facili-
tated at low pH and it may contribute to intracellular accumulation
and life-time of Dox in the cancer cells. Therefore, Dox leakage can
be retarded in the normal environment but effective release is
allowed in the tumor and endosome environments. The in vitro
cytotoxicity of Dox, PC, Nd-PC, and PCD against human breast drug-
resistant cancer cell MCF-7/ADR is assessed by the MTT assay to
investigate the 50% inhibitory concentration (ICso) of the drugs and
biocompatibility of the polymers. As shown in Fig. 2F, both PC and
Nd-PC exhibit negligible toxicity in MCF-7/ADR cells at 40 pg/mL or
lower concentrations, indicating that PC and Nd-PC have good
biocompatibility in MCF-7/ADR cells. Compared to the free Dox,
PCD exhibits significantly enhanced cytotoxicity in the MCF-7/ADR
cells. The ICsq value of PCD is 0.4 pg/mL in MCF-7/ADR cells, which
is smaller than that of the free Dox (34.0 pg/mL in MCF-7/ADR
cells). The higher cell killing efficacy of PCD is attributed to effi-
cient release of Dox from PCD into the cancer cells.

3.2. Characterization of the PCD/siRNA/Nd-PC nanoassemblies

The morphology and characteristics of the PCD/siRNA/Nd-PC
nanoassembly are determined by DLS, TEM, AFM, and super-
resolution microscopy (Fig. 3). The DLS results reveal that the

PCD/siRNA/Nd-PC nanoassembly has a narrow size distribution
between 225 and 243 nm with a N/P ratio between 20 and 45
(Fig. 3A). Fig. 3B shows that the PCD/siRNA/Nd-PC nanoassembly
has a positive charge ranging from +16 to +18 mV with the N/P
ratio from 20 to 45. No obvious changes in the particle size and zeta
potential are observed from PC and Nd-PC, indicating that incor-
poration of Nd does not affect the nanoassembly characteristics.
The particle size distribution determined by DLS and TEM confirm
that the PCD/siRNA/Nd-PC tertiary nanoassembly has a larger
diameter compared to the PCD/siRNA complex (Fig. 3C and D). After
decoration of the PCD/siRNA complex with Nd-PC, the PCD/siRNA/
Nd-PC nanoassembly is formed from the electrostatic interaction
between the exposed negative siRNA and positive Nd-PC. The AFM
images further confirm the spherical structure of the PCD/siRNA/
Nd-PC nanoassembly with a diameter of approximately 200 nm
and N/P ratio of 30 in good agreement with the DLS and TEM results
(Fig. 3E). Super-resolution microscopy (Fig. 3F) indicates that Dox
with the inherent red fluorescence signal is clearly visible within
the green fluorescent shell of the FITC-labeled siRNA/Nd-PC com-
plex, suggesting that Dox is located in the core of the PCD/siRNA/
Nd-PC nanoassembly possibly as a result of strong hydrophobic
interactions. As the PCD/siRNA/Nd-PC nanoassembly with an N/P
ratio of 30 provides a suitable balance between the particle size and
surface charge, this ratio is adopted in the subsequent study. As
shown in Fig. S10, no significant increase in the turbidity is
observed after incubation in 50% FBS for 24 h. It suggests no obvious
aggregation, although the positively charged PCD/siRNA/Nd-PC
complex may interact with negatively charged proteins in the
serum.

3.3. Synergistic activities of siRNA and Dox in vitro

The cellular uptake of the Nd-integrated supramolecular
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Fig. 3. Characterization of the PCD/siRNA, PCD/siRNA/PC, and PCD/siRNA/Nd-PC nanoassemblies: (A) Particle size and (B) zeta potential analysis of the PCD/siRNA, PCD/siRNA/PC,
and PCD/siRNA/Nd-PC nanoassemblies with various N/P ratios by DLS. Particle size distribution, inserted schematic structure, and TEM images of (C) PCD/siRNA and (D) PCD/siRNA/
Nd-PC with a N/P ratio of 30. (E) AFM amplitude image and height image of the PCD/siRNA/Nd-PC nanoassembly with a N/P ratio of 30. (F) Super-resolution microscopy images of
the PCD/siRNA/Nd-PC nanoassembly with a N/P ratio of 30. The FAM-siRNA is shown in green and the drug Dox is shown in red. The scale bar is 200 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

nanoassembly and other formulations are evaluated with the MCF-
7/ADR cells by CLSM (Fig. 4) and flow cytometry (Fig. 5A—D). The
free Dox signal in the MCF-7/ADR is extremely weak while PCD
exhibits strong red fluorescence. This is because the MCF-7/ADR
cells can effectively pump the free Dox out. However, PCD can
protect the loaded Dox and maintain fairly low initial release of
Dox. Compared to the Nd-free formulations (FAM-siRNA, FAM-
siRNA/PC and PCD/FAM-siRNA/PC), the Nd-integrated nano-
assemblies (FAM-siRNA/Nd-PC and PCD/FAM-siRNA/Nd-PC) show
higher levels of siRNA cellular uptake, suggesting that the outer
layer, Nd-PC, is able to carry and deliver siRNA more efficiently
(Figs. 4 and 5A and B). The PCD/FAM-siRNA nanoassembly without
the outer layer PC or Nd-PC exhibits lower FAM-siRNA uptake level
than PCD/FAM-siRNA/PC and PCD/FAM-siRNA/Nd-PC. This is
because the siRNA exposed on the outer layer of the PCD/siRNA
nanoassemblies tends to be prematurely released from the nano-
assemblies and degraded by enzyme. The PCD/FAM-siRNA/Nd-PC-
mediated uptake achieves a relatively high level of Dox but ex-
hibits less Dox concentration in the MCF-7/ADR cells than that
induced by PCD or PCD/FAM-siRNA after incubation for 4 h (Figs. 4
and 5C, and D). This indicates that the additional PC or Nd-PC layer
with a positive charge may repel the charge-like Dox especially in
the endosome/lysosome acid environment out of the nano-
assemblies [35]. To observe the escape from lysosomes, the MCF-7/

ADR cells treated with the PC/FAM-siRNA/Nd-PC or PCD/siRNA/Nd-
PC complexes are stained with LysoTracker Red or LysoTracker
Green, respectively. After incubation for 12 h, the intracellular FAM-
siRNA is rarely colocalized with the lysosomes labeled with red
fluorescent LysoTracker (Fig. S11A) and abundant red spots (Dox)
are clearly separated from the green spots (Fig. S11B), indicating
that the PCD/FAM-siRNA/Nd-PC complexes have a high efficiency to
escape from the lysosome to the cytosol.

The viability of MCF-7/ADR cells after treatment with PCD/
siRNA/Nd-PC, PC/siRNA, and PC/siRNA/Nd-PC with different for-
mulations for 48 h are shown in Figs. S12 and S13. PC/siRNA ex-
hibits negligible cytotoxicity to the MCF-7/ADR cells for a broad
range of N/P ratios. The viability of the MCF-7/ADR cells incubated
with PC/siRNA/Nd-PC decreases when N/P ratios increase to 40. At
the N/P ratio of 30, the cell viability of the MCF-7/ADR cells medi-
ated by the PC/siRNA/Nd-PC complexes reaches 97.1%, suggesting
low toxicity and providing further proof that the optimal N/P ratio
is 30 in the PCD/siRNA/Nd-PC system. The PCD/siRNA/Nd-PC as-
sembly with the N/P ratio of 30 shows efficient killing of the MCF-7/
ADR cells. The killing efficacy rises with increasing PCD concen-
tration and stays at a high level even at low concentrations of the
Nd-PC. Consequently, the killing ability of PCD/siRNA/Nd-PC is
attributed to the combination of Dox, siRNA, and Nd-PC instead of
the toxicity of Nd-PC. Analysis of cell apoptosis by flow cytometry
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Fig. 4. In vitro cellular uptake of different formulations analyzed by CLSM. The CLSM images show uptake of FAM-siRNA and Dox in MCF-7/ADR cells after incubation for 4 h with

different formulations. Cell nuclei were stained with DAPI. The bars represent 20 pm.

indicates that PCD/siRNA/Nd-PC induces the highest level of
apoptosis in the MCF-7/ADR cells with a total apoptosis rate of
38.87% (Fig. 5E and Fig. S14). These results suggest that delivery of
the PCD/FAM-siRNA/Nd-PC nanoassemblies induces multidrug-
resistant cancer cells to apoptosis.

For further confirmation, the representative proteins related to

cellular uptake, MDR, and cell apoptosis expressed in the MCF-7/
ADR are analyzed by western blot analysis. As shown in
Fig. 6A—C, both the CaM and MT are down-regulated by PC/siRNA/
Nd-PC compared to other groups, but Caveolin1 and Clathrin are
up-regulated after delivery of the PCD/siRNA/Nd-PC nano-
assemblies. With regard to the apoptosis-related proteins, Bax and
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Fig. 5. In vitro cellular uptake of different formulations and induced cell apoptosis by flow cytometry. Qualitative and quantitative analysis of (A, B) FAM-siRNA and (C, D) Dox
uptake in MCF-7/ADR cells after treatment with different formulations for 4 h by flow cytometry. (E) Analysis of MCF-7/ADR cell apoptosis induced by different formulations after

48 h treatment by flow cytometry. All the quantitative data represent mean + SD (n = 3).

Caspase3 are significantly up-regulated, whereas the P-gp and Bcl-
2 proteins are down-regulated. Regulation of the mRNA expression
mediated by different formulations is assessed using the MCF-7/
ADR cells with the GAPDH house-keeping gene as the normaliza-
tion control. In general, the degree of mRNA expression correlates
well with the protein expression. Regulation of the corresponding
mRNA expression shows a similar trend as protein regulation
(Fig. 6D). Up-regulation of Caveolin1, Clathrin, Bax, and Caspase3 is
clearly observed from the MCF-7/ADR cell lines treated with the
PCD/siRNA/Nd-PC nanoassembly, but the levels of CaM, MT, P-gp,
and Bcl-2 mRNA expressions are down-regulated. Down-regulation

of CaM, MT, P-gp, and Bcl-2 proteins and corresponding mRNAs
induced by the PC/siRNA/Nd-PC nanoassemblies are the most sig-
nificant compared to the nanoassemblies integrated with other
metals (Pr, Zr, Mo, and Nb). Meanwhile, among all the groups, the
PCD/siRNA/Nd-PC nanoassembly shows the highest upregulation of
Caveolin1, Clathrin, Bax, and Caspase3 proteins and corresponding
mRNAs (Fig. S15). These results suggest that the supramolecular
nanoassembly integrated with Nd-PC shows the highest activity
in vitro. Thus, Nd-PC is used as the decorating layer in the subse-
quent study.
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Fig. 6. In vitro regulation of proteins and mRNAs: In vitro (A, B, C) representative protein expression and analysis of light intensities analyzed by western blot. #P < 0.01, PCD/siRNA/
Nd-PC vs PCD/siRNA/PC. The quantitative data represent mean + SD (n = 3). (D) Heat map of the corresponding mRNA levels analyzed by RT-PCR. The higher color value represents
the higher mRNA expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. In vivo antitumor activity and immunohistology

Given the notable increase in cellular uptake and cell apoptosis
as well as obvious regulation of proteins and mRNAs in vitro, the
effects of the Nd-integrated supramolecular nanoassemblies on the
antitumor activity are explored in vivo. As shown in Fig. 7A, the
circled area denotes the tumor position. The tumor size decreases
dramatically from the control to PCD/siRNA/Nd-PC groups and very
weak MRI contrast is observed from the tumor position when the
mice are administered with PCD/siRNA/Nd-PC. Fig. S16 and Fig. 7B
shows that tumor growth is inhibited after intratumoral injection
with either PCD/siRNA or PCD/siRNA/PC compared to the mono-
therapy groups (Dox and PCD). This indicates that delivery of siRNA
and Dox produces synergistic effects against MDR tumor growth.
The most effective therapy is achieved with PCD/siRNA/Nd-PC in
tumor-bearing mice and the therapeutic effects are about 3 times
more potent than those treated with either PCD/siRNA/PC or PCD/
siRNA (Fig. 7C). Tumor weight analysis also validates that the PCD/
siRNA/Nd-PC nanoassembly formulation as an effective nano-
therapeutic agent against MDR tumor growth (Fig. 7D). The syn-
ergistic effects of the combination therapy are further enhanced by
Nd integration into therapeutic nanoassembly. These results clearly
demonstrate that tumor MDR can be effectively reversed by Nd
integration into the supramolecular nanoassembly. In vivo fluo-
rescence imaging is also used to monitor the time-dependent
biodistribution of the PCD/FAM-siRNA/Nd-PC nanoassemblies. As
shown in Fig. S17, the PCD/FAM-siRNA/Nd-PC nanoassemblies are
mainly distributed in the tumor after intratumoral injection of PCD/
FAM-siRNA/Nd-PC. The PCD/FAM-siRNA/Nd-PC nanoassemblies

also show prolonged retention in the tumor compared to the free
Dox and FAM-siRNA. Fig. S18 further confirms the strong signals
from both Dox and FAM-siRNA in the PCD/FAM-siRNA/Nd-PC-
treated tumors, but they are not detected from the liver and
other organs.

The vascular density in the tumor tissues is determined by high-
resolution ultrasound imaging (HRUI) and MSOT and the degree of
blood oxygen saturation is analyzed by HRUIL The red pixels
represent oxyhaemoglobin (HbO;) and blue ones stand for deoxy-
hemoglobin (HbR). The high level of HbR and low level of HbO,
corresponds to a small vascular density surrounding the tumor
tissues. As shown in Fig. 8A, the tumor treated with PCD/siRNA/Nd-
PC shows high HbR and low HbO, levels, suggesting reduced for-
mation of vasculature. This is confirmed by the MSOT experiment in
which a weak photoacoustic signal is detected from the tumor after
treatment with the PCD/siRNA/Nd-PC nanoassembly (Fig. 8B and
C). These results disclose that the most effective treatment against
tumor growth is accomplished by delivering Dox and MDR-1 siRNA
using the Nd-integrated supramolecular nanoassemblies.

Tumor cell apoptosis and proliferation in the tumors are
analyzed by H&E staining as well as Ki67 and MDR-1 and CD31
assay after treatment with various formulations (Fig. 8D). The
sections of tumor tissues from the PBS control and PCD group
appear to be most hypercellular showing more obvious nuclear
polymorphism. Among these therapeutic groups, the tumor tissues
obtained after treatment with the PCD/siRNA/Nd-PC nanoassembly
formulation show the fewest tumor cells and highest level of tumor
necrosis. Immunohistochemical analysis of CD31 reveals a distinct
decrease in the vessel density of the slice of MCF-7/ADR tumor
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Fig. 7. In vivo antitumor activity. (A) MRI images of the tumor-bearing mice after treatment for 17 days. (B) Images of the tumors dissected from tumor-bearing mice treated with
various formulations for 3, 10, and 17 days. Bar represents 2 cm. (C) Relative tumor volume in BALB/c nude mice with MCF-7/ADR xenografts with increasing time. (D) Weight of
tumors dissected from mice after treatment for 17 days. #P < 0.01, PCD/siRNA/Nd-PC vs PCD/siRNA/PC. All the quantitative data represent mean + SD (n = 3).

models after administration of PCD/siRNA/Nd-PC compared to PCD/
siRNA, PCD/siRNA/PC, and other formulations. The Ki67 assay also
shows that the Nd-integrated supramolecular nanoassembly re-
duces the percentage of proliferating Ki67-positive tumor cells,
suggesting enhanced therapeutic efficacy in inhibiting tumor cell
proliferation and apoptosis of tumor cells (Fig. S19). Analysis of the
tumor tissues MDR-1 protein staining reveals a distinct decrease in
the protein density of tumor slices after delivery of PCD/siRNA/Nd-
PC nanoassembly compared to other formulations. These results
supply additional evidence that the Nd-integrated supramolecular
nanoassembly is effective in combating tumor MDR in vivo.

After in vivo treatment with the Nd-doped supramolecular
nanoassembly, the proteins and corresponding mRNA expressions
in the tumor tissues are analyzed by western blot and RT-PCR,
respectively. In general, the in vivo protein regulations correlate
well with the in vitro ones mediated by the Nd-integrated supra-
molecular nanoassembly and other formulations (Fig. 9A—C). Both
CaM and MT are down-regulated but those of Caveolinl and Cla-
thrin are up-regulated after in vivo treatment with PCD/siRNA/Nd-

PC. Similar to in vitro regulation, the apoptosis regulator, Bax and
Caspase3, are also up-regulated and the P-gp and Bcl-2 proteins are
down-regulated after the tumor-bearing mice are treated with
PCD/siRNA/Nd-PC. In general, compared to other formulations such
as PCD/siRNA or PCD/siRNA/PC, Nd integration further regulates
proteins at the translational level, suggesting that the combination
cancer therapy by siRNA and chemotherapeutics can be improved
by surface functionalization with a rare earth element such as Nd.
The mRNA expression at the transcriptional level also correlates
with the protein regulation results (Fig. 9D).

4. Discussion

MDR to chemotherapy can be caused by different mechanisms
including increased drug efflux and the failure to undergo drug-
induced apoptosis presents a major challenge to cancer chemo-
therapy [36]. The most promising modality is to combine chemo-
therapy with the RNAi technique in a single treatment to achieve
synergistic effects [37]. A functional vehicle delivering anticancer
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Fig. 8. In vivo antitumor activity. (A) Degree of blood oxygen saturation in the tumor tissues after treatment with PCD/siRNA/Nd-PC and other formulations evaluated by high-
resolution ultrasound imaging system. (B) Photoacoustic images and (C) signal intensity of tumor vasculature after treatment with PCD/siRNA/Nd-PC and other formulations
detected by multispectral optoacoustic tomography (MSOT). PBS is the control. #P < 0.01, PCD/siRNA/Nd-PC vs PCD/siRNA. The quantitative data represent mean + SD (n = 3). (D)
H&E, CD31, Ki67, MDR-1 analysis of the tumor tissue sections from the BALB/c nude mice with MCF-7/ADR xenografts after treatment for 17 days. The bars represent 50 um.

drugs is crucial to anticancer therapies with high efficacy. In this
work, we design and produce a multifunctional nanotherapeutic
system PCD/siRNA/Nd-PC nanoassembly which integrates lantha-
nide elements with RNAi and chemotherapy to enhance the effi-
cacy of cancer therapies both in vitro and in vivo. The PCD/siRNA/
Nd-PC nanoassembly is formed by coating Nd-PC on the PCD/
siRNA complexes which is firstly prepared through mixing PCD
with siRNA.

Compared to the free Dox, PCD, PCD/siRNA, and PCD/siRNA/PC,
the PCD/siRNA/Nd-PC nanoassembly exhibits effective tumor sup-
pression due to three main reasons. Firstly, the PCD/siRNA/Nd-PC
nanoassembly prepared with the cationic supramolecular poly-
meric nanoassembly has the proper particle size, moderate positive
charge, and the cationic outer layer. The interaction between the
nanoassembly and cell membrane is affected by the surface char-
acteristics and to overcome the cell membrane obstacle is an
essential step in cancer therapy. The proper particle size and
moderate positive charge of PCD/siRNA/Nd-PC provide an

important prerequisite for the cellular endocytosis. Meanwhile, the
cationic polymers allows the nanoassembly to travel through the
extracellular environment long enough to reach the tumor and
facilitates the nanoassembly escape from the endosome via the
‘proton-sponge’ effect thereby avoiding premature degradation of
the nanoassembly during delivery and ensuring efficient internal-
ization and prolonged life-time of nanoassembly within the cancer
cells. Therefore, the proper surface properties and cationic outer
layer are important prerequisites for the PCD/siRNA/Nd-PC delivery
system to achieve the desired therapeutic effects in vivo. The PCD/
siRNA/Nd-PC nanoassembly shows enhanced penetration into the
MCF-7/ADR cells through clathrin- and caveolin-mediated endo-
cytosis. This is proven by up-regulation of Caveolin1 and Clathrin
and corresponding mRNAs both in vitro and in vivo, since Caveolin1
is a major caveolae-coat protein involved in a variety of cell
signaling processes and Clathrin is a protein that plays a major role
in the formation of coated vesicles, vital parts to realize the
clathrin-mediated endocytosis.
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Fig. 9. In vivo regulation of proteins and mRNAs: In vivo (A, B, C) representative protein expression and analysis of light intensities analyzed by western blot. *P < 0.05 and #P < 0.01,
PCD/siRNA/Nd-PC vs PCD/siRNA/PC. The quantitative data represent mean + SD (n = 3). (D) Heat map of the corresponding mRNA levels analyzed by RT-PCR. The higher color value
represents the higher mRNA expression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Secondly, incorporation of a trace amount of Nd plays a vital role
in the high performance of the PCD/siRNA/Nd-PC nanoassembly.
Nd was reported to be tolerated by the various types of cells at
relatively high concentrations [38] and our obtained results as well
as our previous study [25] also revealed that the low cytotoxicity of
the Nd-doped cationic polymers to various cell lines. Thus, the in-
tegrated Nd with a trace amount is expected to show good
biocompatibility. The lanthanide element Nd in the outer layer of
the PCD/siRNA/Nd-PC nanoassembly enhances the drug sensitivity
to the MCF-7/ADR cells as indicated by down-regulation of CaM and
up-regulation of MT. As an intracellular calcium-binding protein,
CaM plays a vital role in many types of cellular activities in a
calcium-dependent manner [39] and its antagonists such as
trifluoperazine can increase the sensitivity of MDR cells to
chemotherapy by inhibiting the voltage-dependent calcium chan-
nels and CaM [40—42]. Multidrug-resistant cancer cells are known
to exhibit higher intracellular concentrations of Ca** than non-
resistant ones [40]. Since lanthanide ions can be transported into
cells through the calcium ion channel exchange pathway [ 16—18], it
is reasonable to assume that Nd>* released from the Nd-integrated
nanoassembly may exchange calcium ions to decrease the intra-
cellular concentration, as evidenced by down-regulation of CaM
both in vitro and in vivo. On the other hand, MT is associated with
resistance to toxicity due to the ability to interact with metal ions. It
is regarded as the self-protection mechanism and they act as
“sacrificial scavengers” to inactivate toxic molecules directly [43].
Down-regulation of MT mediated by the PCD/siRNA/Nd-PC nano-
assembly in vitro and in vivo may provide evidence about the
reduced resistance to toxic anticancer drugs. Hence, it is likely that
Nd integration enhances the drug sensitivity to the MDR cancer
cells through the down regulation of metal-binding proteins like

MT.

Thirdly, efficient silencing of MDR-1 gene by the siRNA released
from the PCD/siRNA/Nd-PC nanoassembly system combined with
the Dox loaded in the inner layer contributes to the high killing
efficacy of cancer cells. Release of siRNA is induced by the
competitive interaction of the negatively charged substances in the
cytoplasm such as heparin, which is a negatively charged poly-
saccharide and competes with the siRNA binding to cationic Nd-PC
[28,29]. Ada-Dox may be detached from the cavity of CD in PCD
followed by release of Dox under acidic and enzymatic conditions.
The repulsive interaction between Nd-PC and residual PC with
positive charges leads to dissociation of Nd-PC and PC in the
cytoplasm. Over-expression of the drug efflux transporter P-gp,
which is encoded by the MDR-1 gene, is a key factor of MDR in
tumor cells [44]. P-gp belongs to the ATP-bind cassette (ABC) su-
perfamily and transports a variety of structurally and functionally
diverse chemotherapeutic drugs out of the intracellular compart-
ments of MDR cells [45]. Hence, down-regulation of the P-gp
expression mediated by the siRNA released from Nd-integrated
supramolecular nanoassembly prevents Dox efflux. The released
Dox is supposed to be efficiently transported to the nucleus to
induce cancer cell apoptosis. The synergism between siRNA and
Dox results in the greatly enhanced antitumor activity in vivo,
which is proven by the down-regulation of Bcl-2 and reversed-
regulation of Bax and Caspase3. The anti-apoptotic gene Bcl-2
which is known to overexpress in many types of cancer cells is
related to tumorigenesis and chemoresistance [46,47]. Over-
expression of Bcl-2 has been shown to delay the onset of apoptosis
induced by several chemotherapeutic agents [48] and there is ev-
idence that post-transcriptional silencing of Bcl-2 may be an
effective approach to re-sensitize cancer cells to chemotherapeutic
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drugs [49—52]. Notable downregulation of the Bcl-2 protein pro-
vides more evidence about the enhanced tumor cell response to
chemotherapy in vitro and in vivo based on this study. Concurrently,
activation of Caspase3, one of the most important enzymes in the
pathways of therapeutic drug-induced apoptosis [53—55], attenu-
ates the antiapoptotic activity in the drug resistant tumor cells both
in vitro and in vivo. Furthermore, the Bax protein that is involved in
p53-mediated apoptosis [56] is upregulated as typical hallmarks of
apoptosis. All the evidence suggests that each building block from
PCD/siRNA/Nd-PC may have specific functions thus providing
multiple regulation mechanisms to combat cancer MDR at different
delivery stages.

The protein network analysis in Fig. S20 shows the molecular
networks and biological functions of the regulated proteins. It
should be noted that the proteins investigated in this study are not
independent and their functions are interrelated. For example,
Caveolin1 is found to be associated with Bax, Caspase3, P-gp, and
Bcl-2 in the protein network. Overexpression of Caveolinl un-
dermines the P-glycoprotein functions in Dox-resistant HS578T
breast cancer cells by reducing the plasma membrane cholesterol
level [57] and also inhibits mitogenic signaling to induce apoptosis
[58,59]. Therefore, the regulated proteins by Nd-integrated supra-
molecular nanoassemblies may produce synergistic effects to
reverse the tumor MDR. Collectively, synergistic tumor suppression
can be realized by combining the distinctive functionality of the
lanthanide element Nd, siRNA, and anticancer drug into an
advanced therapeutic nanoassembly system. This piece of work
discloses a novel and even universal approach to enhance tumor
chemosensitivity by assembling Nd-integrated layers on polymeric
nanoassemblies.

5. Conclusion

The Nd-integrated supramolecular polymeric nanoassembly
constitutes a new type of multifunctional organic-inorganic nano-
therapeutics for reversal of tumor MDR combining the advantages
of the multifunctional properties of the lanthanide element to
regulate MDR-restricted cellular uptake and drug efflux and offer-
ing the desirable features of cationic supramolecular polymers in
the delivery of anticancer drugs and siRNA. The proper particle size
and moderate positive charge provide the favorable conditions for
premature degradation of siRNA in the physiological environment
and promote efficient internalization of the PCD/siRNA/Nd-PC
nanoassembly into cells. Surface integration of Nd enhances the
drug sensitivity to the MCF-7/ADR cells and regulates P-gp function
in combination with siRNA to prevent MDR-induced Dox efflux.
These events are corroborated by the effective regulation of a
number of proteins and related mRNA, including CaM, MT, cav-
eolin1, clathrin, P-gp. In addition, the Nd-integrated supramolecu-
lar nanoassembly is capable of improving the overall therapeutic
effects against tumor growth and enhances anti-angiogenesis and
necrosis in the MDR murine tumor models in vivo. These results are
supported by the regulation of the representative proteins and their
related mRNAs, including Bcl-2, Bax, and Caspase3. The layered
assembly of the Nd-integrated supramolecular nanoassembly not
only is an effective tool to combat tumor MDR, but also provides a
versatile strategy to improve the efficacy of polymeric nano-
medicine by means of lanthanide integration to enhance the ther-
apeutic effectiveness.
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Fig. S1. '"H NMR spectra of Dox and Ada-COOH.
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Fig. S2. 2D-NOESY NMR spectrum of PCD in D2O.



Fig. S3. X-ray diffraction spectra of Dox, hy-CD, PC, and PCD.



Fig.s S4. (A) XPS elemental depth profile of the untreated PC and high-resolution XPS spectra of

(B) O 1s, (C) C 1s, and (D) N 1s after sputterin for different time.



Fig. S5. XPS (A) full spectra and (B) elemental depth profile of Nd-PC and high-resolution XPS

spectra of (C) O 1s, (D) C 1s, and (E) N 1s after sputtering for different time.



Fig. S6. (A) XPS elemental depth profile of Pr-PC and high-resolution XPS spectra of (B) Pr 3d,

(C) O 1s, (D) C 1s, and (E) N s after sputtering for different time.



Fig. S7. (A) XPS elemental depth profile of Zr-PC and high-resolution XPS spectra of (B) Zr 3d,

(C)O 1s, (D) C 1s, and (E) N 1s after sputtering for different time.



Fig. S8. (A) XPS elemental depth profile of Mo-PC and high-resolution XPS spectra of (B) Mo

3d, (C) O 1s, (D) C 1s, and (E) N 1s after sputtering for different time.



Fig. S9. (A) XPS elemental depth profile of Nb-PC and high-resolution XPS spectra of (B) Nb

3d, (C) O 1s, (D) C 1s, and (E) N 1s after sputtering for different time.
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Fig. S10. Turdibity of the PCD/siRNA/Nd-PC nanoassembly in 50% FBS.
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Fig. S11. Intracellular distribution of (A) PCD/FAM-siRNA/Nd-PC and (B) PCD/siRNA/Nd-PC
in MCF-7/ADR after 12 h incubation. Cell nuclei were stained with DAPI.
Endosomes/lysosomes were stained by Lyso Tracker Red for A and by Lyso Tracker Green for

B, respectively. The bars represent 10 pm.
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Fig. S12. Viability of MCF-7/ADR cells after treatment with PC/siRNA and PC/siRNA/Nd-PC

with different N/P ratios for 48 h. All the quantitative data represent mean = SD (n = 3).
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Fig. S13. Viability of MCF-7/ADR cells after treatment with PCD/siRNA/Nd-PC with different

N/P ratios for 48 h. All the quantitative data represent mean + SD (n = 3).
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Fig. S14. Flow cytometry analysis of MCF-7/ADR cell apoptosis induced by PCD, PCD/siRNA,
or PCD/siRNA/Nd-PC after treatment for 48 h. All the quantitative data represent mean + SD (n

= 3).
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Fig. S15. (A) In vitro representative protein expression analyzed by western blot and (B)
corresponding mRNA levels analyzed by RT-PCR in MCF-7/ADR cells mediated by
PCD/siRNA/Nd-PC and other metal-functionalized nanoparticles. *P<0.05 and **P<0.01,
PCD/siRNA/Nd-PC vs (PCD/siRNA/Pr-PC, PCD/siRNA/Nb-PC, PCD/siRNA/Mo-PC,
PCD/siRNA/Zr-PC), except PCD/siRNA/Nd-PC vs PCD/siRNA/Mo-PC for Caspase3. The

quantitative data represent mean = SD (n = 3).
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Fig. S16. Images of the tumor-bearing mice treated with various formulations for 3, 10, and 17

days.
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Fig. S17. In vivo fluorescence imaging of tumor-bearing mouse injected intratumorally of (A)
free Dox, (B) FAM-siRNA, and (C, D) PCD/FAM-siRNA/Nd-PC for 1, 3, 6, and 12 h (from left

to right).
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Fig. S18. The ex vivo images of tumors and organs of tumor-bearing mice sacrificed at 12 h
after injected intratumorally with (left) free Dox, (middle) FAM-siRNA, and (the right two)

PCD/FAM-siRNA/Nd-PC.
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Fig. S19. Relative Ki67 positive cells after delivery of PCD/siRNA/Nd-PC or other formulations
in vivo. **P<0.01, PCD/siRNA/PC vs PCD/siRNA/Nd-PC. The quantitative data represent mean

+SD (n=3).
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Fig. S20. Protein network analysis of the regulated proteins mediated by PCD/siRNA/Nd-PC.
The relationships of 8 regulated proteins CaM (CAMKYV), MT (MT2A), Caveolinl (CAV1),
Clathrin (CLTC), P-gp (ABCBI1), Bcl-2 (BCL 2), Bax (BAX), and Caspase3 (CASP3), out of 13
relevant proteins are investigated. Thicker lines represent strong association and thinner lines

represent weak association.
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Table S1. Primers used in real-time PCR of selected gene transcripts.

Gene Primer Sequences

Calmodulin (CaM) Sense primer: 5- TGTCAGGCTGTCACTGTTCA -3
Antisense primer: 5- GCTCCAAGTCATGGTTCAGA -3

Metallothionein (MT)  Sense primer: 5’- CTCAACTTCTTGCTTGGGATC -3’
Antisense primer: 5’- AATGGGTCAGGGTTGTATGG -3’

Caveolinl Sense primer: 5- TCTGCCTCTCCAAATATCCC -3
Antisense primer: 5- TTCCTGGCTTCTCTTCACCT -3

Clathrin Sense primer: 5- CAGCAAACATTGGCTTCAGT -3

P-glycoprotein (P-gp)

Bcl-2

Bax

Caspase3

GAPDH

Antisense primer: 5- TCTGCTGAAATTGGTCTTCG -3
Sense primer: 5- AAGGCATTTACTTCAAACTTGTCA -3
Antisense primer: 5- TGGATTCATCAGCTGCATTTT -3
Sense primer: 5- ATCCAGGATAACGGAGGC -3
Antisense primer: 5- CAGCCAGGAGAAATCAAAC -3
Sense primer: 5- GACCCGGTGCCTCAGGATGC -3
Antisense primer: 5- GTCTGTGTCCACGGCGGCAA -3
Sense primer: 5- TAAATGAATGGGCTGAGCTG -3
Antisense primer: 5- ATGGAGAAATGGGCTGTAGG -3
Sense primer: 5- CATCTTCTTTTGCGTCGCCA -3
Antisense primer: 5- TTAAAAGCAGCCCTGGTGACC -3
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Table S2. Concentrations of Nd, Pr, Zr, Mo, and Nb in Nd-PC, Pr-PC, Zr-PC, Mo-PC, and Nb-

PC determined by ICP-OES. The quantitative data represent mean + SD (n = 3).

Total element Free-state element ~ Coordinated element
[Wt%00] [Wt%00] [Wt%00]

Nd 0.9896 = 0.0147 0.2398 £ 0.0037 0.7498

Pr 0.6588 £ 0.0324 0.1570 £ 0.0049 0.5018

Zr 0.3348 =£0.0150 0.0582 £0.0013 0.2766

Mo 0.3536 £ 0.0121 0.3260 = 0.0180 0.0276

Nb 0.1130 £ 0.0027 0.0597 £ 0.0032 0.0533
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