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Abstract

Combination therapies consisting of multiple short therapeutic RNAs, such as small interfering 

RNA (siRNA) and microRNA (miRNA), have enormous potential in cancer treatment as they can 

precisely silence specific set of oncogenes and target multiple related disease pathways. However, 

clinical use of siRNA/miRNA combinations is limited by the availability of safe and efficient 

systemic delivery systems with sufficient tumor penetrating and endosomal escaping capabilities. 

This study reports on the development of multifunctional tumor-penetrating mesoporous silica 

nanoparticles (iMSNs) for simultaneous delivery of siRNA (siPlk1) and miRNA (miR-200c), 

using encapsulation of a photosensitizer indocyanine green (ICG) to facilitate endosomal escape 

and surface conjugation of iRGD peptide to enable deep tumor penetration. Increased cell uptake 

of the nanoparticles was observed in both 3D tumor spheroids in vitro and in orthotopic MDA-

MB-231 breast tumors in vivo. Using a galectin-8 recruitment assay, we showed that reactive 

oxygen species generated by ICG upon light irradiation functioned as an endosomolytic stimulus 

that caused release of the siRNA/miRNA combination from endosomes. Co-delivery of the 

therapeutic RNAs displayed combined cell killing activity in cancer cells. Systemic intravenous 

treatment of metastatic breast cancer with the iMSNs loaded with siPlk1 and miR-200c resulted in 

a significant suppression of the primary tumor growth and in marked reduction of metastasis upon 

short light irradiation of the primary tumor. This work demonstrates that siRNA-miRNA 

combination assisted by photodynamic effect and tumor penetrating delivery system may provide 

a promising approach for metastatic cancer treatment.
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1. INTRODUCTION

Nucleic acids have been investigated as a potential class of therapeutic agents for the 

treatment of various human diseases, including ongoing clinical trials focused on cancer, 

liver infections, ocular and retinal disorders, hematologic disorders, and urinary system 

diseases.1–4 Nucleic acids can selectively silence the expression of cancer-related genes and 

gene products, alter messenger RNA (mRNA) splicing, express genes, edit the genome, and 

regulate the pathways involved in the development and progression of cancer. Due to their 

potential to act against many otherwise un-druggable targets, RNA-based therapeutics 

including small-interfering RNA (siRNA), microRNA (miRNA), synthetic mRNA, and gene 

editing technologies (i.e., CRISPR/Cas9) have attracted considerable attention.5–10 Multiple 

clinical trials of RNA-based agents have already been conducted and achieved significant 

progress in the last 10 years,11–12 culminating in the 2018 FDA approval of the first siRNA 

lipid nanoparticle drug Onpattro (Alnylam) to treat polyneuropathy caused by hereditary 

transthyretin-mediated amyloidosis.13 There are currently hundreds of patients enrolled in 

clinical trials testing RNA therapeutics to fight against cancer, making this research concept 

into clinical reality.14

siRNA-based therapeutic approaches introduce a synthetic short double-stranded RNA into 

the cytoplasm of cells to elicit RNA interference (RNAi), thereby guiding the cleavage of a 

specific mRNA to inhibit transcription of the target protein.4, 15–16 The specificity of siRNA 

makes it attractive for personalized cancer treatment and thus more siRNA candidates have 

entered into clinical trials than any other RNA drugs.17–18 In contrast to siRNA, which are 

engineered to recognize only one mRNA, miRNAs have naturally evolved to regulate 
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networks of genes by degrading transcripts which share a partially complimentary motif on 

the 3' untranslated region of the mRNA. While miRNAs can themselves be dysregulated in 

cancer, miRNAs can also be used to block oncogenic pro-survival gene networks.19–22.

Despite the promise of siRNA and miRNA for cancer therapy, various hurdles need to be 

confronted before bringing them into clinical use. Due to the similar physicochemical 

properties, some of these challenges, like poor in vivo stability and off-target effects, are 

similar for both types of RNA molecules.23 Appropriate delivery systems should protect 

siRNA and miRNA from premature nuclease degradation and facilitate cellular uptake at 

target sites.24 Current viral vectors, non-viral vectors (polymers, lipids), and chemically 

modified RNAs have demonstrated effectiveness to some extent, but they all face different 

problems such as safety concerns, production costs, and generally poor correlation between 

in vitro and in vivo efficacy, making their development a significant challenge.25–27

The vast majority of nanosized RNA delivery systems is routed to the endosomal pathway 

upon cellular uptake from which they have to be liberated to reach the cytoplasm.21 In the 

past decades, researchers explored various strategies to overcome this barrier by getting 

across endosomal lipid bilayers, including rationally designing cationic materials to respond 

to the changes in pH during endosomal processing. These strategies face concerns of in vivo 
safety, stability and sensitivity of response, to achieve the goal of effective and controllable 

cytosolic delivery.28–30 Multiple studies showed that photochemical internalization (PCI) 

can improve cytoplasmic delivery of small RNAs by disrupting endo/lysosomal membranes 

through light-activated generation of reactive oxygen species (ROS).31–32 Applying the 

photochemical effect in the design of RNA delivery systems can increase the bioavailability 

of the therapeutic macromolecules in the tumor microenvironment. Further, potential 

phototoxicity of the photodynamic effect can be precisely controlled by regulating the 

exposure conditions and used to achieve a therapeutic advantage in cancer treatment.

Another obstacle for small RNA therapeutics in cancer is restricted vascular access and 

limited tissue permeability due to altered extracellular matrix, increased collagen content 

and density, and high interstitial fluid pressure in solid tumors.33 Our previous study 

demonstrated that tumor-homing and penetrating peptide iRGD, which interacts with αν 
integrins and neuropilin-1 receptor, can enhance nanoparticle penetration and distribution in 

orthotopic breast tumors via the recently suggested three-step endocytotic transport pathway.
34–35 After iRGD binding to integrins, the peptide exposes RXXK/R motif for neuropilin-1 

(NRP-1) receptor, which induces further penetration into tumor area and cells. Integrating 

the iRGD peptide into an RNA delivery system will likely be beneficial for delivery 

efficiency and therapeutic performance.

Here, we utilized mesoporous silica nanoparticles (MSNs) stabilized by a surface lipid layer 

conjugated to the iRGD peptide, as a tumor-penetrating RNA delivery carrier (Scheme 1). A 

near-infrared (NIR)-responsive photosensitizer, indocyanine green (ICG) was loaded into the 

MSNs for the local generation of ROS to enhance cytosolic RNA delivery. The large internal 

surface area and pore volume of MSNs ensure easy adsorption and high loading of various 

therapeutic agents.36–37 Further, simple cargo-loading and preparation methods are likely to 

be beneficial for future clinical translation and expanding therapeutic applications. More 
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importantly, MSN are biodegradable and many have been demonstrated safe in animal 

testing.38–39 As displayed in Scheme 1, we hypothesized that iRGD-modified lipid-coated 

MSN (iMSN) for co-delivery of siPlk1 and miR-200c mimic would display enhanced tumor 

penetration and superior anticancer activity in a metastatic breast cancer model. Polo-like 

kinase 1 (Plk1) is a well-established mitotic regulator of the cell cycle, which is 

overexpressed in various types of human tumors and suggested to control cancer 

development and progression.40 Silencing Plk1 expression inhibits cell proliferation and 

induces apoptosis.41 MiR-200c broadly suppresses cancer development via hindering 

epithelial-to-mesenchymal transition (EMT), which promotes epithelial cancer cells to 

acquire the migratory, invasive, and apoptosis-resistant activities of mesenchymal cancer 

cells. Increased levels of miR-200c can effectively decrease the extent of EMT.42–44 

Moreover, recent studies in mouse models revealed the crucial role of the activation of the 

EMT program for the dissemination of primary tumor cells to the lung and the formation of 

metastases.45 Combining siPlk1and miR-200c is thus expected to achieve improved 

therapeutic effect by acting both on the primary tumor and metastatic process by attacking 

multiple targets and cellular pathways in breast cancer. We hypothesized that the rational 

combination of siPlk1 and miR-200c is capable of enhancing overall antitumor performance 

by simultaneously targeting both primary tumor and metastasis.

2. MATERIALS AND METHODS

2.1 Materials.

Propylamine-functionalized silica particles (NH2-MSN) and soy phosphatidylcholine (SPC) 

were purchased from Sigma-Aldrich (St. Louis, MO). Indocyanine green (ICG) was 

obtained from Polysciences (Warrington, PA). MicroRNA-200c mimic (mature microRNA 

sequence: 5′-UCACAACCUCCUAGAAAGAGUAGA-3′), siRNA targeting Plk1 (siPlk1, 

sense strand, 5′-CAACCAAAGUCGAAUAUGAUU-3′), siRNA silencing luciferase (siluc, 

sense strand, 5′-UCGAAGUACUCAGCGUAAGdTdT-3′), negative control siRNA non-

specific to any human gene (siNC, sense strand, 5′-

UCACAACCUCCUAGAAAGAGUAGA-3′) and carboxyfluorescein (FAM) labeled siRNA 

were obtained from Dharmacon (Lafayette, CO). Soy phosphatidylcholine (SPC) and 

cholesterol (Chol) were obtained from Sigma-Aldrich. 1,2-distearoyl-sn-glycero-3-

phosphoethanol-amine-N-[methyl ether (polyethylene glycol)-2000] (DSPE-mPEG) was 

purchased from Laysan Bio (Arab, AL). 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-

N-[dibenzocyclooctyl (polyethylene glycol)-2000] (DSPE-PEG-DBCO), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3- phosphocholine were 

obtained from Avanti (Alabaster, AL). N-terminal azido-functionalized iRGD peptide (N3-

Ac (CRGDKGPDC)) was synthesized by GL Biochem (China). Eagle's Minimum Essential 

Medium (EMEM) was obtained from ATCC (Manassas, VA). Dulbecco’s modified eagle 

medium (DMEM), FluroBrite DMEM media, phosphate buffered saline (PBS), Penicillin-

Streptomycin (Pen-Strep) solution and fetal bovine serum (FBS) were from Thermo 

Scientific (Waltham, MA). XenoLight D-luciferin potassium salt was provided by 

PerkinElmer (Waltham, MA). All other reagents were obtained from Fisher Scientific and 

used as provided unless otherwise stated.
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2.2 Preparation of nanoparticles.

Amine-functionalized MSNs were purchased from Sigma with average pore size of 4 nm 

and particle size range from 100–200 nm. To load both siRNA and miRNA in the silica 

nanoparticles, NH2-MSNs were soaked in siRNA and miRNA-containing solution (NH2-

MSN: small RNAs, 30:1, w/w) for 0.5 h. Then, free ICG dissolved in deionized water was 

added and stirred for 1 h. Excess ICG was removed by centrifugation at 3500 rpm for 10 

min and washed twice with DI water. By screening different lipid compositions to improve 

nanoparticles colloidal stability, we prepared lipid film with SPC/DSPE-mPEG/DSPE-PEG-

DBCO at weight ratio of 2:2:1. The stabilization effect of lipids was recorded as the time 

period for which the nanoparticles remained colloidally stable. These lipid components were 

dissolved in a round-bottom flask containing 5 mL chloroform. The solvent was then 

evaporated in a vacuum rotary evaporator, which led to the formation of a thin lipid film. 

Continuous vacuum drying was performed overnight to remove any traces of organic 

solvents. To coat lipid films onto drug-loaded NH2-MSNs, particle aqueous suspension was 

added to the hydrated film (lipids: MSN, 2:1, w/w) and sonicated for 30 min. Lipid coated 

particles (MSN/siRNA+miRNA+ICG) were obtained by further removal of excess lipids 

through centrifugation. For iRGD-conjugation to the nanoparticles, azido functionalized 

iRGD (DSPE-PEG-DBCO: iRGD, molar ratio 1:1) was added to MSN/siRNA+miRNA

+ICG. Post 30 min reaction at 37 °C, the iRGD-modified silica particles (iMSN/siRNA

+miRNA+ICG) were centrifuged for collection and washed with DI water. FAM-siRNA or 

siluc loaded particles were prepared with the same method. ICG and small RNAs ratio 

loaded in the nanoparticle was fixed at 1 μg/mL: 200 nM for all the formulations in this 

work.

2.3 Characterization of nanoparticles.

The binding of NH2-MSN to small RNAs was tested using agarose gel electrophoresis 

containing 0.5 μg/mL ethidium bromide (EtBr). NH2-MSN/siRNA+miRNA+ICG was 

prepared in pH 7.4 10 mM HEPES (siRNA: miRNA, 1:1, w/w). 20 μL of the nanoparticle 

solutions (0.5 μg of siRNA+miRNA) formed at different weight ratios were loaded for 

running in 0.5 × Tris/Borate/EDTA buffer (100 V, 15 min). The gels were observed using a 

KODAK Gel Logic 100 imaging system. The absorbance spectrum and concentration of free 

ICG, NH2-MSN, NH2-MSN/siRNA+miRNA and NH2-MSN/siRNA+miRNA+ICG were 

measure by microplate reader at 790 nm (Molecular Devices, CA). Dynamic light scattering 

was used to determine zeta potential of the nanoparticles (Malvern, U.S.A.). Nanoparticle 

morphology was observed using TEM (Tecnai G2 Spirit, FEI Company, U.S.A.). To 

improve clarity, image contrast and sharpness were adjusted. Heparin displacement assay 

was conducted to study the release of siRNA and miRNA from nanoparticles. Increasing 

concentrations of heparin were incubated with NH2-MSN/siRNA+miRNA+ICG and iMSN/

siRNA+miRNA+ICG for 0.5 h. Agarose gel electrophoresis was used to analyze the samples 

(20 μL, 0.5 μg of siRNA+miRNA). For the stability assay against serum degradation, siRNA

+miRNA solution and iMSN/siRNA+miRNA+ICG solution were treated by FBS (50% v/v) 

at 37 °C. Sample was collected at each time point (0.5, 1, 2, 4, 6, and 24 h) for 

electrophoresis analysis. The production of ROS was evaluated by measuring the reduction 

in absorbance of ROS indicator (DPBF). 20 μL 10 mM DPBF (ethanol) was added to a 

solution of iMSN/miRNA+siRNA+ICG (ICG, 5 μg/mL) and exposed to a near-infrared 808 
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nm laser (2 W/cm2, Meig Waei, China). The absorption spectra of the mixture were obtained 

by the microplate reader (Molecular Devices, CA) after the designed period of time of laser 

exposure. To assess the potential deleterious effect of ROS on stability of RNA molecules, 

transfection activity was measured using iMSN/siLuc+ICG with different concentrations in 

B16F10.Luc cells. iMSN/siLuc+ICG was pre-irradiated with light for 1 h before incubation 

with cells. After 24 h transfection, luciferase expression was measured. iMSN/siLuc+ICG 

without light irradiation (-l) or irradiated 4 h after incubation were also included as controls.

2.4 Cellular uptake and intracellular trafficking.

2.4.1 Cell culture.—Human breast carcinoma cell line MDA-MB-231 stably expressing 

luciferase (MDA-MB-231.Luc) was purchased from PerkinElmer and cultured in EMEM 

containing 10% FBS. MDA-MB-231 expressing galectin-8-YFP (Gal8) was generated by 

Dr. Craig Duvall’s lab and cultured in DMEM containing 10% FBS, 1% Pen-Strep and 

Blasticidin (10 μg/mL). Mouse melanoma cell line B16F10 expressing luciferase 

(B16F10.Luc) was purchased from PerkinElmer and cultured in RPMI containing 10% FBS.

2.4.2 Intracellular trafficking.—Intracellular localization of iMSN/miRNA+siRNA

+ICG was observed by confocal microscope (LSM800, Zeiss). MDA-MB-231 cells were 

seeded in 20 mm glass-bottom dish (2 × 104 cells/dish). After 24 h, the medium was 

aspirated and replaced with serum-free medium containing iMSN/FAM-siRNA+ICG (FAM-

siRNA 300 nM, ICG 1.5 μg/mL). Incubating for 4 h, cells were washed and irradiated for 30 

s 808 nm laser. Then, the cells were stained with LysoTracker® Red DND-99 (Life 

Technology, USA) and Hoechst 33342 for live cell imaging. Images were acquired by 

confocal microscope and processed by Zen 2014. Colocalization coefficients were calculated 

by Coloc 2 in Fiji-ImageJ.

2.4.3 Gal8 recruitment assay.—For Gal8 recruitment assay, MDA-MB-231 

expressing galectin-8-YFP (Gal8) were cultured in the glass-bottom dish (1 × 104 cells/dish) 

and grown in culture medium for one day. Cells were exposed to iMSN/ICG+NC for 4 h 

then rinsed with PBS and changed to FluroBrite DMEM media supplemented with 10% 

FBS. Short time laser irradiation (30 s) was performed before live cell imaging. All the 

images were acquired by laser scanning confocal microscope and processed by Image J 

(automated counting by ITCN plugin).

2.5 Tumor penetration in 3D tumor spheroids.

To prepare MDA-MB-231 spheroids, cells (5000 cells/well in 5% matrigel) were added to a 

low-attachment 96-well spheroid microplate (Corning, USA) and cultured for further use. 

The growth of spheroids was observed using a microscope (AMG) until the diameter of 

spheroids were around 400 μm. Free FAM-siRNA+ICG, MSN/FAM-siRNA+ICG, iRGD

+MSN/FAM-siRNA+ICG and iMSN/FAM-siRNA+ICG (FAM-siRNA 400 nM, ICG 2 

μg/mL) were added and incubated with spheroids for 12 h. Then, the spheroids were washed 

and fixed with 4% paraformaldehyde. The fluorescent signal of ICG and FAM-siRNA in 

spheroids were observed using XY-stack method of the confocal microscope (10 μm 

intervals for each sample). The images were then converted to surface-plot images using 
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ImageJ software. For quantitative measurement, the spheroids were trypsinized to obtain 

single-cell suspension which were subjected to flow cytometry analysis.

2.6 Delivery efficacy in vitro.

2.6.1 Luciferase knockdown.—Transfection study was conducted on MDA-

MB-231.Luc cells and spheroids and B16F10.Luc cells. Cells or spheroids were cultured in 

a 48-well plate 24 h prior to transfection. Nanoparticles loaded with siLuc or siNC were 

prepared as described before. The cells or spheroids were treated with different 

nanoparticles (siRNA 400 nM, ICG 2 μg/mL) for 24 hours with or without laser irradiation. 

To measure luciferase expression, the cells were rinsed and lysed in 0.5× cell culture lysis 

reagent buffer (Promega, Madison, WI). 0.5 mM luciferin solution was injected into each 

well with cell lysate (20 μL) and the luminescence was measured with Synergy 2 Microplate 

Reader (BioTek, VT). Total protein was measured by the BCA protein assay (Pierce, 

Rockford, IL). Transfection activity of different nanoparticles was expressed as relative 

luciferase activity (%) which was normalized by the same nanoparticles loaded with siNC. 

For comparison, branched PEI (Mw=25k, Sigma) and Lipofectamine 3000 (Thermal Fisher) 

were applied as positive control. Small RNAs were condensed with PEI at weight ratio of 

1.5. Lipofectamine 3000 was used according to user instruction.

2.6.2 Quantitative real-time polymerase chain reaction (qRT-PCR).—
Trypsinized cells were added to 24-well plates (5 × 104 cells/well) before treatment. After 

24 h, the cells were treated with various nanoparticles (siRNA 200 nM, miRNA 200 nM, 

ICG 2 μg/mL) for 48 hours with or without laser irradiation. Total RNA was extracted using 

the mirVana miRNA Isolation Kit (Ambion, USA). The levels of miR-200c were analyzed 

by TaqMan qRT-PCR. RNA (10 ng) was converted into cDNA with miR-200c primer (or 

internal control Z30 primer) and TaqMan microRNA reverse transcription kit (Applied 

Biosystems). PCR reaction was performed using miR-200c or Z30 primers and TaqMan 

Universal Master Mix II, No AmpErase UNG (2×) (Applied Biosystems, CA) on a Rotor-

Gene Q (QIAGEN). MiRNA were quantified according to the comparative threshold cycle 

(Ct) method. Levels of the Plk1 and ZEB1 were measured using SYBR Green RT-PCR. 

Total RNA (0.5 μg) was reverse-transcribed to cDNA with QuantiTect reverse transcription 

kit (Qiagen). The relative level of mRNA was quantified by RT-PCR with QuantiFast SYBR 

Green PCR kit (Qiagen) on a Rotor-Gene Q (QIAGEN). The following primers were used: 

Plk1 (forward 5′-ATTTCCGCAATTACATGAGC; reverse, 5′-

TCCTGGAAGAAGTTGATCTG), ZEB1 (forward 5′-AAAGATGATGAATGCGAGTC; 

reverse, 5′-TCCATTTTCATCATGACCAC), GAPDH (forward 5′-

ATCAAGAAGGTGGTGAAGCAGGCA; reverse, 5′-

TGGAAGAGTGGGAGTTGCTGTTGA). Relative levels of mRNA were calculated based 

on the Ct values.

2.7 Anticancer activity in vitro.

2.7.1 Cell killing activity in monolayer cells.—Cell killing activity of the 

nanoparticles was assessed by Cell Titer Blue assay. Cells were seeded in 96-well plate (0.5 

× 104 cells/well) and cultured for one day. Increasing doses of nanoparticles loaded with 

ICG, siRNA and miRNA were added to the cells and exposed to laser irradiation (30 s) after 
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4 h nanoparticle exposure. After 48 h incubation, medium was aspirated and replaced with 

fresh medium containing Cell Titer Blue reagent (20%, v/v). Fluorescence intensity was 

measured on the microplate reader. The relative cell viability of different samples was 

normalized to the viability of untreated cells and shown as the means ± SD (n=3).

2.7.2 Serum-induced migration.—Cells were seeded in 6-well plate (2.5 × 105 cells/

well) and cultured for one day. Then, the cells were treated with various nanoparticles 

(siRNA 150 nM, miRNA 150 nM, ICG 1.5 μg/mL) for 24 hours with or without laser 

irradiation. Next, cells were treated by trypsin and suspended in serum-free medium. 5×104 

cells were added to the transwell inserts and placed in a 24-well plate containing complete 

culture medium in each well. The cells were cultured at 37 °C incubator and allowed 

migration through the insert membrane for 10 h. Non-migrated cells (on the upper chamber) 

were removed by swabs. Migrated cells were fixed and stained with 0.2% Crystal Violet 

solution and imaged under an EVOS microscope. Three random fields were visualized (20×) 

per insert. Each group was performed in triplicate inserts. Data were shown as average 

number of migrated cells/image ± SD (n=3).

2.7.3 Clonogenic assay.—Cells were transfected with different formulations (miRNA 

300 nM, siRNA 300 nM, ICG 3 μg/mL) for 4 h. We accordingly increased RNA and ICG 

concentration in this assay to improve the quantity of nanoparticles delivered into cells 

during the short period of treatment. With or without 30 s laser irradiation, transfected cells 

were reseeded in 12-well plates (200 cell/well) in triplicates and allowed to grow for 2 

weeks. After that, the cells were fixed and stained by 1% w/v crystal violet. Plates were 

rinsed with water followed by photography. The colony number in each well was counted.

2.7.4 Cell killing activity in tumor spheroids.—Cell killing activity of particles in 

tumor spheroids was evaluated via a Live/Dead Kit (Biotium, USA). Briefly, spheroids with 

a diameter of about 400 μm were exposed to different formulations for 48 h (siRNA 300 nM, 

miRNA 300 nM, ICG 3 μg/mL,). Light irradiation (30 s) was performed 4 h after particle 

exposure. The spheroids were rinsed and treated by Live/Dead Kit. All the images were 

captured by the confocal microscope.

2.8 Biodistribution of nanoparticles.

All animal studies were performed with a protocol approved by the University of Nebraska 

Medical Center Institutional Animal Care and Use Committee. IVIS (Xenogen 200) imaging 

was applied to investigate the biodistribution of nanoparticles in tumor-bearing mice. MDA-

MB-231.Luc cells (2.5 x106 cells in 200 μL of 50:50 matrigel/PBS) were injected into the 

mammary fat pad of immunocompromised female NCG mice. When the tumor was around 

200 mm3 in size, free ICG+FAM-siRNA, MSN/ICG+FAM-siRNA, iRGD+MSN/FAM-

siRNA+ICG and iMSN/ICG+FAM-siRNA were administered via tail injection (2 mg/kg 

FAM-siRNA, ICG 720 μg/kg). All mice were anesthetized and imaged at 4, 24 and 48 h 

post-injection. After 48 h, mice were sacrificed and tumors together with other major organs 

(heart, liver, spleen, lung, kidney) were collected for ex vivo imaging. The fluorescent 

signals from different organs were analyzed by IVIS software. Excised tumor tissues were 
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embedded in O.C.T reagent then cut into frozen sections (10 μm). Blood vessels were 

stained with CD 31 antibody (Abcam) and imaged by confocal microscopy.

2.9 Therapeutic efficacy.

Spontaneous metastasis breast cancer model was established as described above. Luciferase-

expressing MDA-MB-231 cells suspended in matrigel/PBS (2.5 million/injection site) were 

injected into the mammary fat pad of the NCG mice. When the tumor volume reached 100 

mm3 in size, mice were assigned into 7 groups (n=5) and administered i.v. with saline, 

iMSN/NC+ICG, iMSN/Plk1+NC+ICG, iMSN/NC+200c+ICG, MSN/Plk1+200c+ICG, 

iMSN/Plk1+200c+ICG twice a week for 3 weeks (1 mg/kg siPlk1, 1 mg/kg miR-200c, ICG 

720 μg/kg). 5 groups of mice received 5 min laser irradiation 4 h-post administration except 

for iMSN/Plk1+200c+ICG (- light) and saline-treated groups. Laser source was set about 1 

cm above the mice tumor. The length and width axes of tumors was measured by calipers 

and the tumor volume was calculated according to the formula: volume (mm3) = length × 

width2/2. Animal body weight was recorded every 6 days. For bioluminescence imaging, 

mice were anesthetized and given 3 mg/0.1 mL of D-luciferin by i.p. administration. Fifteen 

minutes post administration, bioluminescence was evaluated with IVIS system. 

Bioluminescent signal from relative optical intensity was defined manually, and data were 

shown as radiance (p/sec/cm2/sr). All the animals were euthanized on day 45 from tumor 

inoculation, tumors and major organs were obtained, imaged and used for staining and 

histological analysis. Tumor sections were also immunostained with anti-Plk1 (abcam 

35206) and anti-ZEB1 (Cell Signaling Technology 3396) using immunohistochemistry 

(IHC). Blood was withdrawn in heparin tubes and analyzed using Vetscan VS (Abaxis). 

Creatinine, blood urea nitrogen (BUN), alanine transaminase (ALT), and aspartate 

transaminase (AST) were measured by assay kit (Bioassay systems, CA, USA). Tumors 

were also sectioned for Ki-67 staining proliferation analysis. Lungs were inflated using 

sucrose and immersed in Bouin’s solution for 18 h then placed in 70% ethanol for storage. 

Pulmonary lobes were separated. The lung surface tumors was counted using a dissecting 

microscope. Lungs were sectioned for H&E staining.

2.10 Statistical analysis.

All the results are expressed as mean ± SD. The statistical significance was performed with 

Prism using ANOVA. P< 0.05 was considered statistically significant.

3. RESULTS AND DISSCUSSION

3.1 Preparation and characterization of nanoparticles.

The nanoparticles developed here are composed of a mixture of siRNA and miRNA 

adsorbed on the surface of the mesoporous silica core loaded with ICG and further stabilized 

with a supporting lipid layer modified with azide-terminated iRGD peptide by copper-free 

click-chemistry (Scheme 1). Detailed nanoparticle preparation steps were outlined in Figure 

1A. Gel retardation assay indicated that both siRNA and miRNA were immobilized onto the 

bare NH2-MSN nanoparticles at MSN/RNA w/w ratio of 30 (Figure 1B). The RNA cargo 

loading was calculated as approximately 2.57 nmol/mg MSN. Absorbance spectrum of NH2-

MSN/siRNA+miRNA+ICG and free ICG confirmed successful loading of ICG, with a high 
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encapsulation efficiency of 91% (Figure 1C). After the efficient loading of the cargos, lipids 

were coated onto the nanoparticles to improve colloidal stability. The most stable lipid film 

formulation was selected as SPC/mDSPE-PEG/DSPE-PEG-DBCO (w/w/w, 2:2:1) after 

various lipid species screening (Table 1). The optimal lipid layers effectively stabilized 

cargo-loaded MSN in aqueous solution. The change of the nanoparticles zeta potential 

provided an easy qualitative validation of the loading of cargos and coating with lipids. The 

zeta potential of bare NH2-MSN was 34.3 mV and loading of the RNA and ICG cargos 

decreased the value to 21.6 mV (NH2-MSN/siRNA+miRNA+ICG). The fact that the 

particles retained its overall positive charge suggested that MSN surface was not saturated 

by the negatively charged molecules owing to its high loading capacity. We observed no 

replacement of the small RNA by ICG after its loading. After cargo loading, providing the 

particles with a stabilizing layer composed of phospholipids and PEGylated lipids further 

decreased the zeta potential to negative −15.7 mV. The zeta potential of the final iRGD-

modified nanoparticles (iMSN/siRNA+miRNA+ICG) was −19.0 mV (Figure 1D). TEM was 

used to validate the deposition of the lipid layer on the surface of MSN. As shown in Figure 

1E, the observed thickness of the lipid layer was ~10 nm. Release of siRNA and miRNA 

from the nanoparticles was analyzed by heparin replacement test (Figure 1F). Without lipid 

layer shielding, NH2-MSN/siRNA+miRNA+ICG released the RNAs when the heparin 

concentration exceeded 100 μg/mL. In contrast, the lipid layer stabilized iMSN/siRNA

+miRNA+ICG particles and no RNA release was observed even when incubated with 4000 

μg/mL heparin. Serum stability of iMSN/siRNA+miRNA+ICG was studied in 50% FBS at 

37 °C using gel electrophoresis (Figure 1G). Most of the naked siRNA/miRNA mixture was 

degraded within 0.5 h of FBS incubation. iMSN improved serum stability as suggested by at 

least 6 h RNA protection.

Based on prior evidence, we hypothesized that the ROS produced by light activation of ICG 

loaded in the nanoparticles will play an important role in endosomal escape of the siRNA/

miRNA combination. We determined ROS generation upon irradiation with 808 nm light 

using an ROS indicator dye DPBF.46 A sustained decrease of DPBF absorption was 

observed in nanoparticle sample showing 36% reduction of the initial absorbance upon light 

exposure, suggesting the production of singlet oxygen by ICG upon light exposure (Figure 

1H). We also observed effective ROS generation in tumor cells after light exposure (Figure 

S1). There is a possibility that heat generated during the exposure may further contribute to 

the observed effects, although we attempted to minimize this effect by short exposure and 

low ICG dose. Despite some reports suggesting that MSN nanoparticles have inherent 

antioxidant effect, we have observed no ROS scavenging by the iMSN used in this study, 

possibly owing to different surface chemistry and particle shape from the previous reports.
47–49 Of note, the generated ROS had no significant adverse effect on the biological activity 

of the delivered RNA molecules under the used irradiating conditions as suggested by no 

significant changes in the extent of gene silencing activity (Figure 1I).

3.2 Intracellular trafficking of light-triggered endosomal escape.

To study the endosomal escape of the nanoparticles in vitro, we used Lysotracker 

colocalization and galectin-8 (Gal8) recruitment assay. First, lysosomes were stained red 

using Lysotracker and cell nuclei in blue with Hoechst 33258 (Figure 2A). Considering the 
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similar physicochemical properties of siRNA and miRNA, we used only FAM-labeled 

siRNA (FAM-siRNA) in the intracellular distribution studies both in vitro and in vivo. After 

4 h incubation of MDA-MB-231 cells with iMSN/FAM-siRNA+ICG, the FAM-siRNA 

(green) was colocalized with the endo/lysosomal staining (red) and exhibited a typical dot-

like pattern in the cells, indicating siRNA entrapment in the acidic vesicles and inefficient 

endosomal escape. Thus, we sought a specific approach to overcome this key challenge in 

RNA delivery. We performed a short irradiation (808 nm) of the cells incubated with iMSN/

FAM-siRNA+ICG to trigger ROS generation by ICG. After light activation, the green signal 

of FAM-siRNA dispersed through the entire cell, suggesting the ROS produced by ICG 

damaged the membrane of the endosomal vesicles and released FAM-siRNA into the 

cytoplasm. Quantitative analysis showed that the Manders’ colocalization coefficient 

between FAM-siRNAs and Lysotracker in the irradiated cells was markedly decreased than 

in the control cells not exposed to the light (Figure 2C).

To enable a real-time monitoring of the endosomal escape process observed above, we 

utilized the Gal8 visualization method in live MDA-MB-231 cells expressing Gal8-YFP.50 

Gal8 binds to glycosylated transmembrane proteins localized on the inner surface of 

endosomal membranes. When endosomes are disrupted, Gal8 binds and concentrates at the 

exposed luminal surface of the membrane.51–52 Expression of Gal8-YFP fusion protein can 

be thus used as a direct and quantitative approach to assess endosomal membrane disruption 

in living cells.53 Compared to non-irradiated Gal8 cells, cells treated with negative control 

siRNA (siNC) nanoparticles (iMSN/siNC+ICG) displayed robust Gal8 recruitment to the 

intracellular vesicles after light irradiation, as indicated by intensive punctate fluorescence 

(Figure 2B). No Gal8 recruitment was found in the untreated MDA-MB-231-Gal8 cells 

regardless of the light exposure. The endosomal disruption process triggered by light in the 

MDA-MB-231-Gal8 cells was quantified by ImageJ software (Figure 2D). Light-irradiated 

cells displayed significant Gal8 recruitment as early as 10 min after irradiation and reached a 

14-fold increase of the recruited Gal8 at 60 min. Non-irradiated and untreated cells 

regardless of light exposure showed no increase in Gal8 recruitment. These results validate 

the membrane disruptive role of produced-ROS in the light-triggered endosomal escape of 

the silica particles. Most likely, the ICG produced ROS under light activation, which 

subsequently disrupted endosomal membrane by lipid peroxidation,54–55 and allowed the 

trapped RNA to be liberated and escape from inactivation in lysosomes.

3.3 Enhanced cellular uptake and penetration in vitro.

Targeting and tumor penetrating ability of iMSNs were studied in MDA-MB-231 cells and 

multicellular tumor spheroids. We used iMSN loaded with FAM-siRNA and ICG to quantify 

the uptake of the two cargos. In conventional 2D cell culture conditions, cell uptake was 

higher in cells treated with iMSN/FAM-siRNA+ICG than all the used control groups (Figure 

S2). The tumor penetration ability of the nanoparticles was assessed by observing the 

fluorescence of ICG and FAM-siRNA in MDA-MB-231 tumor spheroids via confocal 

microscopy. As shown in the confocal images converted to surface plots (Figure 2E, S3), the 

highest fluorescent signal was found throughout the spheroids incubated with iMSN/FAM-

siRNA+ICG. Quantitative analysis of the penetration in the spheroids was performed by 

measuring both ICG and FAM-siRNA fluorescence intensity in a single cell suspension 
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collected from the spheroids by FACS (Figure 2F, G). Consistent with the confocal 

observations, cells treated by iMSN/FAM-siRNA+ICG had the highest uptake of both cargos 

as indicated by 76% of double-positive cells (FAM+/ICG+). In contrast, the physical mixture 

of iRGD peptide and nanoparticles (iRGD+MSN/FAM-siRNA+ICG) showed only 36.2 % of 

FAM+/ICG+ cells, MSN/FAM-siRNA+ICG without the iRGD peptide showed 25.9%. Free 

FAM-siRNA+ICG mixture had 18.5% of double-positive cells and this diffusion effect 

possibly results from the size advantage. These data suggested that iRGD modification 

increases the internalization of iMSNs in the tumor spheroids and thereby improves inward 

distribution and accumulation of RNA.

3.4 Improved delivery efficacy in vitro.

The light-activated endosomal escape and tumor penetrating ability of iMSNs were expected 

to boost RNA transfection. We determined the gene silencing efficacy of the nanoparticles 

carrying siRNA against luciferase (siLuc) in MDA-MB-231.Luc monolayer and 3D 

spheroids. The results showed that iMSN loaded with siLuc and ICG (iMSN/siLuc+ICG) 

exhibited better silencing activity than MSN/siLuc+ICG without iRGD in both 2D and 3D 

settings regardless of light exposure (Figure 2H–I). Light irradiation significantly enhanced 

the silencing effect of both siLuc-loaded MSN and iMSN in cells. After irradiation, iMSN/

siLuc+ICG effectively decreased luciferase expression by 64%, which was much higher than 

control PEI/siRNA polyplexes (19%) and Lipofectamine 3000 (27%) at the same siLuc dose 

(Figure S4). In tumor spheroids (Figure 2I), iMSN/siLuc+ICG with light irradiation 

significantly reduced luciferase expression (47%), while other treatment groups failed to 

silence luciferase expression at all. These results confirmed that iMSNs with light-triggered 

endosomal escape and tumor penetrating abilities effectively improved RNA delivery 

efficacy.

To confirm efficacy of therapeutic siRNA/miRNA delivery, iMSNs carrying ICG, siPlk1, 

and miR-200c mimic were incubated with MDA-MB-231 cells. The cellular levels of Plk1 

mRNA, as well as the levels of miR-200c and one of its main downstream targets the zinc 

finger E-box-binding homeobox 1 (ZEB1) mRNA were quantified using qRT-PCR. 

Considering the potential activity of ROS on mRNA level, iMSN/NC+ICG (+light) was 

included to evaluate the light-induced effect on gene expression. A significant decrease of 

Plk1 mRNA expression following transfection with iMSN/Plk1+NC+ICG (+light) and 

iMSN/Plk1+200c+ICG (+light) was achieved when compared to untreated cells. The 

silencing effect of iMSN/Plk1+200c+ICG against Plk1 was significantly smaller without 

laser irradiation (Figure 3A). Incubation of cells with iMSN/Plk1+200c+ICG greatly 

increased the delivery of miR-200c mimic. Interestingly, iMSN/Plk1+NC+ICG plus light 

also slightly, but not statistically significantly, increased miR-200c levels in the cells (Figure 

3B), which was possibly an indirect effect of blocking the multiple growth pathways driven 

by Plk1.56 iMSN/NC+ICG had no effect on Plk1 and miR-200c expression after light 

exposure, suggesting limited adverse effects of the ROS generation on the bioactivity of 

RNA. After endosomal escape and arrival at cytoplasm, miR-200c mimic can downregulate 

ZEB1, which is an EMT inducer, to reduce cancer cell migration and invasion. ZEB1 

expression was significantly inhibited after treatment with iMSN/200c+NC+ICG (+light) 

and iMSN/Plk1+200c+ICG (+light). iMSN/Plk1+200c+ICG (-light) failed to reduce ZEB1 

Wang et al. Page 12

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels in cells due to endo/lysosomal entrapment (Figure 3C). These results demonstrated 

effective delivery of therapeutic siRNA/miRNA into cancer cells by iMSNs (+light). Though 

siPlk1 and miR-200c were not able to significantly regulate mutual targets, a more 

comprehensive signaling pathway study could be performed to delineate the signaling 

mechanism of this combination.

3.5 Anticancer activity in vitro.

Though intensive studies have evaluated the application of individual siRNAs and miRNAs 

in cancer therapies, the combination of both siRNA and miRNA has been rarely pursued. 

Such combination holds great promise as a novel therapeutic strategy to achieve an 

enhanced therapeutic effect through simultaneously silencing specific oncogenes by siRNA 

and regulating multiple genes by miRNA.22 Knockdown of Plk1 was reported to suppress 

the proliferation of cancer cells. miR-200c has been identified as inhibitor of growth and 

metastasis of breast cancer by reversing the EMT.57–58 Thus, we determined the anticancer 

activity of the siPlk1/miR-200c combination delivered by iMSNs in vitro. The viability of 

cells treated by iMSNs loaded with siRNA and miRNA was assessed by Cell Titer Blue 

assay. As shown in Figure 3D, the RNA combination treatment significantly reduced the 

viability of cancer cells upon light activation (down to 32% at 200 nM siPlk1, 200 nM 

miR-200c, 2 μg/mL ICG concentration). The treatment was more effective than NC+ICG 

(81%), 200c+NC+ICG (61%) and Plk1+NC+ICG (56%) at the same dose. Moreover, we 

found that iMSNs provided enhanced delivery efficacy with more cell death than MSNs 

without the iRGD (51%) or when co-incubating MSN with iRGD (50%). All the treated 

groups showed dose-dependent cytotoxicity after light irradiation. These results indicated 

light-triggered iMSNs delivery system benefited the therapeutic activity of the 

siPlk1+miR-200c combination treatment. Cell migration was evaluated by a transwell assay 

(Figure 3E, 3H). The siPlk1+miR-200c combination delivered by iMSNs showed the most 

effective inhibition of FBS-induced cell migration upon light irradiation. Colony formation 

was applied to assess the inhibiting ability of the combination treatment against 

tumorigenesis. The siPlk1+miR-200c group (+light) significantly reduced the number of 

MDA-MB-231 colonies (by 85%) when compared to the untreated cells and control groups 

(Figure 3F, 3I). Live/dead assay was used to assess the anticancer activity of the combination 

treatment in 3D tumor spheroids (Figure 3G). Dead cells were indicated by red fluorescence 

and live cells by green. siPlk1+miR-200c (+light) caused large extent of cell death in tumor 

spheroids and there were less live cells than in other treatment groups. These results 

validated the combinational anticancer activity of siPlk1-miR-200c in vitro mediated by 

iMSNs upon light irradiation.

3.6 In vivo biodistribution of nanoparticles.

Following the encouraging in vitro results, we investigated the in vivo delivery efficiency of 

iMSN. All the nanoparticles (loaded with FAM-siRNA and ICG) were administered via tail 

vein into mice implanted with orthotopic MDA-MB-231 tumors. IVIS imaging of ICG at 

designated time-points was performed to gain initial estimate of the nanoparticle distribution 

(Figure 4A). Consistent with our previous study, free ICG mainly accumulated in the liver 

and followed by rapid clearance from the body.34 Strong and sustained (at least 48 h) ICG 

fluorescence signal was observed at tumor sites in iMSNs-injected mice. In contrast, the 
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ICG signal at tumor sites disappeared rapidly in mice injected with MSNs and a mixture of 

iRGD peptide and MSN. Following animal sacrifice, we further analyzed the fluorescence 

intensity in ex vivo images of tumors and major organs (Figure S5). Stronger fluorescence 

intensity was found in the tumors of mice injected with iMSNs than in the other groups. In 

addition to the abundant tumor accumulation, we also found nanoparticle distributed in other 

major organs, especially in the liver but not in other eliminating organs like kidney. To 

evaluate the intratumoral distribution of FAM-siRNA (green) and ICG (red), tumor sections 

from different groups were obtained and stained with anti-CD31 antibody to label blood 

vessels (Figure 4B, white). iMSN/FAM-siRNA+ICG-treated group displayed higher ICG 

and FAM-siRNA fluorescence intensity than free drug combination, non-modified 

nanoparticle and the mixture of iRGD and nanoparticle, indicating a broader and robust 

distribution of both cargos to the tumors. Thus, iRGD-modified MSN nanoparticles have 

been validated as a tumor-penetrating carrier, suitable for effective systemic delivery of 

small RNAs. Co-administration of free iRGD peptide and MSN nanoparticles was 

significantly less effective than using the nanoparticles with covalently attached iRGD. This 

result was consistent with our previous work34 and based on the lack of effective tumor 

accumulation, we have not pursued the iRGD co-administration any further in the 

therapeutic in vivo work.

3.7 In vivo therapeutic efficacy.

To demonstrate the therapeutic effect of the RNA-combination (siPlk1+miR-200c) delivered 

by tumor-penetrating iMSNs in vivo, the antitumor effect was assessed in a highly metastatic 

orthotopic MDA-MB-231.Luc breast tumor model using a treatment schedule depicted in 

Figure 5A. Tumor formation and metastatic spread were monitored at predetermined time 

points by IVIS bioluminescence imaging, and quantitative analysis was performed by 

determining bioluminescence signal in the region of interest (ROI) using IVIS software. We 

found the bioluminescence signal at primary tumor sites in untreated tumor-bearing mice 

increased over time initially but became saturated (1010-1011 radiance) 18 days after tumor 

implantation (Figure S6A), possibly due to necrosis and blocked oxygen supply associated 

with the tumor growth. Bioluminescence signal from metastatic lesions increased gradually 

until the end of the study (107-1011 radiance, Figure S6B). Therefore, bioluminescence 

imaging signal was used to monitor metastasis progression in this study, while primary 

tumor growth was assessed by physically measuring tumor dimensions. Tumor-bearing mice 

were assigned into 7 groups and intravenously injected with different combination 

treatments (i) iMSN/Plk1+200c+ICG (-light), (ii) iMSN/NC+ICG, (iii) iMSN/Plk1+NC

+ICG, (iv) iMSN/200c+NC+ICG, (v) MSN/Plk1+200c+ICG, (vi) iMSN/Plk1+200c+ICG 

with light irradiation and (vii) an untreated group administered with saline. Tumor growth 

monitoring revealed that iMSN/Plk1+200c+ICG (+light) exhibited the most effective tumor 

growth inhibition (Figure 5B). Without light activation, the antitumor activity of iMSN/

Plk1+200c+ICG (-light) was significantly decreased and reached an inferior tumor 

suppressive effect that was comparable to other control treatments (iMSN/Plk1+NC+ICG, 

iMSN/200c+NC+ICG, MSN/Plk1+200c+ICG). Mice were sacrificed on day 45 post-tumor 

implantation, and excised tumors were photographed and weighed (Figure 5C). The results 

confirmed that siPlk1+miR-200c combination assisted by ICG-mediated photodynamic 

effect, delivered via tumor-penetrating iMSN caused regression of the primary tumor.
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To identify the role of RNA combination in tumor metastasis, the progression of metastasis 

was monitored over time by bioluminescence imaging. Representative IVIS images and 

quantitative analysis (Figure 5D, E) showed that bioluminescence intensity rapidly increased 

in the thorax and abdomen of all the mice and wide-spread signal was observed 45 days post 

implantation, except for iMSN/Plk1+200c+ICG (+light) treated group. Ex vivo imaging of 

the bioluminescence intensity from isolated major organs showed the treatment impact of 

different groups on tumor metastasis (Figure 5F). Visible metastatic spread was found in 

lung, liver, spleen, kidney, heart, stomach and intestine in the saline-treated groups, as well 

as iMSN/Plk1+200c+ICG (-light) and iMSN/NC+ICG groups. The heat map shows 

treatment impact on tumor metastasis frequency in different organs (Figure 5G). The rest of 

siPlk1 and miR-200c treatment groups with light irradiation decreased the metastasis, as 

suggested by less metastatic foci. Of note, iMSN/Plk1+200c+ICG (+light) greatly decreased 

the metastasis burden and nearly eliminated metastases. The lung metastasis frequency in 

mice treated by iMSN/Plk1+200c+ICG (+light) was reduced to 40% while all the other 

groups still showed 100% lung metastasis. All the mice tolerated the combination treatments 

well, with no significant weight loss (Figure 6A). Immunohistochemical staining of anti-

Plk1 and anti-ZEB1 showed specific down-regulation of these two targets in the tumors after 

Plk1+200c treatment (Figure 6C). The result confirmed the effective delivery of siPlk1 and 

miR-200c in vivo. Tumor cell proliferation was evaluated by staining the tumor sections 

with Ki-67 antigen. Low Ki-67 expression was observed in the iMSN/Plk1+200c+ICG 

(+light) group, suggesting successful effect on tumor cell proliferation with the siRNA/

miRNA treatment (Figure 5H). Similarly, H&E analysis of the tumor sections showed 

increased necrotic area in the Plk1+200c combination group. From the number of surface 

lung metastases and H&E staining results, we found significantly reduced number of lung 

metastatic lesions in the iMSN/Plk1+200c+ICG (+light) treatment group (Figure 5H, 6B, 

6D). Other major organs were also analyzed by H&E staining and no metastases were found 

in the iMSN/Plk1+200c+ICG (+light) group (Figure 6E, S7). The effect of the treatment on 

blood cell counts and blood biochemistry were also studied, and no toxic effects were 

observed (Table S1). These results validate that siPlk1-miR-200c combination therapy 

delivered by the endosomal escaping and tumor penetrating iMSN nanoparticles is a highly 

effective and safe approach for metastatic cancer therapy. Even though we successfully 

achieved inhibitory effect on tumor cell growth and metastasis both in vitro and in vivo, a 

more comprehensive study is needed to fully understand the signaling pathways involved 

and the overall biological mechanism of action of the siPlk1 and miR-200c combination.

4. CONCLUSIONS

In summary, we have successfully developed iRGD-modified tumor-penetrating mesoporous 

silica nanoparticles for effective systemic delivery of small RNA combinations. Light 

triggered photodynamic effect of ICG generated ROS and resulted in the disruption of endo-

lysosomal membranes followed by the release of entrapped therapeutic RNAs. The results 

showed that iRGD-conjugation to the nanoparticle improved the accumulation and 

penetration of loaded cargos at tumor sites. Furthermore, light activation triggered small 

RNAs to exert combinational therapeutic effects on tumor cells. Upon light irradiation, 

iMSN/Plk1+200c+ICG effectively inhibited tumor growth and exhibited superior 
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antimetastatic activity in an orthotopic breast cancer model. The described silica 

nanoparticles may be promising in the future anticancer treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic depiction of the steps used in the preparation of the nanoparticles. (B) 

Loading of siRNA/miRNA in NH2-MSN assessed by agarose gel retardation assay. (C) 

Absorbance spectrum of ICG and MSN particles. (D) Zeta potential of NH2-MSN, NH2-

MSN loaded with siRNA/miRNA and ICG (NH2-MSN/siRNA+miRNA+ICG), lipid-coated 

MSN loaded with siRNA/miRNA and ICG (MSN/siRNA+miRNA+ICG), and iRGD-

modified lipid-coated MSN loaded with siRNA/miRNA and ICG (iMSN/siRNA+miRNA

+ICG). Data are expressed as mean ± SD (n = 3). (E) TEM images of bare NH2-MSN (left) 

and iMSN/siRNA+miRNA+ICG (right). (F) Heparin-induced RNA release from NH2-MSN/

siRNA+miRNA+ICG and iMSN/siRNA+miRNA+ICG with increasing concentration of 

heparin. (G) Stability of iMSN/siRNA+miRNA and naked siRNA+miRNA mixture against 
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serum. (H) ROS generation by iMSN/siRNA+miRNA+ICG. Normalized absorption spectra 

of iMSN/siRNA+miRNA+ICG with singlet oxygen probe (DPBF) after near-infrared light 

exposure (2 W/cm2). (I) Luc silencing efficacy of siLuc loaded in iMSN on B16F10.Luc 

cells with light irradiation or pre-irradiated by light before treatment (pre-irradiated) or 

without light (-l). Data are expressed as mean ± SD (n = 3).
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Figure 2. 
(A) and (C) Intracellular trafficking of iMSN/FAM-siRNA+ICG in MDA-MB-231 cells with 

(+) or without (-) light irradiation using Lysotracker and Manders’ colocalization coefficient 

analysis. The value of 0 indicates no colocalization of FAM-siRNA and Lysotracker, value 

of 1 indicates complete colocalization. (scale bar=20 μm) (B) and (D) Confocal images of 

untreated MDA-MB-231-Gal8 cells and iMSN/siNC+ICG treated cell (+) or (-) light 

irradiation at different time points. Endosomal disruption kinetics plotted as fold change in 

Gal8 punctation. Scale bar=10 μm. (E) Fluorescence (ICG) surface plot images of MDA-

MB-231 tumor spheroids treated with free FAM-siRNA+ICG, MSN/FAM-siRNA+ICG, 

iRGD+MSN/FAM-siRNA+ICG, iMSN/FAM-siRNA+ICG and negative control. (F) and (G) 

Flow cytometry analysis of single cell suspension from spheroids after different treatments, 
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as indicated with double-positive staining cells and mean fluorescence intensity. (H) Luc 

silencing efficacy of siLuc loaded in MSN or iMSN (+) or (-) light irradiation in cells. Data 

expressed as mean ± SD (n = 3). **p<0.01, ***p<0.001. (I) Luciferase silencing efficacy 

with siLuc loaded in MSNs or iMSNs (+) or (-) light irradiation in MDA-MB-231.Luc 

spheroids. Data expressed as mean ± SD (n = 3). ***p<0.001.
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Figure 3. 
(A) qRT-PCR analysis of Plk1 mRNA level in MDA-MB-231 cells following treatment with 

iMSN/NC+ICG, iMSN/200c+NC+ICG, iMSN/Plk1+NC+ICG, iMSN/Plk1+200c+ICG plus 

light irradiation and iMSN/Plk1+200c+ICG (-) light. ***p<0.001 vs untreated. (B) and (C) 

Relative miR-200c and ZEB1 mRNA levels in cells transfected with different groups were 

detected by qRT-PCR. ***p<0.001 vs untreated, **p<0.01 vs untreated. (D) Cell viability of 

cells after different treatments for 48 h (+) or (-) light irradiation. iRGD+MSN/Plk1+200c

+ICG represents the co-administration formulation of iRGD peptide and nanoparticle. Data 

expressed as mean ± SD (n = 3). (E) Inhibition of FBS-induced cancer cell migration 

following various treatments. “Background” represents randomly migrating cells without 

FBS and “untreated” represents migrating cells with FBS. (F) Representative images of 
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colonies treated by different nanoparticles from the clonogenic assay at 14 days. (G) 

Representative images of live/dead viability assays in MDA-MB-231 spheroids following 

treatments (+) or (-) light irradiation. The dead cells were stained red by EthD-1 and live 

cells were stained green with calcein AM. Nuclei were stained with Hoechst (blue). Scale 

bar=200 μm. (H) The number of migrated cells was counted under microscope and results 

are expressed as average number of migrated cells/20× view ± SD (n =9). “Background” 

represented migrated cells in FBS-free media without any treatment. ***p<0.001 vs 

untreated. (I) Quantification of colonies from the clonogenic assay at 14 days. Data 

expressed as mean ± SD (n = 3). **p<0.01 vs iRGD+MSN/200c+Plk1+ICG.
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Figure 4. 
(A) IVIS imaging of mice at 4, 24, and 48 h after i.v. administration of free drug and 

nanoparticles. Fluorescence signal was from ICG. (B) Confocal microscopic images of 

tumor cryosections. Tumor vasculature was stained with Cy3-CD31 antibody (white). ICG 

was shown in red, FAM-siRNA was in green and the nuclei in blue (DAPI). Scale bar=100 

μm.
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Figure 5. 
(A) Treatment schedule to assess efficacy of the siPlk1+miR-200c combination treatment in 

the orthotopic MDA-MB-231 breast cancer model. (B) Tumor growth curves in mice treated 

with saline, iMSN/NC+ICG, iMSN/Plk1+200c+ICG (-light), iMSN/Plk1+NC+ICG, iMSN/

200c+NC+ICG, MSN/Plk1+200c+ICG and iMSN/Plk1+200c+ICG (+) or (-) light 

irradiation. (C) Representative images and weight of the isolated tumors from different 

groups. **p<0.01 vs all the groups. (D) Representative bioluminescence images of mice at 

day 0, 37, and 45 post-tumor implantation. (E) Quantitative analysis of bioluminescence 

signal in tumor-bearing mice during treatments. (F) Ex vivo images of bioluminescence 

signal in isolated organs. (G) Heat map showing the summary of the comparative analysis of 

tumor spread measured by quantitative ex vivo imaging in (F). (H) Ki-67 and H&E staining 
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images of tumor sections. Scale bar=100 μm. Representative images of lung tissue sections 

stained with H&E. Scale bar=1000 μm. Results are shown as mean ± SD (n = 5).
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Figure 6. 
(A) Mice body weight during anticancer treatment. Data are expressed as means ± SD (n = 

5). (B) Surface lung metastases from mice treated with different groups. Data represented 

the number of metastases counted by microscopy (n = 5). ***p<0. 001 vs all the groups. (C) 

Representative immunostaining images of Plk1 and ZEB1 of tumors obtained from different 

treatments. Scale bar=100 μm. (D) Photos of the lungs isolated from mice after treatment. 

(E) Histological observation of tissue sections from major organs of mice was performed 

after the treatment. Hematoxylin and eosin (H&E) staining was performed. Scale bar=100 

μm.

Wang et al. Page 29

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Schematic illustration of light-triggered RNA delivery by tumor-penetrating iMSNs for 

siPlk1/miR-200c combination therapy.
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Table 1.

Screening of lipid formulations of MSN/siRNA+miRNA+ICG.

1) Single lipid species

Formulation (-) SPC mDSPE-PEG Chol DPPC DSPC

Stabilization effect (h) 0.1–0.2 6–10 8–12 2–4 0.5–1 0.5–1

2) Two lipids species (w/w, 1:1)

Formulation SPC + mDSPE-PEG SPC + Chol mDSPE-PEG + Chol

Stabilization effect (h) >48 4–6 24–48

3) Ratio of SPC and mDSPE-PEG

Ratio (w/w) 2:1 1:1 1:2

Stabilization effect (h) 24–48 >48 >48

4) Three lipids species (w/w, 2:2:1)c

Formulation SPC + mDSPE-PEG + DSPE-PEG-DBCO SPC + mDSPE-PEG + Chol

Stabilization effect (h) >48 24–48
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