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HIGHLIGHTS
® A novel all-in-one fluorescent nanomedicine platform based on silicon nanoparticles (SiNPs) was developed for imaging-guided co-
delivery of short interfering RNA (siRNA) and doxorubicin (DOX).

e The intracellular time-dependent release behaviors of siRNA and DOX were visually monitored by tracking the strong and stable

fluorescence of SiNPs.

e The SiNPs-based nanocarriers displayed pronounced therapeutic efficiency on drug-resistant breast cancer cells.

ABSTRACT The development of effective and safe vehicles to deliver small 5‘94, :Q~‘” DOX
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interfering RNA (siRNA) and chemotherapeutics remains a major challenge in
RNA interference-based combination therapy with chemotherapeutics, which
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has emerged as a powerful platform to treat drug-resistant cancer cells. Herein, ¢ pox . — @

we describe the development of novel all-in-one fluorescent silicon nanoparti-

cles (SiNPs)-based nanomedicine platform for imaging-guided co-delivery of
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siRNA and doxorubicin (DOX). This approach enhanced therapeutic efficacy in

multidrug-resistant breast cancer cells (i.e., MCF-7/ADR cells). Typically, the
SiNP-based nanocarriers enhanced the stability of siRNA in a biological environ-
ment (i.e., medium or RNase A) and imparted the responsive release behavior
of siRNA, resulting in approximately 80% down-regulation of P-glycoprotein
expression. Co-delivery of P-glycoprotein siRNA and DOX led to > 35-fold
decrease in the half maximal inhibitory concentration of DOX in comparison
with free DOX, indicating the pronounced therapeutic efficiency of the resultant nanocomposites for drug-resistant breast cancer cells.
The intracellular time-dependent release behaviors of siRNA and DOX were revealed through tracking the strong and stable fluorescence

of SiNPs. These data provide valuable information for designing effective RNA interference-based co-delivery carriers.
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1 Introduction

Despite great progress in cancer treatment, multidrug resist-
ance (MDR), which can lead to high recurrence rates and
treatment failures, remains a tremendous challenge in cancer
chemotherapy [1]. Generally, the abnormal expression of
related genes on drug efflux, metabolism and targets, or sur-
vival/death signaling pathways accounts for the genetic basis
of drug resistance [1-3]. For example, multidrug resistance
protein 1 (MDR 1), also known as P-glycoprotein (P-gp) and
ABCBI, is a member of the ATP-binding cassette (ABC)
transporter protein family, which is overexpressed in many
types of cancer cells [2]. Crucially, the overexpression of
P-gp promotes the efflux of various hydrophobic chemo-
therapeutics from cancer cells. This results in an extremely
low accumulation of therapeutic agents inside cells and
reduces chemotherapeutic efficiency. Since the discovery of
RNA interference (RNA1) in Caenorhabditis elegans and
mammalian cells, synthetic small interfering RNA (siRNA)
consisting of approximately 21 to 23-base-pair double-
stranded RNA has emerged as a potential therapeutic agent
for treatment of various diseases, including cancers [4-7].
The ability of siRNA to specifically and efficiently silence
nearly any target gene of interest could be valuable in sup-
pressing the expression of MDR-related proteins, such as
P-gp. The combination of chemotherapeutics and siRNA has
been recognized as an attractive option for overcoming drug
resistance [3, 8, 9].

In seeking to realize such a combination therapy, a critical
challenge is the development of effective and safe vehicles
to deliver chemotherapeutics and siRNA [10]. Nanomateri-
als have been extensively explored as an RNAi-based deliv-
ery platform to treat cancer cells because of their ability to
circumvent drug resistance mechanisms and protect siRNA
from biodegradation [11-19]. Nowadays, to further opti-
mize the RNAI nanotherapeutic approach and shorten drug
development time, it is important to incorporate imaging
modalities into therapy [20-22]. By visualizing, character-
izing, and quantifying the biological process (e.g., cellular
uptake, subcellular dissociation, and stability) of genes and
drugs, the therapeutic effects can be monitored in real time.
However, organic dyes (e.g., carboxyfluorescein (FAM) and
Alexa Fluor 647) suffer from severe photobleaching, while
heavy metal-containing quantum dots might pose potential
safety hazards [13, 16]. Consequently, novel, fluorescent,
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all-in-one nanocarriers with superior optical properties (e.g.,
high and stable fluorescence) and excellent biocompatibility
are needed to facilitate the development of imaging-guided
RNAi-based combination therapy in drug-resistant cancer
cells.

Recently, fluorescent silicon nanoparticles (SiNPs) that
are extremely photostable and possess relatively strong fluo-
rescence have emerged as a novel and promising fluorescent
bioprobe in a wide range of optical applications [23-25].
For example, by modifying SiNPs with targeted peptides,
the resulting SiNPs bioprobe featuring strong/stable fluo-
rescence (photoluminescence quantum yield, PLQY, of
approximately ~28%) and small size (< 10 nm) were applied
for real-time and long-term imaging of cancer cells [26].
Biosensors based on fluorescent SiNPs with negligible
cytotoxicity were developed for the specific and sensitive
detection of lysosomal pH fluctuation by the conjugation of
pH-sensitive compounds (i.e., dopamine) to SiNPs [27]. In
particular, one of our recent studies demonstrated that doxo-
rubicin (DOX) can be loaded on SiNPs to produce SiNPs-
based nanocarriers with pronounced fluorescence and robust
photostability [28]. The prepared SiNPs-based nanocarri-
ers with adjustable drug-loading capacity were very suit-
able for optical imaging-guided cancer therapy because of
their high fluorescence and robust photostability. However,
it remains unknown whether these nanocarriers are available
for imaging-guided co-delivery of siRNA and chemothera-
peutic agents, facilitating the enhancement of the therapeutic
efficacy in MDR cancer cells.

Herein, the fluorescent SiNPs-based nanocarriers were
used for MDR cancer cells via the co-delivery siRNAs and
DOX. The strong and stable fluorescence signals of SiNPs
allowed the long-term fluorescence tracking of the intracel-
lular transport of siRNA and DOX and revealed their time-
dependent and dual-responsive release behaviors. Remark-
ably, the successful MDR1 gene silencing (approximately
80%) by dissociated siRNA enhanced the accumulation of
DOX molecules in drug-resistant MCF-7 cells (MCF-7/
ADR), which decreased the half maximal inhibitory concen-
tration (IC5) of DOX by over 35-fold. Our results suggest
that SiNPs-based fluorescent nanocomposites can be used
as imaging-guided RNAi-based co-delivery nanoagents for
the treatment of MDR cancer cells.

https://doi.org/10.1007/s40820-019-0257-1
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2 Experimental

2.1 Preparation and Characterization of SINP-DOX/
siRNA Nanocomposites

Fluorescent SiNPs were synthesized through a photochem-
ical method as described in our previous work [29]. In
short, the precursor solution was first prepared by adding
100 mL (3-aminoprophyl) trimethoxysilane (APTES, 97%;
SigmaAldrich, USA) containing 20 g 1,8-naphthalimide
(SigmaAldrich) to 900 mL Milli-Q water. After a thor-
ough 10-min stirring, the mixture was allowed to react for
40 min at room temperature by exposure to ultraviolet light
at 365 nm (Spectroline, USA). To purify the as-prepared
SiNPs, the solution was carefully dialyzed in de-ionized
water in dialysis bags with a molecular weight cutoff of
1 kDa (Biotopped Life Sciences, China). Thereafter, DOX
molecules (Huafeng United Technology Co. Ltd., China)
were loaded onto purified SiNPs to prepare SiNP-DOX
conjugates as we previously detailed [28]. Excess DOX
molecules were removed by ultrafiltration using 10 kDa
Nanosep centrifugal devices (Pall Life Sciences, USA).
SiNP-DOX/siRNA nanocomposites were further prepared
by mixing the resultant SINP-DOX with 176 ng of P-gp
siRNA (GenePharma Co. Ltd., China) (Table S1) with
vigorous stirring at different SiINPs/siRNA (w/w) ratios
of 30, 90, 150, 210, and 270. The resultant mixtures were
analyzed by 1.5% agarose gel electrophoresis. To visualize
siRNA patterns, 1% Gel Red (Biotium, USA) was added
in the gel. The siRNA patterns were imaged by Imager
600 (Amersham, UK) and quantified by Image J software
(NIH, USA) [30].

Transmission electronic microscopy (TEM), high-
resolution TEM (HRTEM, CM 200 electron microscope;
Philips, USA), dynamic light scattering (DLS, ZEN3690;
Malvern Corp, U.K.), ultraviolet—visible (UV-Vis)-near-
infrared (NIR) absorption (Lambda 750 spectrophotom-
eter; PerkinElmer, USA) and photoluminescence (PL,
FLUOROMAX-4 spectrofluorimeter; HORIBA Jobin
Yvon SAS, France) were utilized to characterize the
resultant SiNPs, SiNPs-DOX, and SiNP-DOX/siRNA
nanocomposites.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.2 Stability Evaluation

To test the stability of SiNP-DOX/siRNA in the culture
media, the as-prepared SINP-DOX/siRNA nanocomposites
(SiNPs/siRNA (w/w) ratio of 210) were first incubated
in RPMI-1640 medium for 24 and 48 h at 37 °C. Before
the samples were analyzed by 1.5% agarose gel electro-
phoresis, the siRNA was released from the nanocompos-
ites using 1% heparin. For the RNase A protection assay,
SiNP-DOX/siRNA nanocomposites were incubated with
1 ng RNase A at 37 °C for 1 h. The nuclease activity of
RNase A was terminated by treatment with 25 mM sodium
dodecyl sulfate (SDS, 99%; J&K Scientific Ltd., China)
at 60 °C for 5 min. The same analyses as described in
Sect. 2.2 were performed on the samples.

2.3 Dual-Responsive Release Behavior

To investigate the release of siRNA, SINP-DOX/siRNA
nanocomposites were incubated in phosphate-buffered saline
(PBS) containing high concentrations of phosphate groups
(540 mM) for 12 h at 37 °C. Next, the samples were ana-
lyzed by agarose gel electrophoresis. The release of DOX
was further studied by incubating SiNP-DOX/siRNA nano-
composites at pH 5.0, 7.4, and 8.4 for 3, 6, 12, 24, 36, 48, 60,
and 72 h. After each treatment, the samples were subjected
to ultrafiltration to collect the released DOX, which was
quantified using the determined UV-Vis—NIR absorbance
spectra. To assess the effect of encapsulated siRNA on DOX
release, SINP-DOX/siRNA nanocomposites pretreated by
1% heparin were set as the control group. SINP-DOX/siRNA
(containing heparin) was then treated as described above.

2.4 Intracellular Distribution

MCF-7 and drug-resistant MCF-7/ADR cells were cultured
in RPMI-1640 medium supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS) and 1% (v/v) penicil-
lin—streptomycin antibiotics. MCF-7/ADR cells were cul-
tured in wells of 24-well plates on cover slips at a density
of 1.2x 10° cells/well for 24 h and then incubated with
nanocomposites for 3, 6, 12, and 24 h. To determine the
intracellular localization of SiNP-DOX/siRNA nanocompos-
ites, cells were stained with LysoTracker Green DND-26
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(125 nM; Invitrogen, USA) for 40 min. Afterward, the
samples were mounted on microscope slides using Fluo-
romount (F4680; SigmaAldrich), examined by laser scan-
ning confocal microscopy (LSCM) using a model TCS-SP5
microscope (Leica, Germany), and quantified with LAS
AF Lite software (Leica). SiNPs and LysoTracker Green
DND-26 were excited by 405 and 476 nm; corresponding
emission windows were 420 to 480 nm and 500 to 550 nm,
respectively.

2.5 Intracellular Release

To study the intracellular release of siRNA and DOX from
SiNP-DOX/siRNA nanocomposites, FAM-labeled siRNA
(siRNA™M purchased from GenePharma Co. Ltd., China)
was used to fabricate SiINP-DOX/siRNAFAM nanocompos-
ites. MCF-7/ADR cells were incubated with SINP-DOX/
siRNAFAM nanocomposites (Agnp=1, DOX=5 pg mL~!,
and 100 nM siRNAFAM) for 3, 6, and 12 h. After treatment,
cells were examined using LSCM. The excitation wave-
lengths for SiNPs, siRNA™M, and DOX were 405, 476, and
488 nm, and the emission windows were 420 to 480 nm, 500
to 550 nm, and 560 to 650 nm, respectively. All images were
captured using the same instrument settings.

2.6 In vitro Gene-Silencing Efficiency

To evaluate the gene-silencing efficiency of SiNP-DOX/
siRNA nanocomposites in vitro, quantitative real-time
transcription polymerase chain reaction (QRT-PCR) was
first employed to quantify intracellular P-gp expression
at the mRNA level. MCF-7-/ADR cells were seeded in
wells of 24-well plates at a density of 1.5x 10° cells/
well overnight, and then treated with SiNPs, SiINP-DOX,
SiNP-DOX/NC siRNA (scrambled siRNA), or SiNP-DOX/
siRNA (three strands of P-gp siRNA). After a 24 h incu-
bation, cells were cultured in fresh medium and allowed
to grow for another 24 h. After that, the total RNA in
each sample was collected according to the established
Trizol reagent protocol (Invitrogen, USA) [31] and cor-
responding cDNA was obtained using PrimeScript® RT
reagent kit (Takara Biotechnology Co. Ltd, Japan). The
mixture of cDNA, forward and reverse primers (designed
by Primer Bank, Table S2) and the SYBR Green Master
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Mix (Biotool, USA) was run on the CFX96 Real-Time
PCR Detection System (Bio-Rad, USA). f-actin was used
as an internal loading control (Table S2).

Immunofluorescent staining was utilized to visually
evaluate P-gp expression at the protein level. Briefly,
MCF-7/ADR cells were treated as described above, fixed
with 4% paraformaldehyde containing 4% sucrose for
20 min, and blocked with 4% BSA containing 0.1% Tri-
ton X-100 for 40 min. The cells were incubated with P-gp
primary mouse monoclonal antibody (1:300, Santa Cruz
Biotechnology, USA) for 2 h, followed by washing three
times with PBS containing 0.1% Tween 20. Fluorescein
isothiocyanate (FITC)-labeled secondary goat anti-mouse
antibody (1:300, Santa Cruz Biotechnology) and Hoechst
33258 (3 pg mL~!; Beyotime Biotechnology, China) were
used to stain cells. Finally, the samples were imaged by
LSCM. For Hoechst 33258 staining, the excitation wave-
length was 405 nm and the emission window was 420
to 480 nm. The excitation wavelength and correspond-
ing emission window for FITC were 488 nm and 500 to
550 nm.

2.7 MTT Assay

A standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, SigmaAldrich) assay was car-
ried out to evaluate the in vitro therapeutic effect. Cells
were seeded in wells of a 96-well plate at a density of
0.8 x 10* cells/well. Different concentrations of free DOX
(0.63-10 pg mL™"), pure SiNPs (Ag;yp: 0.125-2), SiNP-
DOX (DOX: 0.6310 pg mL ™!, Ag;\p: 0.125-2) conjugates,
SiNP-DOX/NC siRNA and SiNP-DOX/siRNA (DOX:
0.63-10 pg mL™!, Ag;p: 0.125-2, siRNA: 12.5-200 nM)
nanocomposites were used to treat the cells. After a
72-h incubation, cells were treated with MTT (20 pL,
5 mg mL™") for 4 h and then lysed by 10% acidified SDS.
To determine the cell viability, absorbance at 570 nm of
each well was determined using the model 680 microplate
reader (Bio-Rad). Three independent assays were per-
formed in triplicate for all measurements. SPSS Statistics
17.0 software (SPSS Inc., USA) was used to calculate ICy,
values.

https://doi.org/10.1007/s40820-019-0257-1
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Fig. 1 a Proposed fabrication scheme of SiNP-DOX/siRNA nanocomposites. b TEM image of the prepared SiNP-DOX/siRNA nanocomposites.
Insets present the enlarged HRTEM image. ¢ Diameter distribution of SiNP-DOX/siRNA nanocomposites determined from TEM. d DLS of pure
SiNPs (black line), SINP-DOX conjugates (blue line) and SiNP-DOX/siRNA nanocomposites (red line). e Photoluminescence spectra of pure
SiNPs (black line), SINP-DOX conjugates (blue line) and SiNP-DOX/siRNA nanocomposites (red line) upon excitation at 405 nm. f Gel retarda-
tion electrophoresis of free siRNA and SiNP-DOX/siRNA nanocomposites prepared at different SiNPs/siRNA (w/w) ratios. g The stability of
SiNP-DOX/siRNA nanocomposites in culture medium (RPMI-1640). Lane 1 is the naked siRNA incubated in DEPC water for 25 min. Naked
siRNA (lane 2, 5) and SiNP-DOX/siRNA nanocomposites (Lane 3, 6) are incubated with RPMI-1640 medium for 24 and 48 h. SINP-DOX/siRNA

nanocomposites (Lane 4, 7) are incubated with RPMI-1640 medium for 24 and 48 h followed by 1% heparin treatment. (Color figure online)

3 Results and Discussion

3.1 Fabrication and Characterization of SiNP-DOX/
siRNA Nanocomposites

Fluorescent (PLQY ~25%) and water-dispersible SiNPs were
synthesized as described in the Experimental Section and
as we previously detailed [29]. DOX and siRNA were then
sequentially loaded onto SiNPs via hydrophobic and electro-
static interactions, respectively, as shown in Fig. 1a. Before the
addition of siRNA, the fabricated SINP-DOX nanocomposites
[28] were washed several times to remove free DOX. Washing

0
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was done until the fluorescence of the filtrate was undetectable
(Fig. S1). To examine the formation of SiINP-DOX/siRNA
nanocomposites, TEM, DLS, and agarose gel electrophoresis
were carried out. TEM images revealed the spherical shape
of the SINP-DOX/siRNA nanocomposites, with a diameter
of ~6.3 nm (Fig. 1b, c¢). The diameter of SiNPs and SiNP-
DOX nanocomposites was ~2.7 and 4.2 nm, respectively (Fig.
S2a, b). The hydrodynamic diameter of SINP-DOX/siRNA
nanocomposites as determined by DLS was ~7.2 nm, which
was also obviously larger than those of pure SiNPs (~3.6 nm)
and SiNP-DOX conjugates (~4.7 nm) (Fig. 1d), providing evi-
dence of the loading of siRNA onto SiNP-DOX. It is worth

@ Springer
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noting that the successful binding of siRNA had very little
influence on the optical properties of SINP-DOX conjugates.
As shown in Figs. le and S3, the UV-Vis—NIR absorption
and PL spectra of SiNP-DOX conjugates displayed no obvious
changes after siRNA loading. To confirm the siRNA bind-
ing capabilities of SINP-DOX, agarose gel electrophoresis
was performed after mixing the SINP-DOX nanocomposite
with siRNA at different SINPs/siRNA (w/w) ratios. As shown
in Fig. 1f, the migration of siRNA in the gel was gradually
retarded with increasing ratios of SINP-DOX. Almost no free
siRNA could be detected at a w/w ratio above 150, demonstrat-
ing the complete binding of siRNA by SiNP-DOX conjugates.
The loading efficiency of siRNA quantitatively calculated by
Image J was as high as ~98% at the w/w ratio of 150 (Fig. S4).

The capability of SINP-DOX/siRNA to protect siRNA from
nuclease degradation is evaluated by incubating SiNP-DOX/
siRNA with culture medium (RPMI-1640) or RNase A. As
depicted in Figs. 1g and S5, the band intensity of naked siRNA
decreased rapidly with time; only ~37% and 19% of the siRNA
maintained its integrity after incubation with medium for 24
and 48 h, respectively (Fig. 1g, lane 2 and 5). In sharp contrast,
~100% siRNA loaded onto SiNP-DOX/siRNA nanocompos-
ites was released by heparin, even after a 48-h incubation with
medium (Fig. 1g, lane 7), suggesting that the loaded siRNAs
were effectively protected from nuclease degradation. This
protection could be attributed to steric hindrance on surfaces,
consistent with several previous studies [15, 32]. Additionally,
following the incubation of the SINP-DOX/siRNA nanocom-
posites with RNase A for 1 h, the loaded siRNA was hardly
degraded, consistent with its protection by the SINP-DOX/
siRNA nanocomposites (Fig. S6). Moreover, the SINP-DOX/
siRNA nanocomposites had extremely high storage or photo-
stability (Fig. S7). The fluorescence intensity remained stable
in different incubation conditions (i.e., PBS and RPMI-1640
medium) during 1 week at 37 °C. These results suggested the
potential feasibility for the long-term analysis of the intracellu-
lar behavior of SiNPs-based nanocarriers via tracking of their
fluorescence signals.

3.2 Dual-Controlled Release of siRNA and DOX

Besides sufficient protection of siRNA from nuclease deg-
radation, the controlled and efficient release of siRNA to the
cytoplasm is required for successful siRNA delivery [10].
The siRNA loaded onto SiNP-DOX/siRNA nanocomposites

© The authors

could be completely released by 1% heparin (Fig. 2a, lane
3). To further model the intracellular environment, PBS con-
taining different concentrations of the phosphate group was
used to promote the release of siRNA from the SiNP-DOX/
siRNA nanocomposites. As obviously apparent in Figs. 2a
and S8, siRNA was gradually released from the nanocom-
posites as the phosphate group concentration increased.
After incubation with 10 mM PBS for 1 h, more than 45%
of the siRNA was released. When the concentration of PBS
increased to 40 mM, the release of siRNA was ~82%. It is
reasonable to expect that the siRNA can be dissociated from
the SINP-DOX/siRNA nanocomposites after their cellular
internalization into endosomes as endosomes have a much
higher concentration of endogenous phosphate ions than the
surrounding environment [15, 33]. Furthermore, the DOX
release behavior was quantitatively studied in an acidic-to-
basic environment. A pH-dependent release of DOX was
evident, i.e., more DOX molecules were released in pH 5.0
than those released at pH 7.4 and 8.4 (Fig. 2b, line graphs
with triangular dots), in accordance with the release behav-
ior of SINP-DOX (Fig. S9). Typically, after a 72-h incuba-
tion at pH 8.4 and 7.4,<4% and 9% of the loaded DOX
was released from SiNP-DOX/siRNA nanocomposites,
respectively. In sharp contrast, ~37% of the loaded DOX
was released from the SINP-DOX/siRNA nanocomposites
upon incubation in an acidic environment (pH 5.0). It can
be speculated that the SINP-DOX/siRNA nanocomposites
maintain their integrity in cell culture or blood before reach-
ing the action site (e.g., endosomes or lysosomes). Notably,
due to the presence of siRNA, the release of DOX from
SiNP-DOX/siRNA was slower than from SiNP-DOX. When
the SiNP-DOX/siRNA nanocomposites were pretreated
with 1% heparin (i.e., siRNA dissociated), the increased
release of DOX molecules was obvious, especially at pH
5.0 (Fig. 2b, red line graphs with circular dots). For example,
~48% of the loaded DOX was released from SiNP-DOX/
siRNA nanocomposites—termed SiNP-DOX/siRNA (Hepa-
rin +)—after a 72-h incubation at pH 5.0, which was almost
equal to SINP-DOX nanocomposites (i.e., ~50%, Fig. S9).

3.3 Intracellular Trafficking
To further demonstrate the controlled release behavior of

SiNP-DOX/siRNA nanocomposites inside cells, we first
investigated their subcellular localization. LysoTracker

https://doi.org/10.1007/s40820-019-0257-1
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Fig. 2 Dual-controlled release of siRNA and DOX from SiNP-DOX/siRNA nanocomposites and subcellular localization of SiNP-DOX/siRNA
nanocomposites. a siRNA release in phosphate-buffered saline (PBS), lane 1: siRNA; lane 2: SINP-DOX/siRNA nanocomposites; lane 3: SiNP-
DOX/siRNA nanocomposites treated with 1% heparin; lane 4-7: SiNP-DOX/siRNA nanocomposites treated with different concentrations of
PBS. b DOX release from SiNP-DOX/siRNA nanocomposites without or with heparin treatment (heparin +) at different pH values for different
interval times. Data are presented as mean+SD (n=3). (**) P<0.01, compared to those of the SINP-DOX/siRNA nanocomposites group. ¢
Confocal images of SINP-DOX/siRNA nanocomposites (DOX =5 pg mL™!, Agp= 1, siRNA =100 nM) incubated with MCF-7/ADR cells for
3, 12, and 24 h. Scale bar=25 pm. Pearson’s correlation coefficient (R,) values are displayed in white. (1, 2 and 3) Enlargement images of region
of interests for MCF-7/ADR cells. Scale bar=10 pm. The fluorescence of SiNPs and lysosomes is indicated as blue and green, respectively.

(Color figure online)

Green DND-26 was used to label lysosomes. After a 3-h
incubation, the fluorescence signals of SiNPs were clearly
observed as blue fluorescent dots (Fig. 2c, left panel). As
shown in the merged confocal microscopic images, cyan
dots were distinctly found, indicating the colocalization
of SiNPs (blue signals) with lysosomes (green signals).
The value of the Pearson’s correlation coefficient (R,,
one standard measure for analyzing colocalization) was

SHANGHALI JIAO TONG UNIVERSITY PRESS

calculated as 0.45, providing a quantitative confirmation
of the good colocalization between SiNPs and lysosomes.
At incubation times of 12 and 24 h, the R, values increase
to 0.61 and 0.75, respectively. These results clearly dem-
onstrated that the co-delivered SiNPs-based nanocompos-
ites (i.e., SINP-DOX/siRNA) can be retained in lysosomes
after cellular internalization. DOX and siRNA may be
released from nanocomposites responsive to acidic (pH

@ Springer
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Fig. 3 Intracellular trafficking of SINP-DOX/siRNA nanocomposites (SINP-DOX/siRNA™M, siRNA labeled with FAM) in MCF-7/ADR cells.
The fluorescence of SiNPs, siRNAM and DOX is indicated as blue, green, and red, respectively. a Confocal images of localization of SiNP-
DOX/siRNAFAM (DOX =5 pg mL~!, Agps= 1, siRNAFAM=100 nM) at different time points. Scale bar=25 pm. b Summarized R, values as a
function of time. ¢ The geometric mean fluorescence intensity (MFI) of SiNPs, siRNAFAM and DOX in a calculated via Leica LAS AF Lite soft-
ware. (**) P<0.01, compared to the DOX group. (##) P <0.01, compared to the siRNAF*M group. Data represent as mean +SD (n=3)

5.0-5.5) and phosphate-enriched environment of lys-
osomes [15, 33, 34].

The intracellular dissociation of siRNA and DOX from
SiNPs-DOX/siRNA nanocomposites was followed visu-
ally, taking advantage of the strong and stable fluorescence
of SiNPs (Fig. 3). siRNA was labeled with the organic
dye FAM (designated siRNAFAM)_ After a 3-h incuba-
tion, both the fluorescence signals of siRNAFAM (green)
and DOX (red) were well colocalized with that of SiNPs
(blue), and the corresponding R, values were 0.66 (SiNPs
vs siRNAFAM) and 0.54 (SiNPs vs DOX) (Fig. 3a, b). The
results suggested that siRNA and DOX molecules were
still loaded on SiNPs-based nanocarriers at 3 h. At 6 h, an

© The authors

obvious dissociation of siRNA was observed, as demon-
strated by the separation of green (siRNAFAM) fluorescence
from blue (SiNPs). Accordingly, the R, value decreased to
0.23 between fluorescent channels of siRNAFAM (green)
and SiNPs (blue). When the incubation time was extended
to 12 h, the R, value for siRNAF*M and SiNPs became
close to 0, suggesting a more extensive release of siRNA.
For DOX, the R, value of red (DOX) and blue fluorescence
(SiNPs) gradually decreased to 0.40 and 0.12 at 6 and
12 h incubation, respectively. The relatively rapid release
of siRNA (~12 h) would be beneficial for intracellular
DOX accumulation, as evidenced by the enhanced mean
fluorescence intensity of DOX released from the SiNPs

https://doi.org/10.1007/s40820-019-0257-1
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(Fig. 3c), because the time would be sufficient time for
siRNA-mediated MDR1 gene silencing [35].

3.4 In Vitro Gene-Silencing Efficiency

The silencing efficiency of SINP-DOX/siRNA nanocom-
posites for the MDR1 gene was further evaluated at the
mRNA and protein levels. It is worth noting that we chose
three types of siRNA strands with different G+C contents

120
(a) —xx

80

40

P-gp mRNA expression (%)

SiNP-DOX/siRNA1

SiNP-DOX/siRNA2

(i.e., siRNA1, ~29%; siRNA2, ~38%; siRNA3, ~43%)
targeting the MDR1 gene to prepare the SiNP-DOX/
siRNAT1, SiNP-DOX/siRNA2, and SiNP-DOX/siRNA3
nanocomposites. As shown in Fig. 4a, qRT-PCR analy-
sis demonstrated that the transcription of MDR1 gene
was preserved by >90% upon treatment with the SiNP-
DOX and SiNP-DOX/NC siRNA nanocomposites, sug-
gesting the marginal influence of pure SiNPs, DOX,
or NC siRNA on P-gp mRNA expression. In contrast,

35H°)

SiNP-DOX/NC siRNA

SiNP-DOX/siRNA3

Fig. 4 Gene-silencing efficiency in vitro. a Suppression of MDR1 mRNA level quantified by qRT-PCR. (**) P <0.01, compared to the SiNP-
DOX/NC siRNA group. (##) P<0.01, compared to the SINP-DOX/siRNA1 group. b The expression of P-gp evaluated by immunofluorescence
staining. Scare bar=25 pm. The fluorescence of P-gp and nucleus is indicated as green and blue, respectively. ¢ The geometric mean fluo-
rescence intensity of P-gp in b calculated using LAS AF Lite software. (¥***) P<0.001, compared to the SINP-DOX/NC siRNA group. (##)
P <0.01, compared to the SINP-DOX/siRNA1 group. Data represent as mean +SD (n=3)
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SiNP-DOX/siRNA nanocomposites induced significant
knockdown of P-gp mRNA expression in MCF-7/ADR
cells. The silencing efficiency of SiNP-DOX/siRNA
nanocomposites ranged from ~53% (SiNP-DOX/siRNA1)
to~80% (SiNP-DOX/siRNA3), with an increase of 1.5-
fold as the G+C content of siRNA increased from 29%
(siRNA1) to 43% (siRNA3). The relatively higher G+C
content may stabilize siRNA duplexes and increase the
binding affinity for target mRNA [36]. The down-regu-
lation of P-gp mRNA expression induced by SiNP-DOX/
siRNA nanocomposites in MCF-7/ADR cells was also
confirmed by agarose gel electrophoresis (Fig. S10). In
addition, to examine the silencing effect of SiINP-DOX/
siRNA nanocomposites at the protein level, immunofluo-
rescence staining was performed to directly visualize P-gp
protein expression (Fig. 4b). It was clearly evident that
untreated MCF-7/ADR cells displayed high fluorescence
intensity (green), suggesting the overexpression of P-gp
protein. After treatment with SINP-DOX or SiNP-DOX/
NC siRNA nanocomposites, the fluorescence intensity
of the cells decreased very little compared to that of
untreated MCF-7/ADR cells. In sharp contrast, very weak
green fluorescence signals were observed in the SiNP-
DOX/siRNA nanocomposites-treated groups, indicating
the extremely low expression of P-gp protein. Quantita-
tive determination of the geometric mean fluorescence
intensity with CLSM software is shown in Fig. 4c, which

corroborated the G+C content-dependent silencing effi-
ciency of SiINP-DOX/siRNA nanocomposites on P-gp
protein expression.

3.5 Reversal of Drug Resistance of MCF-7/ADR Cells

To examine whether the efficient knockdown of MDR1
gene mediated by SiNP-DOX/siRNA could induce distinct
enhancement of chemotherapeutic efficiency, the cytotoxic-
ity of SiNPs, DOX, SiNP-DOX, SiNP-DOX/NC siRNA, and
SiNP-DOX/siRNA nanocomposites on MCF-7/ADR cells
was assessed using the MTT assay (Fig. 5a). Viability was
preserved in cells treated with free DOX (0.63-10 pg mL™),
with ~90% viability even after the 72-h incubation. Due to
the overexpression of P-gp protein, a very low accumula-
tion of the therapeutic agent (DOX) was evident in free
drug-treated MCF-7/ADR cells compared to that in MCF-7
cancer cells (Fig. S11). Notably, SiNPs-treated cells also
maintained approximately 90% viability, suggesting that
SiNPs had little toxic effect on MCF-7/ARD cells. Interest-
ingly, the cell viability was reduced to ~60% when MCF-7/
ADR cells were incubated with the maximum concentra-
tion of SINP-DOX (Ag;xps: 2; DOX: 10 pg mL™") for 72 h.
The result is reasonable because nanomaterial-based carriers
have the ability to circumvent drug resistance mechanisms
to a certain extent [11-19]. Comparatively, when MCF-7/

a
120 -( )g e
: 90+ B # #H
s I I
z = = IJ I #t
3 60
: 1 In
3 I
O 3o} I
0.63 1.25 25 5 10
Concentration (ug mL=1)
I SiNP N DOX SiNP-DOX

SiNP-DOX/NC siRNA

SiNP-DOX/siRNA3

Fig. 5 In vitro cytotoxicity assay. a After the 72-h incubation, the MCF-7/ADR cell viabilities of free SINPs (Agjnp,: 0.125-2), free DOX (0.63—
10 pg mL~1), SINP-DOX conjugates (Agyps: 0.125-2; DOX: 0.63-10 pug mL™!), SiNP-DOX/NC siRNA and SiNP-DOX/siRNA nanocomposites
(Aginps: 0.125-2; DOX: 0.63-10 pg mL™'; siRNA: 12.5-200 nM) were determined using the MTT assay. b ICs, values of different kinds of
agents calculated from the cell viability assays. Data represent as mean=+SD (n=4), (¥**) P<0.01, (***) P<0.001, compared to the free DOX
group; (#) P<0.05, (##) P <0.01, (###) P <0.001, compared to the SINP-DOX-NC group
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ADR cells were treated with a corresponding concentration
of SiNP-DOX/siRNA3 nanocomposites (Ag;ps: 2; DOX:
10 pg mL~!; siRNA: 200 nM), the cell viability decreased
to 30%. Similar results were observed in the other two
SiNP-DOX/siRNA nanocomposites-treated groups (Fig.
S12), while the viability of SINP-DOX/NC siRNA-treated
cells remained at ~50% at this concentration (Ag;yps: 25
DOX: 10 pg mL™'; siRNA: 200 nM). The ICs, was further
analyzed based on the results of MTT assay (Fig. Sa; Figs.
S13 and S14). As shown in Fig. 5b, the ICy, values for free
DOX, SiNP-DOX, SiNP-DOX/NC siRNA, and SiNP-DOX/
siRNA3 nanocomposites were calculated as 112.5, 17.7,
19.2, and 3.0 pg mL~", respectively. Of particular note, for
SiNP-DOX/siRNA3, there was a 36.5-fold decrease in ICs
in comparison with that of free DOX, indicating the high
therapeutic efficiency of the resultant nanocomposites for
drug-resistant breast cancer cells (MCF-7/ADR). These data
clearly demonstrated that co-delivery of siRNA and DOX by
SiNPs-based nanocarriers can effectively reverse MDR by
inhibiting P-gp expression and can coincidentally increase
the drug sensitivity of MCF-7/ADR cells, resulting in the
highly efficient killing of MDR cancer cells.

4 Conclusions

We developed a novel fluorescent SiNPs-based nanomedi-
cine platform, which is useful for imaging-guided co-deliv-
ery of siRNA and doxorubicin, enabling the enhancement
of therapeutic efficacy in drug-resistant cancer cells. The
nanomedicine platform (SiNP-DOX/siRNA nanocompos-
ites) displayed dual-controlled release of siRNA and DOX
molecules, which could be analyzed for prolonged periods
in live cells by tracking fluorescence signals of SiNPs. The
disassociated siRNA from SiNP-DOX/siRNA nanocom-
posite obviously down-regulated the expression of P-gp
at the mRNA and protein levels (~80%), thus ensuring the
sustained retention of released DOX in MCF-7/ADR cells.
The SiNP-DOX/siRNA nanocomposites potently induced
MCEF-7/ADR cell death, as evident from the 36.5-fold
decrease in ICs; (3 pg mL™") compared to that of the free
DOX group (112 pg mL™!), which overcame drug resist-
ance. The results demonstrate the effectiveness of fluores-
cent SiNPs for the imaging-guided co-delivery of siRNA
and DOX for therapy of MCF-7/ADR cells, and pave the
way for the development of nanomedicines for MDR cancer

| SHANGHAI JIAO TONG UNIVERSITY PRESS

cells. Of note, although silicon is distinguished by its low- or
non-toxicity, numerous pioneering studies conducted by Pro-
fessor Leong have revealed that nanoparticles may induce
endothelial leakiness [37—-40]. Therefore, further under-
standing of the behavior of SiNPs and SiNP-DOX/siRNA
nanocomposites in vivo requires further investigation for
their potential clinical application.

Acknowledgements We appreciate financial support from
the National Basic Research Program of China (973 Program,
2013CB934400), the National Natural Science Foundation of
China (Nos. 21825402, 31400860, 21575096, and 21605109),
the Natural Science Foundation of Jiangsu Province of China
(BK20170061), and a Project funded by Collaborative Innovation
Center of Suzhou Nano Science & Technology (NANO-CIC), the
Priority Academic Program Development of Jiangsu Higher Educa-
tion Institutions (PAPD), the 111 Project as well as Joint Interna-
tional Research Laboratory of Carbon-Based Functional Materials
and Devices.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

Electronic supplementary material The online version of this
article  (https://doi.org/10.1007/s40820-019-0257-1)  contains
supplementary material, which is available to authorized users.

References

1. C. Holohan, S. Van Schaeybroeck, D.B. Longley, P.G. John-
ston, Cancer drug resistance: an evolving paradigm. Nat. Rev.
Cancer 13, 714-726 (2013). https://doi.org/10.1038/nrc3599

2. M. Abbasi, A. Lavasanifar, H. Uluda”, Recent attempts at
RNAi-mediated P-glycoprotein downregulation for reversal
of multidrug resistance in cancer. Med. Res. Rev. 33, 33-53
(2013). https://doi.org/10.1002/med.20244

3. P.A. Watson, V.K. Arora, C.L. Sawyers, Emerging mecha-
nisms of resistance to androgen receptor inhibitors in pros-
tate cancer. Nat. Rev. Cancer 15, 701-711 (2015). https://doi.
org/10.1038/nrc4016

4. A. Fire, S. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver,
C.C. Mello, Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature 391, 806—
811 (1998). https://doi.org/10.1038/35888

5. S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K.
Weber, T. Tuschl, Duplexes of 21-nucleotide RNAs mediate
RNA interference in cultured mammalian cells. Nature 411,
494-498 (2001). https://doi.org/10.1038/35078107

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-019-0257-1
https://doi.org/10.1038/nrc3599
https://doi.org/10.1002/med.20244
https://doi.org/10.1038/nrc4016
https://doi.org/10.1038/nrc4016
https://doi.org/10.1038/35888
https://doi.org/10.1038/35078107

27

Page 12 of 13

Nano-Micro Lett. (2019) 11:27

a

~

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

J.E. Zuckerman, M.E. Davis, Clinical experiences with sys-
temically administered siRNA-based therapeutics in cancer.
Nat. Rev. Drug Discov. 14, 843-856 (2015). https://doi.
org/10.1038/nrd4685

Y. Min, J.M. Caster, M.J. Eblan, A.Z. Wang, Clinical trans-
lation of nanomedicine. Chem. Rev. 115(19), 11147-11190
(2015). https://doi.org/10.1021/acs.chemrev.5b00116

B. Jang, H. Kwon, P. Katila, S.J. Lee, H. Lee, Dual delivery of
biological therapeutics for multimodal and synergistic cancer
therapies. Adv. Drug Deliv. Rev. 98, 113-133 (2016). https://
doi.org/10.1016/j.addr.2015.10.023

. X.G. Ding, F. Peng, J. Zhou, W.B. Gong, G. Slaven, K.P.

Loh, C.T. Lim, D.T. Leong, Defect engineered bioactive
transition metals dichalcogenides quantum dots. Nat. Com-
mun. 10, 41 (2019). https://doi.org/10.1038/s41467-018-
07835-1

R. Kanasty, J.R. Dorkin, A. Vegas, D. Anderson, Delivery
materials for siRNA therapeutics. Nat. Mater. 12, 967-977
(2013). https://doi.org/10.1038/nmat3765

X. Xu, K. Xie, X.-Q. Zhang, E.M. Pridgen, G.Y. Park et al.,
Enhancing tumor cell response to chemotherapy through nan-
oparticle-mediated codelivery of siRNA and cisplatin prodrug.
Proc. Natl. Acad. Sci. U.S.A. 110(46), 18638-18643 (2013).
https://doi.org/10.1073/pnas.1303958110

A K. Iyer, A. Singh, S. Ganta, M.M. Amiji, Role of inte-
grated cancer nanomedicine in overcoming drug resistance.
Adv. Drug Deliv. Rev. 65, 1784-1802 (2013). https://doi.
org/10.1016/j.addr.2013.07.012

Y. Chang, K. Yang, P. Wei, S. Huang, Y. Pei, W. Zhao, Z. Pei,
Cationic vesicles based on amphiphilic Pillar [5] arene capped
with ferrocenium: a redox-responsive system for drug/siRNA
co-delivery. Angew. Chem. Int. Ed. 53(48), 13126-13130
(2014). https://doi.org/10.1002/anie.201407272

J.L. Shen, W. Zhang, R.G. Qi, Z.W. Mao, H.F. Shen, Engineer-
ing functional inorganic-organic hybrid systems: advances in
siRNA therapeutics. Chem. Soc. Rev. 47, 1969-1995 (2018).
https://doi.org/10.1039/C7CS00479F

C.B. He, K.D. Lu, D.M. Liu, W.B. Lin, Nanoscale metal-
organic frameworks for the co-delivery of cisplatin and pooled
siRNAs to enhance therapeutic efficacy in drug-resistant
ovarian cancer cells. J. Am. Chem. Soc. 136(14), 5181-5184
(2014). https://doi.org/10.1021/ja4098862

C.B. He, C. Poon, C. Chan, S.D. Yamada, W.B. Lin, Nanoscale
coordination polymers codeliver chemotherapeutics and siR-
NAs to eradicate tumors of cisplatin-resistant ovarian cancer.
J. Am. Chem. Soc. 138(18), 6010-6019 (2016). https://doi.
org/10.1021/jacs.6b02486

M. Wu, Q. Meng, Y. Chen, L. Zhang, M. Li et al., Large pore-
sized hollow mesoporous organosilica for redox-responsive
gene delivery and synergistic cancer chemotherapy. Adv.
Mater. 28, 1963-1969 (2016). https://doi.org/10.1002/
adma.201505524

J.L. Shen, H.C. Kim, H. Su, F. Wang, J. Wolfram et al., Cyclo-
dextrin and polyethylenimine functionalized mesoporous sil-
ica nanoparticles for delivery of siRNA cancer therapeutics.

© The authors

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Theranostics 4(5), 487-497 (2014). https://doi.org/10.7150/
thno.8263

J.L. Shen, R. Xu, J.H. Mai, H.C. Kim, X.J. Guo et al., High
capacity nanoporous silicon carrier for systemic delivery of
gene silencing therapeutics. ACS Nano 7(11), 9867-9880
(2013). https://doi.org/10.1021/nn4035316

Y. Liu, V. Gunda, X. Zhu, X. Xu, J. Wu et al., Theranostic
near-infrared fluorescent nanoplatform for imaging and sys-
temic siRNA delivery to metastatic anaplastic thyroid cancer.
Proc. Natl. Acad. Sci. U.S.A. 113(28), 7750-7755 (2016).
https://doi.org/10.1073/pnas.1605841113

R. Wang, L. Zhou, W.X. Wang, X.M. Li, F. Zhang, In vivo
gastrointestinal drug-release monitoring through second near-
infrared window fluorescent bioimaging with orally delivered
microcarriers. Nat. Commun. 8, 14702 (2017). https://doi.
org/10.1038/ncomms 14702

S. Kim, Y. Choi, G. Park, C. Won, Y.-J. Park, Y. Lee, B.-S.
Kim, D.-H. Min, Highly efficient gene silencing and bioim-
aging based on fluorescent carbon dots in vitro and in vivo.
Nano Res. 10(2), 503-519 (2017). https://doi.org/10.1007/
$12274-016-1309-1

F. Peng, Y.Y. Su, Y.L. Zhong, C.H. Fan, S.T. Lee, Y. He, Sili-
con nanomaterials platform for bioimaging, biosensing, and
cancer therapy. Acc. Chem. Res. 47(2), 612-623 (2014). https
://doi.org/10.1021/ar400221g

M. Montalti, A. Cantelli, G. Battistelli, Nanodiamonds and
silicon quantum dots: ultrastable and biocompatible lumines-
cent nanoprobes for long-term bioimaging. Chem. Soc. Rev.
44, 4853-4921 (2015). https://doi.org/10.1039/C4CS00486H
Y.Y. Su, X.Y. Ji, Y. He, Water-dispersible fluorescent sili-
con nanoparticles and their optical applications. Adv. Mater.
28(47), 10567-10574 (2016). https://doi.org/10.1002/
adma.201601173

C.X. Song, Y.L. Zhong, X.X. Jiang, F. Peng, Y.M. Lu et al.,
Peptide-conjugated fluorescent silicon nanoparticles ena-
bling simultaneous tracking and specific destruction of can-
cer cells. Anal. Chem. 87(13), 6718-6723 (2015). https://doi.
org/10.1021/acs.analchem.5b00853

B.B. Chu, H.Y. Wang, B. Song, F. Peng, Y.Y. Su, Y. He,
Fluorescent and photostable silicon nanoparticles sensors for
real-time and long-term intracellular pH measurement in live
cells. Anal. Chem. 88(18), 9235-9242 (2016). https://doi.
org/10.1021/acs.analchem.6b02488

X.Y.Ji, F. Peng, Y.L. Zhong, Y.Y. Su, X.X. Jiang et al., Highly
fluorescent, photostable, and ultrasmall silicon drug nanocar-
riers for long-term tumor cell tracking and in vivo cancer
therapy. Adv. Mater. 27(6), 1029-1034 (2015). https://doi.
org/10.1002/adma.201403848

Y.L. Zhong, X.T. Sun, S.Y. Wang, F. Peng, F. Bao et al.,
Large-quantity synthesis of stable, tunable-color silicon nano-
particles and their application for long-term cellular imaging.
ACS Nano 9(6), 5958-5967 (2015). https://doi.org/10.1021/
acsnano.5b00683

C.A. Schneider, W.S. Rasband, K.W. Eliceiri, NIH image to
imagel]: 25 years of image analysis. Nat. Methods 9, 671-675
(2012). https://doi.org/10.1038/nmeth.2089

https://doi.org/10.1007/s40820-019-0257-1


https://doi.org/10.1038/nrd4685
https://doi.org/10.1038/nrd4685
https://doi.org/10.1021/acs.chemrev.5b00116
https://doi.org/10.1016/j.addr.2015.10.023
https://doi.org/10.1016/j.addr.2015.10.023
https://doi.org/10.1038/s41467-018-07835-1
https://doi.org/10.1038/s41467-018-07835-1
https://doi.org/10.1038/nmat3765
https://doi.org/10.1073/pnas.1303958110
https://doi.org/10.1016/j.addr.2013.07.012
https://doi.org/10.1016/j.addr.2013.07.012
https://doi.org/10.1002/anie.201407272
https://doi.org/10.1039/C7CS00479F
https://doi.org/10.1021/ja4098862
https://doi.org/10.1021/jacs.6b02486
https://doi.org/10.1021/jacs.6b02486
https://doi.org/10.1002/adma.201505524
https://doi.org/10.1002/adma.201505524
https://doi.org/10.7150/thno.8263
https://doi.org/10.7150/thno.8263
https://doi.org/10.1021/nn4035316
https://doi.org/10.1073/pnas.1605841113
https://doi.org/10.1038/ncomms14702
https://doi.org/10.1038/ncomms14702
https://doi.org/10.1007/s12274-016-1309-1
https://doi.org/10.1007/s12274-016-1309-1
https://doi.org/10.1021/ar400221g
https://doi.org/10.1021/ar400221g
https://doi.org/10.1039/C4CS00486H
https://doi.org/10.1002/adma.201601173
https://doi.org/10.1002/adma.201601173
https://doi.org/10.1021/acs.analchem.5b00853
https://doi.org/10.1021/acs.analchem.5b00853
https://doi.org/10.1021/acs.analchem.6b02488
https://doi.org/10.1021/acs.analchem.6b02488
https://doi.org/10.1002/adma.201403848
https://doi.org/10.1002/adma.201403848
https://doi.org/10.1021/acsnano.5b00683
https://doi.org/10.1021/acsnano.5b00683
https://doi.org/10.1038/nmeth.2089

Nano-Micro Lett. (2019) 11:27

Page 13 of 13 27

31.

32.

33.

34.

35.

36.

M.E. Davis, J.E. Zuckerman, C.H.J. Choi, D. Seligson, A. Tol-
cher et al., Evidence of RNAI in humans from systemically
administered siRNA via targeted nanoparticles. Nature 464,
1067-1070 (2010). https://doi.org/10.1038/nature08956

Y. Tay, L. Yuan, D.T. Leong, Nature-inspired DNA nanosensor
for real-time in situ detection of mRNA in living cells. ACS
Nano 9(5), 5609-5617 (2015). https://doi.org/10.1021/acsna
n0.5b01954

M.I Setyawati, R.V. Kutty, D.T. Leong, DNA nanostructures
carrying stoichiometrically definable antibodies. Small 12(40),
5601-5611 (2016). https://doi.org/10.1002/smll.201601669

K.J. Zhou, Y.G. Wang, X.N. Huang, K. Luby-phelps, B.D.
Sumer, J.M. Gao, Tunable, ultrasensitive pH-responsive nano-
particles targeting specific endocytic organelles in living cells.
Angew. Chem. Int. Ed. 50(27), 6109-6114 (2011). https://doi.
org/10.1002/anie.201100884

D.H. Kim, L.M. Villeneuve, K.V. Morris, J.J. Rossi, Argo-
naute-1 directs siRNA-mediated transcriptional gene silencing
in human cells. Nat. Struct. Mol. Biol. 13, 793-797 (2006).
https://doi.org/10.1038/nsmb1142

B. Scaggiante, B. Dapas, R. Farra, M. Grassi, G. Pozzato,
G. Gabreile, C. Qiansante, G. Grassi, Improving siRNA bio-
distribution and minimizing side effects. Curr. Drug Metab.
12(1), 11-23 (2011). https://doi.org/10.2174/1389200117
9452001742

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

37.

38.

39.

40.

M.L Setyawati, C.Y. Tay, S.L. Chia, S.L. Goh, W. Fang, Tita-
nium dioxide nanomaterials cause endothelial cell leakiness
by disrupting the homophilic interaction of VE-cadherin. Nat.
Commun. 4, 1673 (2013). https://doi.org/10.1038/ncomm
$2655

C.Y. Tay, M.I. Setyawati, D.T. Leong, Nanoparticle density: a
critical biophysical regulator of endothelial permeability. ACS
Nano 11(3), 2764-2772 (2017). https://doi.org/10.1021/acsna
n0.6b07806

F. Peng, J.K. Tee, M.L. Setyawati, X.G. Ding, H.L.A. Yeo
et al., Inorganic nanomaterials as highly efficient inhibitors of
cellular hepatic fibrosis. ACS Appl. Mater. Interfaces. 10(38),
31938-31946 (2018). https://doi.org/10.1021/acsami.8b10527
F. Peng, M.I. Setyawati, J.K. Tee, X.G. Ding, J.P. Wang et al.,
Nanoparticles promote in vivo breast cancer cell intravasa-
tion and extravasation by inducing endothelial leakiness. Nat.
Nanotechnol. 14, 279-286 (2019). https://doi.org/10.1038/
$41565-018-0356-z

@ Springer


https://doi.org/10.1038/nature08956
https://doi.org/10.1021/acsnano.5b01954
https://doi.org/10.1021/acsnano.5b01954
https://doi.org/10.1002/smll.201601669
https://doi.org/10.1002/anie.201100884
https://doi.org/10.1002/anie.201100884
https://doi.org/10.1038/nsmb1142
https://doi.org/10.2174/13892001179452001742
https://doi.org/10.2174/13892001179452001742
https://doi.org/10.1038/ncomms2655
https://doi.org/10.1038/ncomms2655
https://doi.org/10.1021/acsnano.6b07806
https://doi.org/10.1021/acsnano.6b07806
https://doi.org/10.1021/acsami.8b10527
https://doi.org/10.1038/s41565-018-0356-z
https://doi.org/10.1038/s41565-018-0356-z

	Photostable and Biocompatible Fluorescent Silicon Nanoparticles for Imaging-Guided Co-Delivery of siRNA and Doxorubicin to Drug-Resistant Cancer Cells
	Highlights
	Abstract 
	1 Introduction
	2 Experimental
	2.1 Preparation and Characterization of SiNP-DOXsiRNA Nanocomposites
	2.2 Stability Evaluation
	2.3 Dual-Responsive Release Behavior
	2.4 Intracellular Distribution
	2.5 Intracellular Release
	2.6 In vitro Gene-Silencing Efficiency
	2.7 MTT Assay

	3 Results and Discussion
	3.1 Fabrication and Characterization of SiNP-DOXsiRNA Nanocomposites
	3.2 Dual-Controlled Release of siRNA and DOX
	3.3 Intracellular Trafficking
	3.4 In Vitro Gene-Silencing Efficiency
	3.5 Reversal of Drug Resistance of MCF-7ADR Cells

	4 Conclusions
	Acknowledgements 
	References




