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                                                       Abstract 

 Cancer is the result of uncontrolled proliferation of cells as a result of genetic mutations 

in proto-oncogenes, tumor suppressor genes and DNA repair genes. Due to the 

imbalance between cell adhesion receptors and cell motility enhancing receptors, and 

activation of membrane metalloproteinase, tumor cells achieve metastatic properties, 

spreading to various organs of the body. Genetic manipulation through delivery of a 

functional gene or a gene silencing element is an attractive strategy to treat cancer 

effectively. Rigorous research on cancers pathophysiology revealed many cardinal genes 

as possible targets for cancer gene therapy. To facilitate cell or tissue-directed delivery of 

a functional gene a lot of viral and non-viral carriers have emerged via genetic and 

chemical engineering processes. But the existing vectors are not considered to be ideal in 

terms of safety and efficacy. Development of salt crystals with nano-size diameters 

having the capacity of adsorbing negatively charged plasmid DNA or siRNA, carrying 

them across the plasma membrane and efficiently inducing transgene expression or 

facilitating targeted gene knockdown in cancerous cells could be a promising platform 

for therapeutic intervention. We have developed for the first time strontium sulfite 

nanoparticles (SSNs) and additionally modulated the fabrication process with NaCl and 

glucose to stabilize the particle size within 200 nm. We found a strong binding affinity of 

SSNs towards the negatively charged siRNA as well as significant cellular uptake. In 

addition, SSNs with ROS1 and EGFR siRNAs demonstrated enhancement of cytotoxicity 

compared to free SSNs in breast cancer cell lines. The LC-MS analysis and bio-distribution 

study revealed stability in systemic circulation, significant tumor accumulation and 

clearance of SSNs after 24 hour of administration. Finally, the tumor regression study 

with ROS1 siRNA-loaded SSNs showed remarkable antitumor effects in a syngeneic 

mouse model of breast cancer compared with free SSNs without any visible toxicity.  

Furthermore, for the first time, we have modified the SSNs via a hydrophilic coating 

material, PEG to improve the tumor targetability and reduce systemic toxicity. We have 

found excellent size reduction capacity of biotin PEG, significant affinity towards siRNA 

and improved cytotoxicity of siRNA-loaded PEGylated NPs against various cancer cell 

lines. The LCMS study revealed that PEG provides a steric hindrance against protein 

opsonization in blood through reducing protein adsorption on the surface of NPs. The 

bio-distribution and tumor regression study of PEGylated SSNs demonstrated reduced 

off target drug distribution, extended blood circulation time, improved tumor 

accumulation and augmented anti-tumor efficacy without systemic toxicity. Thus SSNs, 

NaCl-Glu-SSNs and PEG-SSNs emerged as potential tools for targeted delivery of genes 

and siRNAs into breast cancer cells. 
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List of abbreviations 

 

RNA                                        Ribonucleic acid 

RNAi                                       RNA interference 

dsRNA                                    double stranded RNA 

siRNA                                     small interfering RNA 

RISC                                        RNA-induced silencing complex 

mRNA                                    Messenger RNA 

shRNA                                    short hairpin RNA  

DNA                                       Deoxyribonucleic acid 

pDNA                                     plasmid DNA 

AONs                                      anti-sense oligonucleotides 

ECM                                        Extracellular matrix 

IFP                                           interstitial fluid pressure  

AAV                                       adeno associated virus  

LNPs                                       lipid nanoparticles  

PEG                                         Polyethylene glycol  

RES                                         reticuloendothelial system 

CPP                                         cell-penetrating peptides  

VEGF                                       vascular endothelial growth factor 

NRP-2                                      Neuropilin-2   

EGF                                          Epidermal growth factor   

ROCK                                      Rho-associated coiled coil-containing protein kinase        

RhoA                                       Ras homologous A  

RhoC                                       Ras homologous C  
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PEI                                 polyethylenimine  

PIHCA                          polyisohexylcyanoacrylate  

IBC                                Inflammatory breast cancer  

Eph                               Erythropoietin-producing hepatocellular  

DOPC                           1, 2-dioleoyl-sn-glycero-3-phosphatidyl choline  

MMPs                          matrix metalloproteinases  

IGF-1R                         Type 1 insulin-like growth factor receptor 

 NSCLC                       Non-small cell lung cancer  

SPIONS                       Super-paramagnetic iron oxide nanoparticles  

WT1                             Wilms’ tumor gene 1  

Bag-1                           Bcl-2-associated athanogene-1 

CRC                            colorectal cancer  

PTTG1                        pituitary tumor transforming gene 1  

RTKs                           receptor tyrosin kinases   

EGFR                          epidermal growth factor receptor  

TNBC                          triple-negative breast cancer 

SSNs                            strontium sulfite NPs  

HEPES                         4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

DMEM                        Dulbecco’s modified eagle medium 

DMSO                         dimethyl sulphoxide  

MTT                             thiazolyl blue tetrazolium bromide 

 EDTA                         ethylene diamine tetra acetic acid 

FBS                               fetal bovine serum 

FE-SEM                       Field Emission Scanning Electron Microscope  

EDX                             Energy Dispersive X-ray   
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FT-IR                               Fourier Transform Infrared Spectroscopy  

XRD                                 X-Ray Diffraction  

FDR                               False discovery rate  

PDI                                poly dispersing index 

PC                                  protein corona  

NP-PC” complex         Nanoparticle-protein corona complex 

MPS                               mononuclear phagocyte system  

IgG                                immunoglobulin    
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1. Literature Review 

1.1. Therapeutic Potency of Nanoformulations of siRNAs and shRNAs in 

Animal Models of Cancers 

1.2. Introduction 

Gene therapy is the delivery of functional genes into the cell to modulate gene 

expression and the extent of their expression, specificity and stability in biological media 

should be adequate to carry the corrected genetic information to their progeny for 

consistent effects.  Since the discovery of gene sequencing technology, the journey from 

concept to clinical trial has faced a lot of hurdles to attain clinical reliability (1). The era 

of catalytic RNA added a new dimension to the management of a broad range of critical 

human disorders like cancers, Alzheimer’s disease. The formal appearance of RNAi 

techniques based on a double stranded RNA (dsRNA) came into sight at the end of the 

nineteenth century to silence genes in nematodes (2, 3). The long dsRNA is able to silence 

gene expression in both nematodes and mammalian cells, but its non-specificity, sequence-

independent pathways and activation of innate immune response make it incompatible 

in gene silencing technology (4, 5). At the beginning of the twentieth century, vigorous 

research on minimizing the shortcomings of dsRNA  concluded  that long dsRNAs can be 

processed into less than 30 base pair sequences, inducing the sequence-specific silencing 

of targeted genes in mammals (6). This finding unfolded synthetic siRNA (small 

interfering RNA) as a new biological tool for silencing the genes in mammalian cell 

specifically. The smaller fragments of siRNA (21 to 23 nucleotides) are processed from 

long pieces of dsRNA by the enzyme dicer (7, 8). The siRNA can be produced 

synthetically and delivered into mammalian cells via multiple transfection methods. 

After reaching the cytoplasm of the target mammalian cell, siRNA is incorporated with 

RNA-induced silencing complex (RISC) (9). Argonaute 2, a multi protein of Argonaute 

family is the catalytic core of RISC that unwinds the siRNA double strand and degrades 

sense strand (passenger strand). The activated guide strand (anti-sense strand) 

containing RISC identifies and  guides the sequence-specific cleavage at a position of 

nucleotides 10-11 of target mRNA by post-transcriptional gene silencing mechanisms, 

preventing translation and silencing specific gene expression(10, 11)(Figure 1). The 

activated RISC then heads to other mRNA targets until their degradation. The 

degradation of activated RISC requires 3 to 7 days for fast growing cells and several 

weeks for slowly dividing cells (12, 13). On the other hand, short hairpin RNA (shRNA) 

are synthesized in nucleus of cells, transported into cytoplasm and processed into siRNA 

for silencing target mRNA via binding with RISC. The shRNA expression vectors 

therefore need to be transported into the nucleus of a cell for transcription (14-16). The 
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precisely designed siRNA can specifically silence any gene in the body and therefore 

appears to be therapeutically more potent than conventional small molecular drugs. 

 

 

Figure 1: RNAi-mediated gene silencing mechanism. Cellular internalization of siRNA-

nanoparticle complex via endocytosis is followed by siRNA release from both the particle and 

the endosome. In cytoplasm, the released siRNA is loaded into RISC, degrades passenger strand 

and activates anti-sense strand.  The activated anti-sense strand subsequently cleaves target 

mRNA. The catalytic RNAs that are unable to escape endosome are subjected to lysosomal 

degradation. 

Cancer is generally characterized by genetically abnormal signal transduction 

pathways that lead to heterogeneous cellular proliferation because of mutation and 

heritable alteration in an oncogene or tumor suppressor gene [17]. Cancer gene therapy 

includes gene amplification or deletion, suicide gene therapy, inactivation of oncogene 

by epigenetic silencing, mutation correction, chromosomal translocation, tumor 

suppressor activation and blocking of angiogenesis via the delivery of nucleic acids like 

plasmid DNA (pDNA), mRNA, short interfering or silencing RNA (siRNA), micro RNA 

(miRNA), short hairpin RNA (shRNA), anti-sense oligonucleotides (AONs) and DNA 

enzymes into the target cells [18–21]. Since the emergence of gene therapy, approximately 

1300 clinical trials in different cancers have been taken place [22,23]. Cancer management 

still poses a major challenge with high incidence and mortality rates (Figure 2) due to the 

detrimental effects of conventional treatment modalities, despite the fact that the number 
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of cancer survivors in the USA is increasing because of advancement in early cancer 

diagnosis and treatment [24]. 

 

Figure 2. The 2015 global incidence and deaths for different type of cancers, (A) represents the 

incident rate (thousand) per 100,000 person-years; (B) represents the death rate (thousand) per 

100,000 person-years [25]. 

Here, we review the current advancement of siRNA-based cancer therapy, 

emphasizing the challenges and breakthroughs of siRNA delivery especially in 

preclinical studies and the development of various delivery vehicles from viral vectors to 

inorganic nanoparticles in overcoming the biological barriers. The roles of genes in 

multiple cancers and the knockdown effects of those genes in tumor regression will be 

discussed, highlighting the pharmacokinetic parameters of the delivery vehicles in 

different animal models of cancers. 

1.3. Challenges and Breakthrough of siRNA Delivery: From Concept to Clinical Trial: 

Gene sequencing technology has gained significant attention owing to its ability to 

unmask genomic data for treating disease at the genetic level. The effective and controlled 

intracellular delivery of siRNAs into cancer cells and cancer stem cells both in vitro and 

in vivo has remained a long-standing challenge, hampering siRNA-based therapeutics to 

move into the clinical setting. The amount of siRNA should be optimized for maximum 

potency. Although naked siRNA without and with chemical modification demonstrated 

silencing and therapeutic efficacy in the lung [26] and brain [27], respectively, following 

local administration, systemic administration of unmodified siRNA is subjected to 

nuclease degradation, phagocytic uptake, aggregation with serum protein and rapid 

renal clearance before reaching the cytoplasm of the target cell [28–31] (Figure 3). Once 

the siRNA extravasates, it faces the barriers of the dense structure of Extracellular matrix 

(ECM) [32], higher interstitial fluid pressure [33] and negatively charged cellular 

membrane. After endocytosis-facilitated entry into the cell, siRNA should escape from 
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the endosome; otherwise, it would be subjected to lysosomal degradation [34]. Besides, 

naked siRNA exerts innate immune responses and off-target effects and demands 

repeated dosing for consistent effects [35–37]. To overcome these hurdles, an effective 

delivery vehicle is required for the delivery of siRNA to the target site by preventing the 

naked or modified siRNA from biological degradation and enabling it to cross the 

intended cellular membrane and release from the endosome [9, 38, 39]. 

 

 

 

 

 

Figure 3: Extracellular and cellular barriers faced by unmodified siRNA to reach target site after 

intravenous (IV) administration. A. after IV administration, naked siRNA is subjected to 

extracellular barriers like nuclease degradation, macrophage-facilitated hepato-biliary excretion 

and rapid renal clearance. B. To enter into cancer cell, naked siRNA is to fight with cellular 

barriers like abnormal tumor vasculature, dense and irregular structure of extracellular matrix 

(ECM), high interstitial fluid pressure (IFP), hypoxia and poor lymphatic drainage, and 

intracellular barriers like negatively charged cell membrane and lysosomal lysis. 

Delivery vehicles are categorized into two main subclasses: viral vectors and non-

viral vectors (Figure 4). The viral vectors like retroviruses, adeno viruses, and adeno 

associated virus (AAV) have been successfully used to carry genes in both preclinical 

and clinical trials (69% of total human trials are viral-assisted cancer gene therapy) 
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[23]. The engineered viral vectors possess high specificity, unassisted entry to the cell 

membrane, lack of replication and pathogenicity and higher gene expression 

efficiency [40, 41]. The activation of innate immune response, carcinogenicity and 

higher treatment cost of viral vectors limit their use in the clinic [20,40,42–44], thus 

motivating to develop non-viral vehicles for specific delivery of nucleic acids to the 

target cancer cells. The non-viral vectors are non- immunogenic, biologically 

compatible, higher specificity, higher packing capacity and less manufacturing cost 

in contrast to viral counterparts [23,45]. They are mainly subdivided into two 

categories depending on their composition: organic and inorganic carriers. The 

organic nanoparticles are widely used and are categorized into three classes based on 

their constituents, namely cationic lipids, cationic polymers and hybrids of both 

lipids and polymers. Several preclinical studies using lipid nanoparticles (LNPs), 

dendrimers, carbon nanotubes, graphene oxide and micelles, etc. as carriers have 

been accomplished for silencing mutant genes in multiple animal models of cancer. 

Among them, a number of organic nanocarriers are in clinical trials. The poor 

delivery efficiency, low rate of endosomal escape (1%) and retarded release of siRNA 

from the carriers and associated toxicity have slowed down the success rate of 

organic carrier-based RNAi therapy for cancers management [46–48]. On the other 

hand, inorganic nanoparticles, the newly introduced nanocarriers, have been widely 

explored to suppress the shortcomings of organic carriers in a gene silencing 

platform. Inorganic nanoparticles possess unique physicochemical properties, 

biocompatibility, flexibility to be functionalized with different ligands and surface-

coating materials, such as Polyethylene glycol (PEG), controlled release pattern and 

compatibility with other existing therapeutic agents [49]. The inorganic nanoparticles 

that are frequently used in both in vitro and in vivo studies to repress multiple 

overexpressed cancer genes are gold NPs, magnetic NPs, up conversion NPs, 

mesoporous silica NPs, pH sensitive carbonate apatite NPs and other multifunctional 

NPs. Both organic and inorganic carriers have undergone several modifications like 

PEGylation for escaping RES (reticuloendothelial system) and renal clearance, 

attachment of targeting moiety like ligands and antibodies for specific delivery as 

part of active targeting, cell-penetrating peptides (CPP) for improving the cellular 

uptake and stimuli-responsive linker to improve the therapeutic index of antisense 

cancer gene therapy [50]. 
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         Figure 4: Various viral and non-viral vectors used for the delivery of genetic materials such as DNA,  

         RNA, siRNA and shRNA. 

           The emergence of multifunctional NPs and comprehensive investigation 

of RNAi against oncogenes led to potential NP-based cancer gene therapies and 

more than 40,000 (based on active targeting strategy) studies have been reported 

in the last decades [51]. However, the issues of biological stability and delivery 

of siRNA in the presence of multiple physiological barriers have yet to be fully 

resolved. Tumor microenvironment is another prominent barrier for successful 

intracellular delivery of RNAi therapeutics. Although the immature blood vessel 

with heterogeneous hyper permeability and the irregular lymphatic vasculature 

cause abnormal blood circulation and poor lymphatic drainage [52], respectively, 

resulting in enhanced permeability and retention of NPs in tumor tissues, higher 

interstitial pressure, synthesis of heterogeneous extracellular matrix molecules 

(e.g., glycoprotein) and excessive matrix metalloproteinase pose hindrance to 

insufficient delivery of the particles [53–55]. Poor cellular uptake by RNAi 

therapeutics is another hurdle arising as a result of repulsion between the 

negatively charged siRNA and the anionic cell membrane, and could be 

improved via chemical modification, e.g., by coating with cell-penetrating 

peptide [56] or stably complexing or conjugating with NPs. After entering a cell,  
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Table 1. siRNAs-based clinical trials for cancer therapy. 

the siRNA is usually transported from early endosome to late endosomes for 

degradation. To get better silencing outcome, siRNA could be released in the cytosol 

from endosomes at an early stage, for instance, by complexing with pH-sensitive 

nanoparticles (e.g., carbonate apatite). Exocytosis or cellular recycling of internalized 

siRNA via recycling routes e.g., non-secretory exosome might reduce the silencing 

efficiency of siRNAs, and could be prevented by using an exocytosis inhibitor [57,58]. 

Despite the successes in cell culture and preclinical studies, a small number of NPs-

based siRNA formulations have successfully entered clinical trials (Table 1). Toxicity 

of vectors, immunogenicity and off-target effects of siRNA are the remaining hurdles 

in the clinic. Moreover, a difference between the physiology of humans and 

Drug 

formulation 

Target 

Gene 

NPs Treatment Diseases  Phase  Status Identifier trial 

number(https://

clinicaltrails.go

v)) 

DCR-MYC MYC Lipid  siRNAs Hepatocellular 

carcinoma 

 1/2  Ongoing, 

not 

recruiting 

2014-present 

NCT02314052 

DCR-MYC MYC Lipid  siRNAs Solid tumors, 

multiple 

myeloma, non-

Hodgkin 

lymphoma, or 

pancreatic 

neuroendocrine 

tumors  

1  Ongoing, 

not 

recruiting 

2014-present 

NCT02110563 

ALN-VSP02 KSP and 

VEGF 

Lipid  siRNAs Solid tumors 1 Completed NCT00882180 

Atu 027 PKN3 Lipid 

Nanoparticles 

siRNAs Advanced 

cancers 

1 Completed NCT00938574 

 TKM-080301 PLK1 

 

Lipid  siRNAs Primary and 

secondary liver 

cancer 

1 completed NCT01437007 

PLK1 Lipid  siRNAs Neuroendocrine 

tumors 

1/2 completed NCT01262235 

PLK1 Lipid  siRNAs Advanced 

hepatocellular 

carcinoma 

1/2 completed NCT02191878 

siRNA-EphA2-

DOPC 

EphA2 Lipid  siRNAs Advanced solid 

tumors 

1 Recruiting NCT01591356 

siG12D-LODER KRAS LODER polymer siRNAs Ductal 

adenocarcinoma 

or pancreatic 

cancer  

1 completed NCT01188785 

siG12D-LODER KRAS LODER polymer siRNAs pancreatic cancer 2 Not yet 

recruiting 

NCT01676259 

SNS01-T eIF5A polyethyleneimi

ne 

siRNAs 

plasmids 

Multiple 

myeloma 

1/2 unknown NCT01435720 
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experimental animals, extracellular physiological barrier, technological barrier and 

inability to target metastases limit the success in clinical trials. 

 

 

1.4. In-Vivo Delivery of siRNAs and shRNAs Directed against 

Different Cancer-Causing Genes in Various Cancer Models  

1.4.1. Silencing of Bcl-2 Gene 

Bcl-2 (a mitochondrial protein of 239 amino acids), is a crucial factor for promoting 

cell growth and survival by inhibiting apoptosis pathways of cells (Figure 5). It plays 

critical roles in the growth, development and metastasis of various cancers, including 

breast, lung, liver and gastric cancers [59–62]. Bcl-2 expression was found in 37% (10 

out of 27) of biliary tract invasive cancers and the frequency of expression was 

observed in 90% of small cell lung cancers [63,64]. The role in cancer development 

and the frequency of expression make Bcl-2 as a potential target for cancer gene 

therapy.  

The DNA vector-based Bcl-2 siRNA was synthesized under the control of H1 RNA 

polymerase III (pol III) promoter and mixed with liposome-protamine for evaluating 

anti-tumor activity of liposome-protamine-psilencer3.1 H1-Bcl-2 complexes (at a 

ratio of 10:3:1) in a liver cancer mouse model generated via subcutaneous injection of 

and H22 (liver tumor) cells into male Balb/C mice of 26 ± 2 gm. Intravenous injections 

of 0.4 mL of liposome-protamine-psilencer3.1 H1-Bcl-2, 0.4 mL of liposome-

protamine-psilencer3.1 H1 and liposome-protamine(0.4 mL) as a control were given 

daily over a seven days period. There was a 66.5% decrease in tumor weight in the 

group of mice treated with liposome-protamine-psilencer3.1 H1-Bcl-2 in contrast to 

control group. Moreover, it was found that treatment with Bcl-2-silencing plasmid 

efficiently down regulated the expression of Bcl-2 gene in tumor cells and induced 

their apoptosis ratio remarkably [65]. Other researchers who used Bcl-2-targeted 

siRNA also observed consistent anti-cancer effects upon Bcl-2 gene silencing, 

indicating that the Bcl-2 antisense therapy is one of the most fruitful strategies to 

induce apoptosis in cancer cells [66, 67] 
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Figure 5: Roles of various genes in cancer development; A. Genes that regulate differentiation and 

metabolism of a cancer cell e.g., IGF-1R, B. Proliferative genes like RhoA and RhoC, β-catenin, WT1, PTTG1 

via activating cellular process like mitosis, C. Angiogenic genes like VEGF, VEGF-C,EGFR, Neuropilin-2 

that regulate tumor-induced angiogenesis, D. Anti-apoptotic genes including BCL-2, Survivin, livin, Bag-

1,cyclin D1, RhoA and RhoC which block the normal apoptosis pathways of a cell, E. Metastasis regulating 

genes like EphA2,RhoA and RhoC which trigger cellular motility and invasion for metastasis of tumor cell, 

F. Tumor suppressor gene (p53) inhibitor e.g. MDM-2, deactivates the p53 pathways. 

 

        In gallbladder carcinoma, antisense-Bcl-2-siRNA against aberrantly expressed Bcl-2 

gene (positive expression rate is ~23.4–51.7%) exerted significant tumor regression effect 

in a mouse model study [68–71]. In an in vivo tumorigenicity study, Balb/c nude mice (4–

6 weeks) of 18–22 gm were subjected to subcutaneous injection of Bcl-2-siRNA 

transfected human gallbladder carcinoma cells (GBC-SD) suspensions of 6 × 106 cells in 

0.2 mL for experimental group and GBC-SD suspensions of 6 × 106 cells in 0.2 mL alone 

for control group into the left flank of the mice. After 39 days of treatment, it was found 

that the volumes of tumor for both Bcl-2-siRNA transfected group and the control group 

were 629 ± 78.9 mm3 and 1914 ± 125.0 mm3 respectively. The average weights of tumors 

were 0.77 ± 0.12 gm and 2.24 ± 0.33 gm for experimental and control groups, respectively, 

and the rate of tumor growth with Bcl-2-siRNA treatment was 14.99% compared to 

45.58% in the control group. Thus, Bcl-2-siRNA treating mice group had three-fold 

reduction of tumor volume and weight in comparison to control group and significant 

lower tumor growth rate relative to control group [72]. For gene therapy evaluation 

studies, the antisense Bcl-2 sequences were mixed with recombinant plasmid vector and 
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formed pSilencer™ EGFP sh515 (experimental group) and pSilencer™-EGFP shCon 

(negative control group) for comparative study. Subsequent to the establishment of a 

human gallbladder carcinoma model by implanting 6 × 106 of GBC-SD cells (human 

gallbladder carcinoma cells) into the Balb/C mice of 4–6 weeks, 10 µg of pSilencer™ EGFP 

sh515 with 30 µL of lipofectamine-2000 liposome (Invitrogen, Carlsbad, CA, USA) 

(experimental group) and 10 µg of pSilencer™-EGFP shCon with 30 µL of lipofectamine-

2000 liposome (Invitrogen) (negative control group) were administered into multiple 

sites of peritumoral tissue for five times with a two-days. After 39 days of injection, the 

average tumor volume for pSilencer™ EGFP sh515 containing group was approximately 

700 mm3 (experimental group) relative to negative control group, psilencer-EGFP shcon 

(1400 mm3) and control group (1400 mm3), demonstrating 50% reduction of tumor 

volume in recombinant DNA plasmid psilencer-EGFP sh515-treated mice [72].  

        In addition, cationic liposome LIC-101 and B717, a sequence-specific synthetic Bcl-2-

siRNA was mixed to form B717/LIC-101 for exploring tumor inhibitory effect in a prostate 

cancer mouse model, developed by given 5 × 106 of PC-3 cells (prostate cancer cell) 

subcutaneously into 5 weeks old male Balb/C mice. Intravenous injections of 0.1 mg of 

B717/LIC-101 and 10% (w/v) maltose solution as a control were given for five times in a 

week from day 7 to day 18 after the tumor volume became palpable. The tumor volumes 

were measured by using Dunnett’s test at a regular time interval for 36 days of treatment. 

The group of mice receiving B717/LIC-101 was found to have smaller tumor volume (487 

mm3) than the control group (1300 mm3), showing 63% reduction of tumor volume at the 

end of experiment [73]. 

       Similarly, antitumor activity and pharmacokinetics parameter of sequence-specific 

Bcl-2 antisense siRNA (BO43) and liposome complex could be improved through 

attachment of PEG into the surface of liposomal–siRNA complex by enhancing blood 

retention time, reducing the plasma clearance by the liver and thus, increasing 

accumulation of siRNA in the tumor region. In a study, male Balb/c nude mice (5 weeks) 

were allowed to inoculate prostate tumor by injecting 3.0 × 106 of PC-3 cells (human 

prostate cancer cells) in 100 µL of the nutrient mixture, resulting in growth of tumor size 

approximately 50–80 mm3 after 10 days of subcutaneous injection. PEGylated B043/PEG-

LIC (antisense Bcl-2/PEG-LIC) was given intravenously at three different doses of 1 

mg/kg, 3 mg/kg, and 10 mg/kg in two five-day consecutive courses of injections and 10% 

maltose solution for control groups. After 24 days of post injection, the average tumor 

volumes for treatments with 1 mg/kg, 3 mg/kg, and 10 mg/kg of B043/PEG-LIC were 310 

mm3, 220 mm3 and 160 mm3, respectively, whereas for the control group it was 450 mm3, 

demonstrating the tumor inhibitory effects (65% at a dose 10 mg/kg of B043/PEG-LIC) in 

a dose-dependent manner. Accumulation of siRNA in S.C. tumor was also improved 

three-fold more than non-PEGylated liposome, resulting in superior targeted antitumor 

action of PEGylated siRNA-LIC complex [74].  
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1.4.2. Silencing of VEGF Gene 

 

       Angiogenesis is a developmental and adult physiological process of the formation of 

new blood vessels from preexisting micro vessels that regulate growth and metastasis of 

solid tumor [75–78]. Several pathological conditions like hypoxia, ischemia and 

inflammation result in imbalance between proangiogenic and antiangiogenic factors, 

leading to interactions among endothelial cells, tumor cells and a variety of growth 

factors. This imbalance leads to extracellular matrix remodeling, endothelial cell 

migration and proliferation, and capillary differentiation of tumor cells [79]. VEGF 

(vascular endothelial growth factor) also known as vascular permeability factor is an 

endothelial cell specific mitogen that plays a vital role in stimulating angiogenesis and 

vascular permeability through binding with VEGF tyrosine kinase receptors VEGFR1 

(Flt-1), VEGFR2 (KDR, Flk-1) and VEGFR3 [80–83]. There are six subtypes of VEGF 

protein including VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth 

factor that regulate tumor-induced angiogenesis, vascular permeability and cell 

migration for the survival of cancer cells [84–86]. Over expression of VEGF and vascular 

density have been found to be higher in many human tumors including breast cancer and 

renal carcinoma, relative to normal cells [87–91]. Therefore, to stop metastasis of various 

cancer cells, VEGF gene silencing could be one of the most efficient therapeutic modalities 

[92–94].  

       A replication-deficient recombinant adenoviral vector-based antisense-VEGF-cDNA 

(Ad5CMV-αVEGF) was developed [95] and applied in an in vivo study for exploring the 

antitumor efficacy against a breast tumor induced by subcutaneous injection of 5 × 106 of 

human breast cancer cells (MDA251-MB) into the mammary fat pads of athymic female 

nude mice (4–6 weeks of age). E1-deleted adenovirus type-5 without the gene (Ad5 

(d1312) [96] and Ad5CMV-αVEGF were given intratumorally with 5 × 108 plaque-

forming units (PFU) into the mice bearing breast tumor after 4 days of inoculation. The 

mean tumor sizes for the Ad5CMV-αVEGF and Ad5 (d1312) were, respectively, 67.85 ± 

34.65 mm3and 335.23 ± 83.98 mm3 , with 80% reduction in tumor size by the former 

(Ad5CMV-αVEGF) [97].  

            A non-viral polyplex-based delivery vehicle, composed of PEG-b-poly (L-lysine) 

di block co-polymer and PEG-grafted PEI was synthesized to deliver therapeutic genes 

with improved biological stability, reduced virus-associated toxicity and increased anti-

tumor effects [98–102]. Antisense-VEGF-siRNA was encapsulated with polyplex (VEGF-

siRNA-PEG) and polyethyleneimine (PEI) to form VEGF-siRNA-PEG/PEI PEC micelles 

to assess the tumor inhibitory effects for both intratumoral and intravenous 

administration in a prostate tumor model generated by subcutaneous injection of 1.5 × 

106 PC-3 cells (human prostate cancer cells) into the flank of the mouse. 500 pmol of 

VEGF-siRNA formulation at 0, 6 and 15 days was given intratumorally after tumor size 

grew to 50 mm3. Tumor regression result showed 79% reduction of tumor volume in 
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VEGF-siRNA-PEG/PEI PEC micelles-treated mice (120 mm3) compared to the untreated 

group (590 mm3). For systemic delivery, 1.5 nmol of VEGF-siRNA-PEG/PEI PEC was 

given intravenously into the tail vein of mice at 0, 4, 10, 18 and 28 days, exerting drastic 

tumor inhibitory effects (86%) (tumor volume, 196 mm3) relative to the control group 

(tumor volume, 1400 mm3) [103].  

          VEGF-C, a subtype of the VEGF family is an essential lymphangiogenic factor 

which promotes lymphogenesis, tumorigenesis and metastasis of cancer cells [104–107]. 

The autocrine effect of upregulated VEGF-C initiates several intracellular signaling 

pathways that mediate tumor progression in various cancers like ovarian cancer, breast 

cancer, bladder cancer and non-small cell lung cancer (NSCLC) [105–119]. Hifectin was 

employed to deliver VEGF-C-targeted siRNA (siV2) and assess potency of the delivered 

siRNA against the breast tumors developed by subcutaneous administration of 5 × 104 of 

4T1 cells (mouse breast cancer cells) in the right-front dorsum of a Balb/C female mouse 

(4 weeks old) of 18–20 gm each. When the size of tumors reached at ~0.1 cm3, the mice 

were treated with siV2 (1 µg/gm body weight), scrambled siRNA (SCR) (1 µg/gm body 

weight) as a negative control and PBS (Blank control) intratumorally for every 2 days. 

After 3 days of post injection, the mean tumor weights for siV2, SCR and controls were 

2.272 g, 3.242 g and 3.185 g, respectively, and the tumor volume for either control or SCR 

was approximately 2.5 cm3 , whereas that for the siV2-treated group was 1.8 cm3 , thus 

demonstrating 28% reduction of tumor volume in comparison to the control group [120].  

           In addition, to increase the antitumor efficacy VEGF-C-directed siRNA was mixed 

with lentivirus (Lv-VEGF-C-siRNA) for specific delivery to the target gene. The 

knockdown efficacy of virus-associated VEGF-siRNA (Lv-VEGF-C-siRNA) was assayed 

in a lung cancer mouse model generated via subcutaneous injection of 1 × 107 A549 cells 

into the left flank of a Balb/c nude mouse at 6 weeks of age. Lv-VEGF-C-siRNA, Lv-siRNA 

negative control and PBS at a dose of 250 µL in 24 h intervals for 3 weeks into the tail vein 

of the mice were given after 15 days of subcutaneous injection. The average volumes of 

tumors for Lv-VEGF-C-siRNA-treated group and untreated group were 87.36 ± 10.93 and 

241.88 ± 34.03, respectively. The weights of tumor for untreated and Lv-VEGF-C-siRNA-

treated groups were 1079 ± 168.47 mg and 565.57 ± 89.33 mg, respectively, thus showing 

reduced tumor weight (64%) and volume (48%) in Lv-VEGF-C-siRNA-treated group 

relative to the untreated group. Protein and mRNA expression analysis confirmed that 

the silencing of VEGF-C gene expression lowered the expression of VEGFR-2, VEGFR-3, 

CXCR4 and CXCR7 significantly in NSCLC and suppressed the effects of AKT, ERK and 

p38 signaling pathways, thereby regressing the tumor growth [121].  

       Neuropilin-2 (NRP-2), a non-kinase cell surface receptor binds with VEGF and 

regulates vascularization and lymphogenesis of various tumors. Despite its expression in 

normal tissues, over expression of NPR-2 is found in colorectal cancer cells and important 

for the development and metastasis of colorectal cancer cells [122–124]. Liposomal 

complexes of NRP-2-targeted siRNA (NPR-2-siRNA-DOPC) could be used to slow down 
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the tumor growth. Following administration of 1×106 cells of HTC-116 cells (lenti-luc-

transfected colorectal cancer cell) into the male athymic nude mice (6–8 weeks old), NPR-

2-siRNA/liposomal complexes (NPR-2-siRNA-DOPC) and siRNA-DOPC (without NPR-

2) as a negative control were given intraperitoneally at a dose of 5 µg of siRNA on every 

5 days. The tumor volumes were measured 36 mm3 and 420 mm3 for both NPR-2-siRNA-

DOPC- and control siRNA-DOPC-treated mice. Tumor growth was clearly slowed down 

by NPR-2-siRNA-DOPC (91.43%) compared to control siRNA-DOPC [125].  

              Although targeted therapeutic gene delivery has been successfully used to inhibit 

tumor growth by silencing specific genes, toxicity has not been diminished completely 

due to non-specific immune reactions and poor intracellular uptake [126–130]. To 

overcome this hurdle, self-assembled siRNA layered nanoparticles (nanoplexes) 

comprising PEI and PEGylated Ar3-Gly-Asp (RGD) peptide ligand were synthesized to 

target the tumor neovasculature expressing integrin to attenuate the VEGFR2 expression 

and tumor angiogenesis [131–139]. VEGF-R2 sequence-specific siRNA encapsulated with 

RGD-PEG-PEI (RPP) was subjected to an in vivo study for assessing the antitumor 

activity against a neuroblastoma tumor developed by administrating 1 × 106 of N2A cells 

(mouse neuroblastoma cells) into the flank of the female nude mice (6–8 weeks old). After 

7 days of inoculation, when the mice had tumor size of 20 mm3, the mice were treated 

with RPP-nanoplexes-siLacZ (nonspecific siRNA) and RPP-nanoplexes-siVEGFR-2 at a 

dose of 40 µg into the tail vein at every 3 days. The average tumor volume measured for 

VEGFR-2 sequence-specific siRNA-treated group was approximately 100 mm3 , whereas 

in siLacZ-treated and control groups, the mean volumes were 1700 mm3 and 1200 mm3 

respectively, demonstrating that RPP-VEGFR-2 siRNA reduced 91.67% of tumor volume 

in comparison to the control groups [100].  

        Taken together, VEGF and its subtype VEGF-C, VEGF receptors (VEGFR) and their 

signaling pathways NRP-2 play vital roles in developing tumor and lymphangiogenesis. 

The adenoviral vector-mediated siRNA reduced 80% of tumor volume in breast cancer. 

However, non-viral carrier, PEC loaded siRNA was shown to lower 86% of tumor volume 

with a minimal toxicity in prostate cancer mouse model. In case of VEGF-C, naked anti-

VEGF-C-siRNA reduced only 28% of tumor volume, but when it was mixed with 

lentivector the inhibition rate was increased up to 48%. NRP-2 along with liposomal 

complex also inhibited 91.43% of tumor volume in colorectal cancer. VEGFR 2 with 

nanoplexes-ligand reduced 91.67% of tumor volume without any notable toxicity in 

neuroblastoma. The anti-tumor effects following nanoparticle-assisted delivery of 

tailored siRNAs directed against VEGF, NRP-2, VEGFR 2 and EGFR genes warrant 

further clinical investigation like toxicity to establish VEGF targeted gene therapy either 

alone or in combination as successful modalities for different cancer treatments. The 

tissue-targeted siRNA therapy allows huge improvement in silencing technology and 

identification of genes as the most selective targets for cancer gene therapy.  
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1.4.3. Silencing of EGF Receptor Genes 

 

             Epidermal growth factor (EGF) receptors, EGFR-1 and EGFR-2 are cell surface 

proteins that initiate growth signals in a normal cell. EGF receptors stimulate tyrosine 

kinase activity and activate downstream signaling pathways, playing key roles in cell 

division and proliferation [140]. EGFR triggers the expression of VEGF gene. 

Overexpression of EGFR-1 and EGFR-2 has been found in many breast cancers (30%) 

[141]. To improve the silencing efficacy of EGFR-1 and EGFR-2, siRNAs targeting EGFR-

1 and EGFR-2 were electrostatically complexed with pH-sensitive carbonate apatite (CA) 

nanoparticles [142] and the anti-cancer effects of the complexes were assessed in a murine 

syngeneic breast cancer model. Breast tumors were inoculated with subcutaneous 

injection of 1 × 105 4T1 cells into the mammary pads of female Balb/c mice (15–20 g) with 

ages of 6–8 weeks. When the tumor volume reached 13.20 ± 2.51 mm3, CA-siRNA(s) 

against EGFR-1(50 nM) or EGFR-2 (50 nM) were given intravenously into the tail vein of 

mice at 3 days with a total of two injections. CA-siRNA(s) directed EGFR-1(50 nM) or 

EGFR-2 (50 nM) showed no robust tumor regression after 29 days of treatment. On the 

other hand, concurrent delivery of EGFR-1 and EGFR-2 siRNAs with carbonate apatite 

exerted significant tumor volume reduction (61%) in contrast to control groups. These 

results suggested that combined delivery of multiple siRNAs with pH-sensitive CA is a 

very promising strategy in treating cancer, highlighting a huge potential of pH-

responsive drug delivery to the tumor microenvironment [143].  
 

1.4.4. Silencing of Survivin Gene  

 

        Survivin is a human gene that encodes a 16.5-kD wild-type protein of 142 amino 

acids, which is extensively expressed at G2/M phase and declines rapidly in G1 phase of 

the cell cycle [144,145]. Survivin is one of the subtypes of apoptosis protein inhibitor 

family (IAP) including X-linked inhibitor of apoptosis (XIAP), cIAP1, cIAP2, NAIP (NLR 

family, apoptosis inhibitory protein), Livin, ILP2 (IAP-like protein) and BRUCE [146–

148]. It suppresses apoptosis by blocking both intrinsic and extrinsic pathways of 

apoptosis [149]. Survivin can be co-immune precipitated with caspases-3, caspases-7 and 

caspases-9 processing and blocks apoptosis [150]. It also mediates cellular division by 

increasing escape from G1 checkpoint arrest and facilitates to enter into S phase 

subsequently and influences tumor aggressiveness in cancer patients [145,151–153]. 

Survivin helps to develop chemo-resistance against various chemotherapeutics, thereby 

increasing tumor recurrence rate [154–157]. Survivin expression in normal tissue is low, 

but an aberrant expression of Survivin is found in various types of cancers, including 

esophageal, lung, ovarian, central nervous system, breast, colorectal, bladder, gastric, 

prostate, pancreatic, laryngeal, uterine, hepatocellular, renal cancers as well as sarcoma, 
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melanoma and hematologic malignancies [158]. This abnormal expression of Survivin 

makes it a potential biomolecular target for different therapeutic strategies of cancer 

management. Several RNAi studies targeting Survivin gene in vitro and in vivo were 

performed by using different carriers to deliver specifically and explore the roles of 

Survivin in cancer development and metastasis as well as the antitumor activity of anti-

Survivin-siRNA in various cancer cell lines (Table 2).  

 

Table 2. Summary of animal studies of siRNA- and shRNA- based cancer gene therapy. 

 

Target 

Genes  

Role of Genes Delivery 

vehicle 

Treatment Preclinical studies 

application 

Preclinical studies 

outcome 

Refs 

Bcl-2 Inhibits apoptosis 

pathways and promote 

cellular growth and 

survival in breast, lung, 

liver and gastric cancer 

Liposome-

protamine 

siRNA Balb/c mouse 

model inoculated 

with H22 liver 

tumor cells 

66.5% reduction 

of tumor growth 

by suppressing 

Bcl-2 gene 

expression 

 

65 

Bcl-2 pSilencerTM-

EGFP sh515 

shRNA Balb/C mouse 

model inoculated 

with GBC-SD, 

gallbladder 

carcinoma cells 

50% reduction of 

tumor volume 

and decreased 

tumor growth rate  

72 

Bcl-2 Cationic 

liposome, 

LIC-101 

siRNA Balb/C nu++ 

mouse model 

inoculated with 

PC-3 prostate 

cancer cells 

63% reduction of 

tumor volume 

73 

Bcl-2 PEG-LIC 

complex 

siRNA Balb/C mouse 

model inoculated 

with PC-3 human 

prostate cancer 

cells 

Increased siRNA 

uptake, 65% 

tumor reduction 

without any 

systemic toxicity 

 

 

 

74 

VEGF Stimulates angiogenesis 

and vascular permeability 

Adenoviral 

vector 

(Ad5CMV) 

siRNA Athymic female 

mouse model 

inoculated with 

MDA251-MB, 

human breast 

cancer cells 

Reduced 80% of 

tumor through 

anti-angiogenesis 

mechanism 

 

 

 

97 

VEGF Polyelectrolyt

e complex 

(PEG/PEI PEC 

micelles) 

siRNA Female nude mice 

(nu/nu) model 

inoculated with 

PC-3 human 

prostate cancer 

cells 

Intratumoral 

injection caused 

79% tumor 

inhibition; 

Intravenous 

administration 

reduced 86% of 

tumor volume  

 

 

 

103 

VEGF-C Promotes lymphogenesis, 

tumorigenesis and 

initiates metastasis 

Hifectin-

mediated 

transfection 

siRNA Balb/C mouse 

model inoculated 

with 4T1 cells, 

mouse breast 

cancer cells 

 

Reduced 28% of 

tumor volume. 

 

 

120 
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VEGF-C  Lentivirus 

vector (Lv) 

siRNA  Balb/C mouse 

model inoculated 

with A549, human 

NSCLC cells 

64% tumor 

inhibition and 

48% reduction of 

tumor volume by 

decreasing VEGF-

C expression 

 

 

 

 

121 

NRP-2 Binds with VEGF and 

regulates vascularization 

and lymphogenesis of 

various tumors 

 

DOPC(neutral 

lipid 1, 2-

dioleoyl-sn-

glycero-3-

phosphatidyl 

choline) 

siRNA Male athymic 

nude mouse 

model inoculated 

with HTC-116, 

human colorectal 

carcinoma cell 

lines 

Reduced 91.3% of 

tumor volume via 

increasing anti-

angiogenic 

mechanism 

 

 

 

 

125 

VEGF R2 Regulates angiogenesis 

and tumor growth 

RGD(Ar3-

Gly-Asp 

peptides)-

PEG-PEI 

nanoplexes 

siRNA Female nude 

mouse model 

inoculated with 

N2A, mouse 

neuroblastoma 

cells 

Enabled tissue-

specific delivery 

and inhibited 

more than 90% of 

tumor volume 

 

 

100 

EGFR 1 & 

ERBB2 

Activate downstream 

signaling pathways and 

play key role in cell 

division and proliferation 

Carbonate 

apatite Nano- 

particle 

siRNA Female Balb/C 

mouse model 

inoculated with 

4T1 cells, mouse 

breast cancer cells 

 

61% reduction of 

tumor volume 

without any 

toxicity 

 

 

143 

Survivin Suppresses apoptosis by 

inhibiting both intrinsic 

and extrinsic pathways of 

apoptosis, as well as 

improves chemo-

resistance to various 

chemotherapeutics and 

increases tumor 

recurrence rate 

PEGylated 

chitosan 

(PEG-CS) 

siRNA Female Balb/C 

mouse model 

inoculated with 

4T1 cells, mouse 

breast cancer cells 

 

Increased 

biological 

stability and 

targeted gene 

delivery, reduced 

55% of tumor 

volume 

 

 

 

 

 

 

165 

Survivin  Chiosan-6-

poly arginine 

and histidine 

(H6R6-CS) 

siRNA Female Balb/C 

mouse model 

inoculated with 

4T1 cells, mouse 

breast cancer cells 

 

Improved cellular 

uptake and 

endosomal escape 

with 63% tumor 

inhibition 

 

 

 

176 

Survivin Cationic 

linear 

polyethylenei

mine (PEI) 

Sticky siRNA 

(ssiRNA) 

NMRI nude 

female mouse 

model inoculated 

with B16-F10 

cells, murine 

melanoma cell 

lines 

 

Reduced 50% of 

tumor volume 

through silencing 

of Survivin gene 

 

 

181 

Survivin PCPP(mPEG-

CPB-PEI)  

nano- 

particle 

siRNA Balb/C mouse 

model inoculated 

with 4T1 cells, 

mouse breast 

cancer cells 

Increased tumor 

accumulation and 

improved cellular 

uptake with 66% 

reduction of 

tumor volume 

 

 

 

185 

Cyclin-B1 As a mitosis promoting 

factor triggers 

uncontrolled cell 

MPG-8 

(Primary 

amphipathic 

siRNA Swiss nude 

mouse model 

inoculated with 

90% tumor size 

inhibition for 

maximum dose, 
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proliferation and 

hampers the stability of 

chromosomes 

peptide 

carrier)-

cholesterol 

(MPG-8/chol) 

PC-3 cells, human 

prostate cancer 

cells 

60-80% reduction 

of Cyclin B1 

expression and 

extended survival 

rate 

206 

Cyclin-B1 Cationic 

linear 

polyethylenei

mine (PEI) 

Sticky siRNA 

(ssiRNA) 

NMRI nude 

female mouse 

model inoculated 

with B16-F10 

cells, Murine 

melanoma cell 

lines 

 

 

 

Reduced 44% of 

tumor volume via 

down regulating 

Cyclin B1 

expression 

 

 

 

181 

RhoA & 

RhoC 

Triggers signal 

transduction and drives a 

series of pathologies of 

cancer including cell 

motility, proliferation, 

apoptosis inhibition, cell 

cycle progression, 

invasion, metastasis and 

inflammation  

Adenoviral  

vector 

shRNA Male Balb/C 

mouse model 

inoculated with 

HTC-116, human 

colorectal 

carcinoma cell 

lines 

Slowed tumor 

growth (2.38 fold) 

and reduced 37% 

of tumor volume 

 

 

 

 

 

225 

RhoA & 

RhoC 

Cytofectin-

mediated 

transfection  

siRNA Athymic female 

mouse model 

inoculated with 

MDA251-MB, 

human breast 

cancer cells 

Reduced tumor 

volume 85% (anti-

RhoA) and 53% 

(anti-RhoC), 

lowered 

angiogenesis 

index  

 

 

227 

RhoA Chitosan- 

PIHCA(polyis

ohexylcyanoa

crylate) 

siRNA Athymic female 

mouse model 

inoculated with 

MDA251-MB, 

human breast 

cancer cells 

At higher dose 

the tumor were 

completely 

removed 

 

 

 

228 

RhoC Lipofectamine

-mediated 

transfection 

siRNA Balb/C-nu mouse 

model inoculated 

with SUM149, 

human IBC cells 

Reduced tumor 

volume by 35%, 

increased survival 

rate to 85%, up-

regulated 

metastasis 

suppressor gene 

KAll 

 

 

 

 

234 

β-Catenin Regulates cell-cell 

adhesion and gene 

transcription, ultimately 

controlling cellular 

proliferation 

Oligofectamin

e-mediated 

transfection 

siRNA Female nude/nu 

mouse model 

inoculated with 

HTC-116, human 

colorectal 

carcinoma cell 

lines 

Three-fold 

smaller in size of 

tumor in 

comparison to 

control with 

extended survival 

rate 

 

 

253 

β-Catenin  Lentivirus 

vector 

shRNA Male athymic 

nude mouse 

model inoculated 

with AGS cells, 

human gastric 

cancer cells 

75% reduction of 

tumor volume by 

inhibiting CCAR1 

gene expression 

 

259 

EphA2 Enhances cell-

extracellular matrix 

(ECM) adhesion, 

DOPC 

(neutral lipid 

1, 2-dioleoyl-

siRNA Female athymic 

nude (Ncr-nu) 

mouse model 

Reduced 35-50% 

of tumor size  

 

 

 



33 
 

anchorage-dependent 

growth and metastasis 

sn-glycero-3-

phosphatidyl 

choline) 

inoculated with 

SkOV3ip1 cells, 

ovarian cancer 

cell lines 

275 

EphA2 and 

FAK 

DOPC 

(neutral lipid 

1, 2-dioleoyl-

sn-glycero-3-

phosphatidyl 

choline) 

siRNA Female athymic 

nude (Ncr-nu) 

mouse model 

inoculated with 

SkOV3ip1 cells, 

ovarian cancer 

cell lines 

Reduced 62-82% 

of tumor 

metastasis and 

slowed down 

tumor growth rate 

 

 

283 

EphA2 Liposome siRNA Balb/C mouse 

model inoculated 

with SGC 7901, 

human gastric 

adenocarcinoma 

cells 

43.1% inhibition 

of tumor growth, 

with reduction in 

expression of 

metastatic gene 

MMP-9  

 

 

 

285 

MDM-2 Inhibits the regulation of 

p53 tumor suppressor 

gene 

PMPC-b-

PDPA 

(di-block 

copolymer of 

poly 

(methacryloyl

oxy ethyl 

phosphorylch

oline)-b-poly 

(diisopropano

lamine ethyl 

methacrylate) 

siRNA Athymic mouse 

model inoculated 

with H2009 cells, 

NSCLC cells 

67% reduction of 

tumor growth via 

down regulation 

of MDM-2 gene 

expression 

without any 

systemic toxicity 

 

 

290 

MDM-2, c-

myc and 

VEGF 

 cationic lipid-

PEG 

siRNA Female C57B216 

mouse model 

inoculated with 

B16-F10 cells, 

murine melanoma 

cell lines 

 

20-30 % reduction 

of tumor load 

with extended 

survival rate 

 

 

291 

IGF-1R Promotes cellular 

metabolism, 

differentiation, apoptosis, 

chemo resistance and 

angiogenesis as well as 

protecting cells from UV 

irradiation, cytokine and 

gamma radiation-induced 

apoptosis 

Plasmids-PEI siRNA Male nude mouse 

model inoculated 

with A549 cells, 

human lung 

adenocarcinoma 

cell lines  

60% of reduction 

of tumor volume, 

Increasing 

apoptotic cells 

 

 

 

305 

IGF-1R Magnetic 

lipoplexes 

shRNA Male Balb/C 

AnNcrj-nu 

mouse model 

inoculated with 

A549 cells 

(NSCLC cells line 

with 

overexpression of 

IGF-1R) 

Improved site 

specificity and 

cellular uptake, 

and reduced 

85.1±3% of IGF-

1R gene 

expression 

 

 

 

306 

Livin Thwarts both extrinsic 

and intrinsic apoptosis 

pathways by interacting 

with specific cysteine 

proteases or caspases, 

while playing a 

significant role in tumor 

Single chain 

antibody 

 

 

 

siRNA 

 

 

 

 

Nude mouse 

model inoculated 

with LiBr cells, 

malignant 

melanoma cell 

lines. 

Reduces 

approximately 

64% of tumor size. 

 

 

 

 

324 

Livin Plasmid 

vector 

siRNA Balb/C nu/nu 

mouse model 

73% reduction of 

mean tumor size, 
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progression and chemo 

resistance development 

inoculated with 

SPCA-1 cells, 

human lung 

cancer cell lines. 

with increased 

apoptotic fraction 

and improved 

survival rate 

 

325 

WT1 The key drivers that 

control cell proliferation 

and apoptosis via 

regulation of the 

expression of 

proliferative genes 

Plasmid 

vector 

shRNA Balb/C nu/nu mouse 

model inoculated 

with A549, H1299 

and H1650 cells 

69-76% reduction 

of tumor volume 

without any 

systemic toxicity 

 348 

WT1 Liposome-

PEG 

shRNA Female C57BL/6 

mouse model 

inoculated with 

B16F10 cell, 

murine melanoma 

cell lines 

Reduced 34% of 

tumor weight and 

extended survival 

rate (62.5%) 

 

 

 

 

 

353 

Bag-1 Regulates Bcl-2 gene 

expression and mimics 

the anti-apoptotic 

activities via bridging 

between the growth 

factor and anti-apoptotic 

mechanisms 

Magnetic gold 

nanoparticles 

siRNA Balb/C nude 

mouse model 

inoculated with 

LoVo cell, human 

colon cancer cell 

lines 

69% of tumor 

inhibition 

without toxicity 

 

 

360 

PTTG1 Plays a vital role in 

several cellular processes 

like mitosis, DNA repair, 

apoptosis and gene 

regulation and causes 

aneuploidy. 

Adenoviral 

vector 

siRNA Balb/C nude 

mouse model 

inoculated with 

SH-J1 cells, 

hepatoma cell 

lines 

Significant tumor 

inhibition 

efficacy (84%) 

 

 

 

375 

CD-47 Causes the tumor cells 

escape from 

immunosurveillance with 

the result of tumor 

progression 

Liposome-

protamine-

hyaluronic 

acid 

siRNA C57B2/6 mouse 

model inoculated 

with B16F10 cell, 

murine melanoma 

cell lines 

Above 90% tumor 

inhibition 

without toxicity 

 

 

382 

 

         Chitosan, a non-viral vector for gene delivery, has been widely used due to their 

nontoxic, non-immunogenic, biodegradable and biocompatible properties [159]. The 

siRNA targeted to the Survivin was electrostatically binds chitosan (CS-siRNA) for 

improving siRNA stabilization against nuclease-mediated degradation and avoids renal 

clearance [160,161]. However, a poor water-soluble CS-siRNA complex is attacked by 

blood proteins and attributed to protonation effects in biological media. To overcome this 

hurdle, the CS-siRNA complex was grafted with PEG by an ionic gelation method for 

increasing stability and solubility in biological media [162]. The PEG provides steric 

stabilization effect of CS-siRNA complex against blood proteins and cells [163,164]. 

Mouse breast cancer cell lines (4T1) were inoculated into female Balb/C mice at the age 

of 4–6 weeks, and PEG-CS-siRNA (0.3 mg siRNA/Kg), free siRNA (negative control 

group) and saline (blank) were administered for total five times at every 2 days after the 

mice had a tumor volume of 100 mm3 . At 28 days of post-injection, the tumor volume of 

PEG-CS-siRNA-treated mice was found to be approximately 500 mm3, whereas for saline 

and naked siRNA treatments the volumes were approximately 1500 mm3 and 1100 mm3, 
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respectively. PEGylated-CS-siRNA demonstrated increased biological stability and 

selective tumor accumulation, thereby reducing tumor growth (55%) more significantly 

than the non-PEGylated ones [165].  

Although chitosan nanoparticles (CS-NPs) are stable in biological media, the use of CS-

NPs is limited due to poor cell penetrating capability and buffering capacity. Cell 

penetrating peptides (CPPs), 6-poly arginine and histidine (H6R6) were combined with 

CS-siRNA for improvising cellular internalization and mediating early endosomal escape 

of antisense siRNA into the cytoplasm [166–168]; 6-poly arginine has strong positive 

charge which helps to transport of nucleic acids into tumor more easily, whereas poly-

histidine increases the buffering capacity of chitosan nanoparticles and thereby 

destabilizes endosomal membrane in the acidic environment for rapid endosomal escape 

[169–173]. The H6R6-CS and siRNA directed to Survivin (H6R6-CS-siRNA nanoparticles) 

was combined by complex coacervation method [174,175] before being investigated for 

the activity against tumor growth and metastasis. Breast tumors were induced into 4–6-

week-old Balb/C female mice via subcutaneous injection of 4T1 cells prior to the 

evaluation of antitumor efficacy of H6R6-CS-siRNA at a concentration of 0.3 mg/kg 

through injections of the formulation for five times at a two days after the tumor size 

became 130–140 mm3. 

Naked siRNA, as well as saline, were also given as controls. After 28 days of treatment, 

the tumor volume for H6R6-CS-siRNA was approximately 600 mm3, whereas in blank 

and naked siRNA-treated group the volumes were, respectively, 1600 mm3 and 1200 

mm3, thus demonstrating significant antitumor efficacy for H6R6-CS-siRNA complexes 

(63% reduction of tumor volume) compared to the control group. The improved cellular 

internalization and early endosomal escape capability of H6R6-CS-siRNA complexes 

resulted in more transfection efficiency with higher capability of silencing Survivin gene 

[176].  

 Melanoma is one of the most common malignancies characterized by strong metastasis 

and chemo-resistance properties, leading to higher mortality rate relative to other cancers 

[177–179]. The combined action of anti-apoptotic factors, pro-apoptotic effectors and 

stringent survival signal contributes to the development of chemo-resistance. The anti-

apoptotic protein Survivin has a strong correlation with melanoma metastasis and is 

found to be expressed at a higher level in melanoma which makes Survivin a potential 

therapeutic target for melanoma treatment [151–153]. Sticky siRNA (ssiRNA) with 

cationic linear polyethyleneimine (PEI) was shown to promote gene silencing by 

improving stability and reducing conventional toxicity [180]. Murine melanoma tumors 
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were implanted in NMRI nude female mice (5 weeks old) by subcutaneous injection of 1 

× 106 B16-F10 cells into the right flank of mice. When the tumor volume grew to 50 mm3, 

the mice were treated with glucose (control), negative control ssiRNA and antisense 

Survivin-siRNA/PEI at a dose of 1 mg/kg. At 10 days of post injection, the tumor volumes 

for both ssiRNA-Survivin/PEI and control groups were approximately 1000 mm3 and 

2000 mm3 , respectively. The ssiRNA-Survivin/PEI reduced 50% of the tumor volume in 

comparison to the control group, via attenuating the Survivin gene expression [181].  

Sialic acid (SA) is found to be overexpressed on cell surfaces of most cancer cells and aids 

in tumor metastasis by avoiding immune recognition of cancer cells [182–184]. 

Phenylboronic acid (PBA) grafted with polyethyleneimine (PBA-PEI) for targeting SA, 

and shielded with PEG (polyethylene glycol) to increase stability in systemic circulation, 

was shown to reduce off-target effects and carry anti-Survivin siRNA into targeted tumor 

cells. The PEG shell which could be detached from NP-siRNA complexes at extracellular 

pH of tumor enabled internalization of the NP-siRNA complexes into cancer cell. After 

internalization, the PBA-ribose ester bond was completely disrupted at the acidic pH of 

tumor microenvironment, releasing the siRNA into the cytoplasm. Tumor growth 

inhibition of the dual pH-responsive nanoparticle complex (PEG-CPB-PEI 

(PCPP)/siRNA) was studied in a breast tumor mouse model generated by subcutaneous 

injection of 1 × 105 of 4T1 cells in mammary fat pad of Balb/C mice. When the mice had a 

tumor of 80 mm3 , the tumor-bearing mice were treated 6 times in every 3 days with 

saline, naked siSUR, PEI1.8ksiSUR, PCPPsiN.C (siRNA of nonsense sequences), and 

PCPPsiSUR (siRNA of anti-Survivin gene) at a dose of 1 mg/kg (siRNA). The tumor 

volumes of the mice treated with PCPPsiSUR and control groups were approximately 

500 mm3 and 1300–1500 mm3 , respectively, revealing notable tumor volume reduction 

(66%) in comparison to the control groups [185].  

 The rigorous study on Survivin demonstrated that Survivin is one of the key players to 

drive cancer formation by mediating apoptosis in various tumors. The issue of effective, 

non-toxic delivery and cellular internalization is a key challenge for successful siRNA 

delivery. To address this challenge, researchers are trying to establish a safe and secure 

carrier for the successful delivery of Survivin into target cancer cells. Sticky siRNA 

(ssiRNA) with Polyethyleneimine (PEI) reduced 50% of tumor volume in malignant 

melanoma. Additionally, when the siRNA was given with polyethylene grafted chitosan 

(PEG-CS), the tumor reduction rate increased to 55% along with reduction of side effects. 

Recently, to improve cellular internalization, cellular peptide proteins (CPPs) with 

chitosan were used to carry Survivin-siRNA which improved the antitumor efficacy 
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(63%). Moreover, dual pH-responsive PCPP exerted significant tumor regression effects 

(66%) without hampering normal physiology of mice. 

 1.4.5. Silencing of Cyclin-B1 Gene  

     Cyclic-B1 is a regulatory protein, involved in mitosis. Cyclin B1, along with Ser/Thr 

kinase Cdc2 (cyclin-dependent kinase1, cdk1), forms the “mitosis promoting factor” and 

this complex triggers the cell from G2 phase to mitosis [186–188]. Overexpression of 

cyclin-B1 resulted in uncontrolled cell Pharmaceutics 2018, 10, 65 16 of 44 proliferation 

and hampered the stability of chromosomes [189–193]. Deregulated Cyclin-B1 expression 

has been observed in various cancers like esophageal squamous cell carcinoma, laryngeal 

squamous cell carcinoma, and colorectal cell carcinoma and induces resistance against 

radiotherapy in different tumors [194–196]. The silencing of the cyclin-B1 gene caused 

induction of growth arrest at G2 phase and stopped cancer cell division [197,198]. The 

inevitable role of cyclin-B1 in abnormal cellular growth makes it a striking therapeutic 

target for cancer management. Several studies with the siRNA targeting cyclin-B1 were 

accomplished in the mouse model for evaluating its role in tumorigenesis (Table 2). 

        Non-covalent bonding between carrier and siRNAs is a very promising technique 

for complexing and delivering siRNA into tumor cells as well as embryonic stem cells 

[199–203] more efficiently. Cell-penetrating peptide, MPG-8 (Primary amphipathic 

peptide carrier) binds with siRNA non-covalently to form stable complexes with a siRNA 

which can be further functionalized for improving intracellular delivery [204,205]. The 

MPG-siRNA complex was tailored with cholesterol for improving stability in biological 

fluid and overall potency. The higher stability in biological fluid and slow release pattern 

of MPG-siRNA to the target tumor cells make them more advantageous over the other 

existing strategies. A prostate cancer mouse model was developed by injecting 106 PC-3 

cells into Swiss nude mice. When the mice had a tumor size of 100 mm3, they were treated 

with 0.1 mL of PBS (as a control), free cyclin-B1 siRNA (100 µg), control siRNA Cyc-B3 

(50 µg), cyclin-B1-siRNA (5 µg and 10 µg) complexes with MPG-8/chol-MPG-8 at a 1/20 

molar ratio and cyclin-B1 siRNA with MPG-8(10 µg) in every 3 days. After 50 days of 

treatment, it was found that the Cyc-B1 siRNA-MPG-8/chol-MPG-8 (5 µg) reduced 60% 

of tumor size while for 10 µg of Cyc-B1 siRNA-MPG-8/chol-MPG-8 it was 92% in contrast 

to control groups. Cyclin-B1 protein expression was also reduced to 60% and 80% for 

both 5 µg and 10 µg of Cyc-B1 siRNA-chol-MPG-8 containing group at the end of 48 days. 

There was dose dependent tumor growth inhibition were seen for Cyclin-B1 siRNA 

treating group. The survival rate for 10 µg of Cyc-B1 siRNA-MPG-8/chol-MPG-8 was 70% 

at day 40 while in cholesterol free group it was only 20% [206]. On the other hand, 
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intratumoral injection of cyclin-B1-siRNA (1 µg and 5 µg) complexes with MPG-8/chol-

MPG-8 at a 1/20 molar ratio and cyclin-B1 siRNA with MPG (5 µg) caused 75% reduction 

of tumor volume for 1 µg and complete disappearance of tumor for 5 µg of Cyclin-B1-

directed siRNA. The notable antitumor efficacy of Cyclin-B1-siRNA for both intravenous 

and Intratumoral administration and their prolonged survival rate confer new 

prospective for tumor management modality [206].  

In addition, a sticky siRNA (ssiRNA) with cyclin-B1-antisense was encapsulated with 

cationic linear polyethylenimine (PEI) for improving target ability and biological 

stability. The murine melanoma tumor was inoculated into the NMR1 (5 weeks) nude 

mice via subcutaneous injection of 1 × 106 cells of B-16-F10 into the right flank of mice. 

When the mice had a tumor volume of 50 mm3, the mice were treated with glucose (as a 

control), negative control ssiRNA and cyclin-B1-ssiRNA at a dose of 1 mg/kg 

intravenously every alternative day. After 20 days of treatment, massive enlargement of 

tumor volume for both control groups (1300 mm3 and 1100 mm3) were seen in contrast to 

cyclin-B1-ssiRNA/PEI group (700 mm3). The ssiRNA cyclin-B1-PEI complex delivered the 

cyclin-B1-ssiRNA to the targeted tumor cell and down regulated the Cyclin-B1 expression 

which resulted in significant inhibition of tumor growth [181].  

In conclusion, Cyclin-B1 has a prominent role in tumor cell proliferation and is found to 

be heterogeneously expressed in multiple cancers. Sticky siRNA (ssiRNA) targeting 

Cyclin-B1 exerted 44% reduction in tumor volume and improved biological safety profile 

in malignant melanoma. However, Cyclin-B1 targeted siRNA loaded with cholesterol-

layered MPG-8-CPP reduced more than 90% of the tumor volume in a dose-dependent 

manner. The prolonged survival rate and null immune responses rendered it a promising 

tool for cancer treatment in a therapeutic context for the future.  

1.4.6. Silencing of RhoA and RhoC Gene 

       Ras homologous A (RhoA) and Ras homologous C (RhoC) are the members of 

GTP/GDP-binding GTPase of the Ras superfamily [207,208]. They are low molecular 

weight compounds and act as molecular switches to promote cellular processes like actin 

and microtubule cycloskeleton organization, cell division, motility, cell adhesion, 

vesicular trafficking, phagocytosis, transcriptional regulation, matrix remodeling and cell 

mobility [209–211]. RhoA and RhoC are the key drivers for a series of pathologies of 

cancer, including cell motility, proliferation, apoptosis inhibition, cell cycle progression, 

invasion, metastasis and inflammation of tumor cells [212–217]. RhoA activation triggers 

signal transduction pathways; Rho-associated coiled coil-containing protein kinase 

(ROCK) activation pathway and the phosphatidylinositol-3-phospokinase/protein B (PI3-
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K/AKT) pathways. These activated pathways resulted cell locomotion, cell survival and 

expression of cell proliferative genes [218]. On the other hand, the active RhoC drives cell 

invasion and metastasis by increasing focal adhesion, contact information and 

angiogenesis [219,220]. Moreover, excessive expression of RhoA and RhoC are found to 

be more than 30% of all cancers which make them a vulnerable molecular target for cancer 

therapy.  

        Colorectal carcinoma is one of the fastest growing cancers all over the world [221–

223]. There is a remarkable percentage of deaths from colorectal cancer owing to its tumor 

metastasis and recurrence properties [224]. Several mutant genes are responsible for 

proliferation, invasion and metastasis of colorectal cancer. Among them, RhoA and RhoC 

genes are found to be overexpressed in colorectal cancer and are considered to be 

potential targets for the management of colorectal cancer. Recombinant adenovirus-

based shRNA-targeted RhoA and RhoC (Ad-RhoA-RhoC) were synthesized and 

subjected to animal studies for evaluating anti-tumor efficacy. 1.0 × 107 of HCT116 

(human colon carcinoma cell line) were implanted subcutaneously into the right flank of 

the athymic nude male Balb/C mice (15–18 g) of 4–5 weeks old. When the tumor nodules 

grew to 5–7 mm, the mice were assigned to treatment. Each group of mice (n = 7) was 

treated with normal saline as a control group (30 µL/mouse), Ad-Hk (negative control 

group) at a dose of 4 × 108 pfu (30 µL/mouse) and Ad-RhoA-RhoC at a dose of 4 × 108 

plaque-forming unit (pfu) (30 µL/mouse) intratumorally 4 times daily at a 1-day interval 

of total accumulated dose of 1.6 × 109 pfu (plaque-forming unit). After 17 days of 

treatment, the tumor volume for Ad-RhoA-RhoC was (444.38 ± 63.03) mm3 whereas for 

the control and Ad-HK groups it was (699.62 ± 190.56) mm3 and (678.81 ± 155.39) mm3, 

respectively. The tumor volume for control and Ad-Hk was almost five-fold higher than 

the starting volume. On the other hand, the Ad-RhoA-RhoC-containing group exerted a 

relatively slow tumor growth (2.38-fold) and reduced approximately 37% of tumor 

volume in comparison to the control group [225].  

         Aggressiveness of breast cancers is the most lethal condition that leads to death in 

most breast cancer patients. RhoA and RhoC are the key drivers for cancer aggressiveness 

e.g., increased cellular proliferation and metastasis by activating several pathways that 

catalyze cell survival and proliferation [207,226]. RNAi therapy targeted to RhoA and 

RhoC genes is supposed to be more effective to suppress tumor growth than conventional 

therapy. The anti-tumor effect following cytofectin-mediated delivery of anti-RhoA and 

anti-RhoC siRNAs was evaluated in a breast cancer mouse model, developed by 

employing 4 × 106 of MDA-MB-231 cells (human breast carcinoma cells) into female 

athymic nude mice of 6 weeks of age. After 2 weeks of implantation, when the mice had 
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a tumor volume of 20 mm3, the mice were treated with 100 µL of anti-RhoA (85 nM), anti-

RhoC (85 nM) siRNA and cytofectin containing excipient as a control intratumarally at a 

3-day interval over a period of 20 days. Mice treated with anti-RhoA siRNA (tumor 

volume, 200 mm3) and anti-RhoC siRNA (tumor volume, 600 mm3) showed less tumor 

growth than in the control group (1300 mm3). The angiogenesis index values of anti-RhoA 

and anti-RhoC siRNA were 8.75 ± 3.30 and 22.5 ± 3.32 relative to 30.5 ± 4.12 for the control 

group. The above findings demonstrated that anti-RhoA and anti-RhoC siRNA reduced 

tumor volume by 85% and 53%, respectively, in contrast to the control by down 

regulating RhoA and RhoC gene expression. The remarkable gene silencing effect and 

antitumor effects of anti-RhoA in intratumoral delivery revealed that there is a strong 

correlation between RhoA, and tumorigenesis. To furnish this approach for further 

investigation, intravenous administration of anti-RhoA siRNA is required for assessing 

its efficacy and safety in the systemic circulation [227].  

        Chitosan, a mucopolysaccharides was combined with polyisohexylcyanoacrylate 

(PIHCA) to deliver siRNA to the target site as well as to protect it from enzymatic 

degradation. The efficacy and safety profile of chitosan-polyisohexylcyanoacrylate-

antiRhoA were assayed in a mouse model study. Human breast cancer (MDA-MB-231) 

cells (5 × 106 cells in a volume of 250 µL) were injected subcutaneously into the right hind 

limb of the female athymic nude (nu/nu) mice aged 6 weeks to let the cells grow into a 

tumor of 20 mm3 , and the mice were treated with 150 µg of siRNA/kg body weight in the 

low dose group and 1500 µg of siRNA/kg body weight in the high dose group, while 

empty chitosan nanoparticles at a 300 µg/mL were also injected as a control at every 3 

days to 30 days. The anti-RhoA siRNA inhibited tumor growth in a dose-dependent 

manner. There was >90% decrease in mean tumor volume for 150 µg (low dose group) 

siRNA containing group, whereas for 1500 µg (high dose group) siRNA containing group 

it completely disappeared in comparison to control group [228].  

        Inflammatory breast cancer (IBC) is characterized by fast proliferation, metastasis, 

lower survival rate and local recurrences [219,229–232]. It was found that 90% of IBCs 

contain over-expressed RhoC GTPase gene [233] which might be involved in growth and 

metastasis of cancer cells. Cellular uptake and bioavailability of the anti-RhoC siRNA 

were increased by mixing with lipofectamine. SUM149 cells (1 × 107) were injected into 

each female BALB/c-nu mice (47 weeks old) subcutaneously to allow them to grow into 

a tumor volume of 50–70 mm3. Intratumoral injections of saline (control), control siRNA, 

and anti-RhoC-siRNA (0–1 mL, 80 nM) were given at 2-day-intervals for a total of 14 days. 

The relative tumor volume for anti-RhoC siRNA was 3.4, whereas it was approximately 

5.2 for both control and untreated siRNA, demonstrating 35% reduction of tumor volume 
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in contrast to the control group. The survival rate after 30 days of treatment was 

approximately 85% for anti-RhoC siRNA-treated group, indicating that lipofectamine 

mediated anti RhoC siRNA had a significant effect on tumor growth reduction as well as 

survival rate enhancement. The down regulation of RhoC gene expression results in up-

regulation of metastasis suppressor gene KAll expression as well as reducing the 

expression of CXCR4 and MMP cardinal regulator of breast metastasis [234].  

     The amazing results of pre-clinical studies (Table 2) indicate that RhoA and RhoC have 

different clinical roles in regulating transcriptional factors, invasion and metastasis of 

cancer cells in multiple cancers and are overexpressed in various solid tumors. Despite 

the technique’s novelty, the roles of RhoA and RhoC are being searched for successful 

management of cancer for further advancement in the future. Adenoviral-mediated 

combined delivery of RhoA and RhoC in colorectal carcinoma reduced 37% of tumor 

volume. RhoA-directed siRNA exerted extraordinary tumor volume inhibitory effects 

(85% of tumor volume) in breast cancer, whereas when it was given with chitosan- 

polyisohexylcyanoacrylate (PIHCA) complex the tumor volume reduction was increased 

to 90% (to completely abolishing) for the higher dose. On the other hand, RhoC with 

lipofactamine in inflammatory breast cancer reduced only 35% of tumor volume and 53% 

in aggressive breast cancer. Although RhoC is extensively expressed in almost all cancers, 

its clinical role and efficient treatment modality should be investigated for using it in the 

clinical setting.  

1.4.7. Silencing of β-Catenin Gene  

 β-Catenin is a protein that is encoded by the CTNNB1 gene in humans and a subunit of 

cadherin protein, which are the key drivers for the WNT pathway [235,236]. It regulates 

the intracellular signal of WNT pathway and exerts a dual function, like cell adhesion 

and gene transcription which ultimately control the cellular proliferation [237–239]. β-

Catenin undergoes ubiquitination and proteasome degradation without WNT pathways. 

However, in the presence of WNT pathways, WNT ligands prevent the β-catenin 

degradation by knocking down the destruction complex of β-catenin [240,241]. The 

activated β-catenin binds to the Tcf/Let family and initiates transcription of cyclin D1, C-

myc, MMP-7, Lgr5+ and CD-44 in nucleus continuously without any external stimulation 

[242,243]. It also acts as a proto-oncogene and accumulation of β-catenin in nucleus serves 

as a tumor marker for diagnosis. Mutations of β-catenin have been found in a variety of 

solid tumors like primary hepatocellular carcinoma, colorectal cancer, breast cancer, lung 

cancer, cervical cancer, skin cancer, liver cancer and glioblastoma [244]. The involvement 
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of β-catenin in the cancer development makes β-catenin as a potential molecular target 

for cancer gene therapy. 

 Overexpression of β-catenin and APC (adenomatous polyposis coli) genes are seen in 

colorectal carcinoma, mediating uncontrolled cell proliferation and development of colon 

cancer [245–251]. The elevated β-catenin levels are supposed to be lowered by 

introducing sequence-specific post-transcriptional silencing siRNA directed against β-

catenin [252]. HCT 116 cells (colon cancer adenocarcinoma cell lines) were inoculated into 

female nude/nu mice (4–6 weeks old) for tumor inoculation. Oligofectamine-associated 

siRNA (250 pmol) targeting β-catenin and tax-siRNA (control) was given, and tumor 

volume and survival rates were monitored. Mice treated with antisense-β-catenin siRNA 

showed higher tumor inhibitory effects (three-fold smaller in tumor size) than the control 

group. The survival rate for the β-catenin-directed group was more significant and the 

expression of β-catenin was also down remarkably regulated relative to the control group 

[253].  

 The stem cells of the gastric gland (Lgr5+) are responsible for the development of stomach 

and intestines [254,255]. Mutation and dysregulation of signaling pathways of Lgr5+ stem 

cells result in intestinal cancer and gastric cancer. Cell cycle and apoptosis regulators 1 

(CCAR1/CARP-1) has cell growth inhibition and apoptosis promoting effects in human 

breast Cancer cells [256,257]. Co-delivery of CCAR1-shRNA with β-catenin-shRNA 

improved the transcriptional activation of β-catenin in colon cancer cells [258]. Besides 

CCAR1, a coactivator of β-catenin is considered to have a vital role in the tumorigenesis 

and metastasis of gastric cancer. Lentivirus based Sh-CCAR1 for targeting CCAR 1 and 

scrambled shRNA as a negative control were prepared to explore the tumor regression 

capability. Male athymic nude mice of 8 weeks were taken and subjected to subcutaneous 

injection of 5 × 106 AGS cells into the posterior leg of mice at a regular time period. After 

a certain time period the mice were divided into two groups (n = 3) and assigned to the 

treatment of shRNA-CCRA1 and scramble shRNA (shNuIIT) as a control. Tumor volume 

and width were measured found that, control group has a fast growing tumor size of 800 

mm3 whereas CCAR1-shRNA groups has a relatively slow growing and smaller tumor 

size of 200 mm3 , exerting 75% reduction of tumor size in CCAR 1-shRNA group in 

comparison control group [259]. 

            In summary, the proto-oncogene β-catenin along with WNT pathway controls 

cellular proliferation by regulating transcriptional processes in various tumors. 

Overexpression of β-catenin is observed in a wide variety of cancers. β-catenin-targeted 

siRNA reduced 62% of tumor volume with a significant survival rate of colon cancer. 
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Another most amazing finding was that the siRNA directed against β-catenin suppressed 

the β-catenin expression for a long period of time (6 h) even at a small dose, which is very 

promising for drug safety profile. On the other hand, for gastric cancer, shRNA directed 

against CCAR1 co-activator of β-catenin reduced 75% of tumor volume and lowered the 

growth rate. So β-catenin targeted siRNA and shRNA are very promising for further 

study to make it feasible to the clinical trial.  

1.4.8. Silencing of EphA2 Gene 

Erythropoietin-producing hepatocellular (Eph) receptors are the tyrosine kinase 

receptors of the Ephrin family that play a vital role in the development of malignancy 

[260,261]. The Ephrin family is divided into two subclasses such as Ephrin A and Ephrin 

B based on their attachment to the membrane [262]. The EphA2 is located on human 

chromosome 1p36 [263] and contribute to develop Central nervous system (CNS) in the 

embryonic stage. In adult tissue, EphA2 is found to be expressed smaller amount in 

epithelial cells, but excessive expression almost ten-fold higher is seen in various tumors, 

including GBM patient tumor (61%), ovarian cancer (76%), prostate adenocarcinoma 

(85%), gastric cancer (77%), hepatocellular carcinoma, colorectal carcinoma and 

endometrial cancer [264–273]. Overexpressed EphA2 elicits oncogenic effects by 

enhancing cell-extracellular matrix (ECM) adhesion, anchorage-dependent growth and 

metastasis [274]. The expression rate, localization and significant clinical role in 

developing tumors make it an ideal target for cancer treatment.  

The pharmacokinetic profile and specific delivery of the anti-EphA2 siRNA could be 

improved via inclusion of neutral lipid 1,2-dioleoyl-sn-glycero-3-phosphatidyl choline 

(DOPC) in liposome. Ovarian cancer cell lines, HeyA8 cells (2.5 × 105) and SkOV3ip1 cells 

(1.0 × 106) were given through intraperitoneal injection into female athymic nude mice 

(Ncr-nu). Empty DOPC liposomes, control siRNA in DOPC liposomes, EphA2-targeting 

siRNA in DOPC liposomes, paclitaxel (100 µg) + control EphA2 Pharmaceutics 2018, 10, 

65 20 of 44 siRNA in DOPC liposomes and paclitaxel+EphA2 siRNA in DOPC liposomes 

were administered after the mice had a tumor size of to 0.5 to 1.0 cm3. The siRNA-

liposomes at a dose of 150 µg/kg siRNA were given twice in a week and paclitaxel was 

given once in a week. In HeyA8 cell line, the size of the tumor for EphA2 targeted siRNA 

group was 0.98 g relative to control siRNA 1.51 g. On the other hand, in the SkOV3ip1 

cell line, the tumor volume for EphA2-targeted siRNA and control siRNA were 0.35 gm 

and 0.70 gm, respectively. Liposomal anti-EphA2-siRNA reduced 35–50% of tumor size, 

but when it was co-delivered with paclitaxel, tumor size reduction went up to 82% 

relative to the control group [275].  



44 
 

 In addition, to improve the antitumor activity of EphA2-targeted siRNA in ovarian 

cancer, combinatorial targeting of EphA2, Src and FAK (focal adhesion kinase) genes 

were made to downregulate the expression of FAK and Src (non-receptor tyrosine kinase) 

involved in tumor growth and aggressiveness in ovarian cancer [276–282]. The siRNAs-

loaded DOPC liposomes were employed in ovarian cancer mouse model generated by 

treating female athymic nude mice with 5 × 105 of HeyA8 cells and 1.0 × 106 of SKOVip1 

cells. The tumor-bearing mice were treated with control siRNA-DOPC, EphA2-siRNA-

DOPC, EphA2+FAK-siRNA-DOPC and EphA2+Src-siRNA-DOPC intraperitoneally 

twice in a week at a dose of 5 µg siRNA/200 µL suspensions. EphA2-FAK-siRNA-DOPC 

exerted significant tumor growth reduction (90%) in comparison to EphA2-siRNA-DOPC 

(67%) and FAK-siRNA-DOPC (62%) in HeyA8 model. While in SkOVi31 model, there 

was also notable reduction of tumor growth in EphA2-FAK-siRNA-DOPC (76%)-treated 

group compared to the EphA2- (50%) and FAK- (61%) treated group. Combined delivery 

of EphA2 and FAK siRNAs decreased 67–70% of tumor weight compared to EphA2 and 

FAK (single) treated group. The EphA2-Src-siRNA DOPC had a less reduction rate of 

tumor growth than EphA2-FAK-siRNA DOPC-treated group. Besides, EphA2-FAK-

siRNA-DOPC reduced 62–82% more tumor metastasis than a single group [283]. 

 In gastric carcinoma, erythropoietin producing hepatocellular (EphA2), a receptor 

tyrosine kinase (RTK) is found to be over expressed in 77.3% of gastric cancer patients 

[260,264,266,284] and plays a vital role in metastasis via regulation of MMP-9 gene 

expression. MMP-9 (gelatinase-B), member of matrix metalloproteinase (MMPs) 

increased cancer cell metastasis by degrading denatured collagens (gelatins) and type iv 

collagen which are the structural components of ECM(extra cellular matrix). The MMP-9 

mediated degradation of collagen is one of the most important steps in the development 

of cancer cell. SGC 7901 (human gastric adenocarcinoma) cells were injected into the 

axillary fossa region of 3–4 weeks old Balb/C mice (18–22 g), and when the tumor size 

grew to 52.2 ± 6.9 mm3 , intratumoral injections of 0.9% sodium chloride as a blank control 

group, non-silencing siRNA with liposomes and EphA2-siRNA with liposome were 

given twice in a week. After 21 days of treatment it was found that EphA2-targeted 

siRNA inhibited the tumor growth by 43.1% compared to the negative control group. 

Immunocytochemistry analysis of tumor xenograft demonstrated less expression of 

MMP-9 in the mouse treated with EphA2-siRNA, suggesting that silencing of EphA2 

gene down regulated the MMP-9 gene expression and exerted tumor inhibitory effects 

[285].  

Briefly, EphA2 is functionally vital to tumor growth and development. It is highly 

expressed in a variety of cancers. In ovarian cancers, anti-EphA2-siRNA with DOPC 
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reduced the 35–50% of tumor volume and its antitumor activity was increased when it 

has given with anticancer drug paclitaxel (67–82%). After couple years later, dual therapy 

of anti-FAK-siRNA along with anti-EphA2 in DOPC exerted significant tumor reduction 

(90%). The tumor metastasis rate also decreased to (62–82%) which is very promising. On 

the other hand, intratumoral injection of liposomal anti-EphA2 reduces 43.1% of tumor 

volume in gastric cancer cell which is need to be further analyzed in systemic 

administration to make it feasible for use in human.  

1.4.9. Silencing of MDM-2 Gene 

 p53, a tumor suppressor gene that is involved in cell cycle arrest, apoptosis and tumor 

growth inhibition. Oncoprotein mouse model minute 2 (MDM-2) inhibits the regulation 

of p53 tumor suppressor gene. It interacts with p53 and deactivates the p53 pathway. 

MDM-2 is over expressed in a various number of human tumors, including lung and 

prostate carcinoma [286]. Activation of p53 Pharmaceutics 2018, 10, 65 21 of 44 pathway 

by blocking the MDM-2 gene is considered to be an effective treatment modality of 

human cancers [287,288]. To attenuate the expression of MDM-2 in the tumor cell, anti-

sense-MDM-2 were employed for specific tumor growth inhibition. But the delivery of 

siRNA in vivo is limited due to nonspecific tissue distribution, less blood circulation 

retention time and self-aggregation by biological salt [289]. To overcome this hurdle, pH-

responsive di-block copolymer of poly (methacryloyloxy ethyl phosphorylcholine)-b-

poly (diisopropanolamine ethyl methacrylate) PMPC-b-PDPA were synthesized for the 

delivery of siRNA for improving biological stability, tumor specific delivery and cellular 

uptake. The PMPC-b-PDPA/siRNA complex were prepared by precipitation method. 

Athymic mice (25 g) of 6–8 weeks old were taken and 5 × 106 of H2009 cells (NSCLC cells) 

were injected subcutaneously. After ten days of injection, when the tumor size reached 

at 100 mm3, the mice were treated with; siRNA-MDM-2 loaded nanoparticles (0.32 

mg/kg) and siRNA-Scr with NPS as a negative control (6.4 mg/kg) into the tail veins at 2 

days for total 12 days. The volume of tumor was measured for both groups, with 67% 

reduction of tumor growth observed for siRNA-MDM-2-loaded nanoparticles in 

comparison to Scr-siRNA. The down regulation of MDM-2 might induce apoptosis by 

activating p53 gene, exerting a remarkable tumor inhibitory effect [290].  

         A mixture of siRNA(s) targeting MDM-2 gene along with other oncogenes, c-myc 

and VEGF that initiate and flourish the metastatic behavior of a cancer, were 

encapsulated with nanoparticles formulated by protamine, cationic lipid and PEG. The 

constructed combo siRNA-NP complex showed superior anti-tumor effects over the 

control. In a study, female C57B216 mice of 16–18 g (6–7 weeks old) were inoculated with 
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2 × 105 of B16F10 cells, combo siRNA (MDM-2, c-myc and VEGF at a ratio of 1:1:1), the 

non-targeted NP, free siRNA and control siRNA at a dose of 0.45 mg/kg of total two 

consecutive doses were given. After 7 days of treatment, the mice were killed and lung 

of mice were collected for analysis. It was found that the control group had no notable 

tumor regression, whereas the combo siRNA with targeted NP exerted 20–30% reduction 

of tumor load. The survival rate of combo siRNA-containing group was found to be 

extended in comparison to control group of mice [291].  

So, MDM-2 gene has a driving role in development and regulation of tumors via 

inhibiting expression of p53 tumor suppressor gene. MDM-2 targeted siRNA along with 

pH-responsive di-block copolymer of poly (methacryloyloxy ethyl phosphorylcholine)-

b-poly (diisopropanolamine ethyl methacrylate) PMPC-b-PDPA reduced 67% of tumor 

volume in NSLSC animal model. On the other hand, combination of MDM-2, c-myc and 

VEGF siRNAs also reduced tumor load in lungs (20–30%) and extended survival rate 

were found in comparison to control group. The excellent tumor regression rate of MDM-

2-siRNA and reduced lung tumor load warrant more preclinical studies (Table 2) 

focusing on pharmacokinetics profile and survival study to make it more reliable for 

clinicians.  

1.4.10. Silencing of IGF-1R Gene  

IGF-1R (Type 1 insulin-like growth factor receptor) is a tyrosine kinase receptor which is 

the members of the insulin receptor family including IR (a homodimer), IGF-1R 

(homodimer), IGF-1R/R (hybrid, heterodimeric receptors) and mannose 6-phosphate 

receptor (IGF-2R) [292]. The insulin receptor (IR) has two subtypes IR-α and IR-β. The 

ligands of IGF-1R, IGF-1 and IGF-2 interact with IR receptors, resulting in receptor 

oligomerization, PTK activation and other pathways. The activation of these pathways 

mediate gene activation, DNA synthesis and cell proliferation [293–295]. The IGF-1R also 

plays a vital role in cell metabolism, differentiation, apoptosis, chemo resistance and 

angiogenesis as well as protecting cells from UV irradiation, cytokine and gamma 

radiation-induced apoptosis [296]. It is ubiquitously expressed in normal tissues for 

growth and multiple physiological activities, but heterogeneous expression has been 

found in many solid tumors like breast cancer, prostate cancer, colorectal cancer, lung 

cancer and hematological malignancies [297–300]. The excessive expression in tumors 

and their role in tumor development makes IGF-1R is an auspicious bio molecular target 

for cancer treatment.  

Non-small cell lung cancer (NSCLC) comprises more than 80% of the total lung cancer, 

which is the leading cause of death all over the world with a minimal survival time [301–
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303]. Insulin like growth factor 1 receptor (IGF-1R) is expressed abnormally in lung cancer 

and mediates malignant transformation of lung tumor cell. Overexpressed IGF-1R gene 

hampered UV irradiation-, cytokine- and gamma radiation-induced cell apoptosis and 

play a critical role in the development of tumors [304]. Among the other treatment 

options, Anti-sense-siRNA targeting IGF-1R is considered due to its high specificity. 

Polyethyleneimine (PEI) coated anti-sense-IGF1R-siRNA were examined for assessing 

antitumor efficacy in human adenocarcinoma mouse model, developed by injecting 2 × 

107 of A549 into the male nude mice of 4–5 weeks of age. IGF-1R specific siRNA (0.125 

µg/ mm3 of tumor volume) expressing plasmids with polyethyleneimine (PEI) 3 µL/µg 

and negative control siRNA at a same dose were injected intratumorally 4 times every 5 

days. After 40 days of treatment, the tumor volume for IGF-1R siRNA was found 

approximately 200 mm3, whereas for the control group it was approximately 490 mm3. 

The IGF-1R siRNA inhibit 60% of tumor growth in comparison to control group. The 

apoptotic cells were also increased remarkably in IGF-1R siRNA groups (117.6 ± 8.07) 

than control group (40 ± 9.11) [305].  

Magnetofection is a process of delivery of nucleic acid-magnetic nanoparticles complexes 

to the target cells through applying magnetic field. The IGF-1R-targeted catalytic RNA 

was given through magnetofection for improving antitumor effects in an NSCLC animal 

model. Super-paramagnetic iron oxide nanoparticles (SPIONS) were complexed with 

cationic lipids (lipofectamine 2000) and plasmid DNA to form self-assembling magnetic 

lipoplexes for the targeted delivery of IGP-1R gene and evaluated the anti-cancer 

potential in a non-small cell lung cancer mouse model. Male Balb/CAnNcrj-nu mice of 4 

weeks old were implanted with 5 × 106 of A549 cells (NSCLC cells line with 

overexpression of IGF-1R) in 100 µL medium and allowed to grow tumor size about 400 

mm3. The group of mice was treated with; 200 µL PBS as a control, pGFPshIGF-1R (50 

µg/mouse):Lp2000 (125 µL/mouse) as a lipofection group and a pGFPshIGF-IR (50 

µg/mouse) combined with MAG (50 µg/mouse):Lp2000 (125 µL/mouse) under the 

influence of a magnetic field (400 mT), which was holding onto the subcutaneous tumor 

surface for 1 min to additional 14 min following the injection. The IGF-1R-shRNA of 

liposomal magnetofection silenced the expression of IGF-1R 85.1 ± 3% than lipofection 

group 56.1 ± 6%, suggesting liposomal magnetofection improve site specificity and 

cellular uptake which significantly down regulated the IGF-1R gene expression [306].  

Taken together, IGF-1R plays a vital role in cellular proliferation and tumor growth and 

aberrantly expressed in multiple cancers. The anti-sense siRNA targeting IGF-1R along 

with PEI reduced 60% of tumor volume and increased apoptotic cell expression more 

than 60% in lung adenocarcinoma. After a couple of years of this experiment, IGF-1R 
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targeted shRNA with super-paramagnetic iron-oxide nanoparticles (SPIONs) under the 

influence of magnetic field silenced 86% of IGF-1R gene expression in the same lung 

cancer model. These exciting results provide us a novel delivery method for siRNA in 

different cancer cell lines.  

1.4.11. Silencing of Livin Gene  

Human IAP (inhibitors of apoptosis protein) are the endogenous proteins that are 

thwarted both extrinsic and intrinsic apoptosis pathways by interacting with specific 

cysteine proteases or caspases [307–310]. There are eight members of human IAP have 

been reported, including NAIP, c-IAP-1 (MIHB, HIAP-2), c-IAP-2 (MIHC, HIAP-1), XIAP 

(hILP, MIHA, ILP-1), Survivin, Apollon (Bruce), ILP-2 and Livin (ML-IAP, KIAP) [311]. 

Among them Livin, a 39 kDa protein is a novel family of Human IAP and it has two 

analogs like Livin-α (298 amino acids) and Livin-β (280 amino acids) which protect the 

cells of heart, placenta, lung, spleen and ovary from tumor necrosis factor (TNF) and anti-

CD95-induced apoptosis [312,313]. Livin expression is limited in most of the normal 

tissues, but found to be overexpressed in a variety of human malignancies such as colon 

cancer, gastric cancer, breast carcinomas, melanomas and lung cancer [312,314–316]) It 

plays a significant role in tumor progression, chemo resistance development and anti-

apoptotic activity which makes Livin a potential therapeutic target for cancer treatment. 

Several siRNAs targeted to Livin gene were investigated both in vitro and in vivo (Table 

2) to evaluate pharmacodynamics and pharmacokinetics properties of antisense-Livin.  

Transformation of non-metastatic human melanoma to metastatic melanoma and their 

resistance to the current chemotherapeutics account for a huge number of deaths in both 

male and female in U.S.A. [317–320]. The anti-Livin-siRNA was combined with single 

chain antibody (anti-MM scFC-tp-siRNA) for targeted delivery in order to reduce 

potential side effects and enhance therapeutic efficacy in vivo [321–323]. LiBr, malignant 

melanoma (MM) cells (1 × 107) were given subcutaneously into right side of the flank 

region of a nude mouse to induce the tumor. PBS (200 µL) as a control, anti-MM scFv-tp-

siRNA NC (Mock group) and anti-MM-ScFV-tp-siRNA (20 µg of siRNA) were given at 2 

days through the tail vein. Anti-MM scFv-tp-Livin-siRNA (400 mm3) reduced 64% of the 

tumor volume compared to the control group (1100 mm3) [324].  

 Similarly, RNAi targeting Livin gene coated with lipofectamine were generated for 

improving apoptosis and chemo-sensitivity to chemotherapeutics and comparing the 

antitumor effects between treatment and control groups. In a human lung cancer mouse 

model generated by injecting 1 × 106 SPCA-1 (human lung cancer cell lines), plasmid 

vector pS-L1, PS-NS (a non-specific sequence as a control) and pS-CMV neo plasmids 
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(250 µg each) were injected through the intratumoral route after 7 and 14 days of post 

tumor implantation. The mean tumor size for control groups (Mock, pS-CMV neo or pS-

NS treated) was approximately 690 mm3, whereas for the group treated with siRNA 

targeting Livin it was approximately 190 mm3 with 73% reduction of mean tumor size. 

The apoptotic fraction of siRNA-Livin group (30%) was also increased significantly 

compared to the control groups (5%), along with extended survival rate [325].  

The above data exposed that, there was a strong correlation between Livin and tumor 

development. Abnormal expression of Livin is found in many solid tumors. Recently 

intravenous administration of antibody conjugated siRNA in Livin reduces 64% of tumor 

volume in malignant melanoma. But in lung cancer cells, Intratumoral administration of 

Livin-siRNA along with lipofectamine reduces 73% of tumor volume and increased 30% 

of apoptotic fraction. It should be extended to systemic administration for testing 

pharmacokinetics parameter for further advancement.  

1.4.12. Silencing of WT1 Gene 

Wilms’ tumor gene 1 (WT1) is a 52–54 kDa protein, encodes four zinc finger 

transcriptional factors located at chromosome 11p13q and arises due to inactivation of 

the WT1 alleles gene [326,327]. It is the key drivers that control cell proliferation and 

apoptosis via attenuation of the expression of proliferative gene [328]. WT1 was defined 

as a tumor suppressor gene but recent evidence claimed that, it acts as an oncogene in 

leukemogenesis and tumorigenesis [329–334]. It is highly expressed in most of the acute 

myeloid leukemia (AML) and acute lymphoid leukemia (ALL) [335–337], lung, breast, 

thyroid and melanomas [338–341]. High rate of expression of WT1 and their significant 

role as a prognostic factor makes WT1 mRNA an ideal tumor marker for leukemic blast 

cells as well as a potential target for RNAi mediated gene therapy for various cancer 

treatments (Table 2).  

Signal transducers and activators of transcription 3 (STAT-3) enhances the expression of 

anti-apoptotic gene MCI-1 and BCL-XL as well as other gene like cyclin D1/D2 and c-Myc 

which ultimately mediates cancer development and progression [342–346]. Over 

expression of WT1 increased transcriptional activity of phosphorylated STAT 3 (P-STAT 

3) that upregulated anti-apoptotic gene and regulate the growth and differentiation of 

lung tumor cells [338,347]. To identify the relationship between over expressed WT1 and 

NSCLC (non-small cell lung cancer) development as well as to reveal the antitumor 

activity of WT1-targeted shRNA in vivo, NSCLC model was generated by 

subcutaneously injecting 5 × 106 cells into Balb/C nu/nu mice. When the tumor size 

reached at palpable size, the three groups of mice were subcutaneously treated with pLV-
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GEP-WT1, pLL3.7-WT1-shRNA (plasmid expressing WT1-shRNA) with wild type WT1 

and empty plasmid (as a control). After 31 days of treatment, remarkable reduction of 

tumor volume was found for pLL3.7-WT1-shRNA (76%, 74% and 69%), whereas tumor 

growth curves for pLV-GEP-WT1 and the control group were found to be increased [348].  

Transferrin (Tf), a glycoprotein over expressed on the surface of the cancer cells was used 

as a ligand to carry WT1-shRNA to tumor [349–352]. The WT1 shRNA-Tf was complexed 

with liposomes and polyethylene glycol (PEG) for improving biological stability of the 

shRNA in the systemic circulation. To explore the antitumor activity, B16F10 cell (5 × 105 

cells) were subcutaneously injected into the female C57BL/6 mice (20–25 g) of 7–8 weeks 

aged, prior to intravenous administration of 50 µL of Lip-RNAi-Tf, lip-RNAi against WT1 

(50 µL), 50 µL of lip-GFP-Tf (PEGFP-N3 vector, liposome and Tf complex) and 50 µL of 

saline solution at a 5 days until 29 days. The mean tumor weight for Lip-RNAi-Tf was 5.5 

g whereas it was 8.8 g for untreated group. The mice of the other two groups were not 

counted because of all of the mice were dead after day 30. The liposome-WT1-shRNA-Tf 

reduced 34% of tumor weight in comparison to control group. Survival rate was also 

prolonged in liposome-WT1 shRNA-Tf containing group (62.5%) than control group 

(22.2%) [353].  

In summary, WT1 plays key role in leukemogenesis and tumorigenesis as an oncogene 

but it was originally known as a tumor suppressor gene. Overexpression of WT1 has been 

detected in many solid tumors. In different lung cancer cell lines (A549, H1299 and 

H1650), anti-WT1 shRNA exerted notable tumor reduction 76%, 74% and 69% for lung 

cancer cell lines. On the other hand, ligand conjugated WT1-shRNA reduces 34% of 

tumor weight with prolonged survival rate. So this variation arises more questions about 

the role of WT1 and their targeting efficacy for the management of different tumors. To 

go for clinical setting more investigation is required to establish WT1 as a potential target 

for cancer management. Although clinical role of WT1 is obscured, liposome and ligand 

mediated delivery reduced the secondary effects and increased site specific delivery, 

which is very promising for the delivery of catalytic RNA.  

1.4.13. Miscellaneous  

The human Bcl-2-associated athanogene-1 (Bag-1) encodes the three major isoforms, 

including Bag-1S (p36), Bag-1M (p46) and Bag-1L (p50) that are located on chromosome 

9 and involved in differentiation, cell cycle and apoptosis. It regulates Bcl-2 gene 

expression and mimics the anti-apoptotic activities via bridging between the growth 

factor and anti-apoptotic mechanism. The aberrant expression of Bag-1 has been found 

in breast, lung, cervix, esophagus and colorectal cancers [354–356]. Colorectal cancer has 
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the second largest morbidity and mortality rate all over the world [357,358] and human 

Bcl-2 associated athanogene-1(bag-1) anti-apoptotic gene is found to be involved in the 

tumor genesis of colorectal cancer (CRC) by mediating progression and metastasis and 

acts as a positive regulator of Bcl-2 gene in CRC [359]. The anti-Bag-1-siRNA plasmid was 

combined with magnetic gold nanoparticles and evaluated its tumor inhibitory effects in 

colon cancer mouse model, developed by giving 1 × 106 of LoVo cell (human colon cancer 

cell lines) into the right flank of the Balb/C nude mice (14–16 g) of 4–5 weeks old. The 

tumor-bearing mice were divided into five groups and treated with; normal saline, 

nanoparticles (25 µg), plasmid (5 µg), nano-plasmid complexes (nano-plasmid-1; 5 µg 

plasmid/25 µg nanoparticles) and nano-plasmid complexes (nano-plasmid 2; 5 µg 

plasmid/25 µg nanoparticles) intratumorally. Nano-plasmid 2 was given to mice under 

the influence of about 5000 gauges magnetic fields. The 5 doses were given at a 3 day 

intervals. The tumor volume was measured after every 3 days, 28 days later of treatment, 

the tumor volume for nano-plasmid complex-1 was found to be approximately 200 mm3, 

whereas it was 700 mm3 and 650 mm3 for nanoparticle alone and control group and it was 

69% reduction of tumor volume. The nano-plasmid-2 under the influence of magnetic 

field reduced the tumor volume at a same rate of nano-plasmid-1 without any significant 

reduction. Silencing of Bag-1 gene was supposed to down-regulate the expression of C-

MYC protein that is clinically important for colorectal cancer. The potent anti-tumor 

effect makes anti-Bag-1-siRNA as a potential therapeutic for colorectal cancer 

management [360].  

The pituitary tumor transforming gene 1 (PTTG1) is the member of PTTG family, 

including PTTG2 and PTTG3, that plays a vital role in several cellular processes like 

mitosis, DNA repair, apoptosis and gene regulation. Abnormal expression of PTTG-1 

interferes in cellular processes and causes aneuploidy which is the necessary events in 

the tumorigenesis [361–365]. PTTG1 is over-expressed in various cancers and promotes 

tumor development and angiogenesis via triggering the expression of the fibroblast 

growth factor 2 and VEGF [366–371]. Tuning of PTTG1 gene expression by using anti-

sense siRNA is considered to be an effective modality to reduce cancer aggressiveness. 

Hepatocellular carcinoma (HCC) is the most prominent tumor in humans all over the 

world having a higher alarming rate of incidence rate [372,373]. Over expression of PTTG-

1 hampered the expression and function of intact p53, which ultimately promotes 

hepatocellular carcinogenesis [374].  

Adenovirus vector assisted delivery of siRNA targeting PTTG-1 would be more efficient 

in down-regulation of PTTG-1 expression for hepatocellular carcinoma management. 

Five weeks old Balb/C nude mice were given with SH-J1 cells (107) in 100 µL of PBS 
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subcutaneously into the right flank of the mice and allowed to grow to a tumor volume 

of 3–5 mm in diameter. Following intratumoral administration of 1 × 109 plaque-forming 

units (pfu) of Ad-PTTG-1-siRNA into the mice, tumor regression study demonstrated 

that Ad-PTTG-1-siRNA-treated groups regressed 84% of tumor volume in comparison to 

the control groups, suggesting that Ad-PTTG1-siRNA may serve a new paradigm for 

treating human cancers [375].  

CD-47 is a membrane receptor of the immunoglobulin (Ig) superfamily that induces the 

phagocytic process of macrophages via binding with signal regulatory proteins α (SiRP 

α). Overexpression of CD-47 causes the tumor cells escape from immunosurveillance and 

results in tumor progression [376,377]. The expression level of CD-47 was reported to be 

higher in leukemic cell lines, bladder-tumor-initiating cells and lymphomas [378–381]. 

The LPH-NPs (liposome-protamine-hyaluronic acid) were constructed to carry CD-47-

targeted siRNA for evaluating pharmacodynamic properties against melanoma tumors. 

C57B2/6 mice of 6–8 weeks were harvested with subcutaneous injection of B16F10 cells 

at a concentration of 2 × 105 cells/50 µL into the hind legs of mice. The mice were treated 

with 12 µg of CD-47 or control siRNA (0.6 mg/kg) along with LPH-NPs intravenously 

after the mice had a tumor volume of 50 mm3. The doses were given at a one-day interval 

to a total of six injections from the 8th day of tumor implantation. The tumor volume for 

CD-47-siRNA-LPH-NPs was found to be smaller than the control group, with 

approximately 93% reduction of tumor volume in comparison to the untreated group 

[382]. 

1.5. Future Directions 

In preclinical studies, catalytic RNAs are mixed with several viral and non-viral vectors 

for safe, effective and targeted delivery to the cytoplasm of cancer cells. As exemplified 

in this review through various in vivo studies, siRNAs or shRNAs targeted to oncogenes, 

tumor suppressor genes and anti-angiogenic genes have been used with the help of 

various carriers over the past two decades for improving anticancer efficacy (Table 2). 

Among them, only few are translated into human trials and the others are in the pipe 

line. Although tremendous progress has been made, limitations still remain in the 

systemic applications of RNAi-based cancer nanotherapeutics. These hurdles should be 

addressed and resolved for the rational design of delivery vehicles for the targeted drug 

delivery to cancer cells in the future. Firstly, the issues of manufacturing hurdles like 

small size distribution, homogeneity, uniform functionalization, reproducibility at a large 

scale and manufacturing cost. Secondly, the poor understanding of mechanistic behavior 

of RNAi therapy with a view to their penetration and deposition in tumor tissue are not 
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still clear. Thirdly, the poor cellular uptake and lower silencing effects which are the key 

parameters of therapeutic index along with less tumor accumulation (0.7%). These 

obstacles have hampered the progress of RNAi-based cancer therapy to get clinical 

approval.  

To minimize the hurdles mentioned above, extensive research on molecular events of 

cancer pathogenesis and mechanisms of siRNA delivery including cellular attachment, 

target binding, biological interactions, intracellular trafficking and nuclease attack should 

be further studied to understand absolute biological phenomena. This new RNAi-based 

therapeutic entity should overcome the physiological barriers and differentiate between 

cancer and normal cells for a broader therapeutic index. From a clinical standpoint, 

biological readouts, bio distribution and kinetics should be analyzed to ensure safety and 

efficacious therapies. Future studies should, therefore, be emphasized for development 

of SMART nano carrier (Figure 6) and computer assisted drug delivery for evaluating 

pharmacokinetics and pharmacodynamics profiles before heading to clinical trials.  

 

 

 

Figure 6: A proposal of a tailored made SMART nanocarrier (S=specfic size; M=modified surface 

chemistry; A=accelrated cellular internalization; R=rapid endosomal escape T=targetted tumor 

cells). 
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1.6. Conclusions 

Although RNAi technology has advanced rapidly and become a clinical reality as this 

technology has the capability to reach and treat cancer at the molecular level, cancer 

target discovery and validation, gene editing system and cancer stem cell targeting 

demand further research for improved RNAi-based cancer therapy. The RNAi-based 

cancer therapy would, therefore, lead the next wave of cancer nanomedicine. 
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2. Research gap, Hypothesis, Objectives and Overview of Inorganic salt   

nanoparticles. 

2.1. Research gap:  

The goal of nanomedicine is to develop efficient, targeted, biocompatible formulations 

for therapies and diagnosis of several complex and challenging diseases like cancer. The 

ability to understand the challenges and opportunities of cancer nanomedicine has 

gained the momentum quickly due to exploration of diverse nanotechnology. 

Inorganic nanoparticles hold great attention owing to their unique physicochemical 

properties, biocompatibility and improved pharmacokinetics properties compared to the 

organic counterpart. There are still severe limitations of inorganic NPs that hampered the 

systemic application for the treatment. The controllable and reproducible synthesis, 

scalable manufacturing, lower transfection rates, ineffective nuclear uptake, less tumor 

accumulation and late endosomal release of inorganic NPs warrant further research to 

make more closure to personalized medicine.      

2.2. Hypothesis: 

Electrolytes and glucose might have significant roles in generating nano-size particles 

from reaction of two soluble salts. The developed nanoparticles would have the affinity 

towards nucleic acids, and subsequent surface modification with a hydrophilic polymer 

would make the nanoparticles more stable and biocompatible for efficient delivery of 

small interfering RNAs (siRNAs) both in vitro and in vivo.  

2.3. Objectives:  

The main objective of my project is to establish the potential salt crystals with nano-size 

diameters having the capacity of adsorbing negatively charged siRNAs, effectively 

carrying them across the plasma membrane and finally leading to silencing of the target 

oncogenes gene(s) for induction of cytotoxicity in breast cancer cells. The steps of 

objective are given below:  

01. The insoluble salt nanoparticles would be formed by mixing of two water soluble salts 

under the influence of glucose and electrolytes and subjected to surface modification for 

nanoparticle stabilization.  

02. The formulated Strontium sulfite nanoparticles (SSNs) will be optimized based on 

their size, morphology, physic-chemical properties, affinity towards the negatively 

charged DNA/RNA, cellular endocytosis rate and intracellular dissolution for quick 
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release of the therapeutic molecules in cytosol and finally transfection efficacy in the 

context of gene knockdown of the target gene(s).  

03. The bio distribution and toxicity analysis of NPs, and tumor regression study of NPs-

siRNA complex will be carried out in a breast tumor mouse model.  

2.4. Overview of Inorganic salt nanoparticles: 

Inorganic nanoparticles hold great potential in the area of precision medicine particularly 

for treating cancer owing to their unique physicochemical 

properties, biocompatibility and improved pharmacokinetics properties compared to the 

organic counterpart. Maintenance of controlled particle size, homogenous distribution 

and morphology of inorganic nanoparticles are the vital facts for the development of ideal 

nanoparticles. Precipitation reaction is one of the attractive approaches in synthesizing 

nanoscale inorganic NPs owing to its simple operation, scale up mass production and 

easy experimental setup in terms of commercialization. It involves a reaction between 

two soluble salt reactants (cation and anion providing) in an aqueous solution to form an 

insoluble salt product via induction of super saturation. Generation of nanoparticles 

through nanoprecipitation method is quite easy, reproducible and able to produce in 

large scale with their controlled unique physicochemical properties. Nanoparticles 

prepared via precipitation method e.g. carbonate apatite, calcium carbonate (CaCO3), 

iron oxide (Fe3O4), barium sulfate and zinc oxide (ZnO) have shown promising results as 

drug and gene carriers.  Alkaline earth metal strontium is a naturally found silvery metal 

which is a non-radioactive element and about 99% of the body strontium is found to be 

concentrated in the bones of human body. Strontium salts have a high boiling point of 

2,282° Fahrenheit (1,250° Celsius) and is soluble in water. it has been widely used as 

vitamin for bones(1, 2). Although srontium salts are considered rather stable chemicals 

that have a level of toxicity above that of calcium chloride, strontium attracted less 

attention compared to the other two divalent metals, calcium and magnesium. However, 

development of strontium ranelate in the treatment of osteoporosis increased the 

awareness of the biological role of strontium in human biology and pathology(3). 

Moreover, strontium substituted carbonate apatite nanoparticles exhibited promising 

results for the delivery of anticancer drugs methotrexate and cyclophosphamide(4). 

Strontium carbonate nanoparticles conjugated anticancer drug etoposide also exerted 

potent antitumor activity compared to free etoposide(5). The extensive and promising 

results of strontium salt as a drug carrier inspire us for further research on this new 

potential drug delivery carrier in cancer gene therapy. The positive domain of salt 

nanocrystals allows ionic interaction with siRNA, plasmid DNA and drugs for 

successfully carrying the payload to the target cell. The pH sensitive nature of inorganic 

salt NPs has added a new dimension to cancer gene therapy, offering rapid intracellular 

drug release from cargo via the early endosomal escape mechanisms (6-11). As proteins 
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in systemic circulation are charged, electrostatic interactions between them and 

nanoparticles may occur, in addition to local hydrophilic and hydrophobic patterns 

existing on the particle surface, resulting in the formation of “Protein Corona” which 

usually comprises opsonins and other proteins, and consequently removal of the particles 

by the reticuloendothelial system (RES). Adsorbed proteins, therefore, alter the 

parameters of nanoparticles, including hydrodynamic diameter and colloidal stability. 
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3. Strontium Sulfite: A New pH-Responsive Inorganic Nanocarrier to 

Deliver Therapeutic siRNAs to Cancer Cells 

3.1. Introduction  

Nanotechnology has contributed immensely to cancer gene therapy via introducing 

multiple nanocarriers to carry plasmid DNA, mRNA, siRNA, miRNA and anti-sense 

oligonucleotides (AONs) to the cytoplasm of targeted cancer cells [1]. Rigorous studies 

of cancer genetics have revealed that mutations in tumor suppressor genes and 

oncogenes are the key drivers for aberrant expression of genes, leading to cancer [2]. As 

a RNA interference tool, siRNAs have been deployed successfully for silencing genes that 

regulate proliferation, survival and metastasis of cancer cells [3]. However, unmodified 

or naked siRNA is prone to nuclease degradation, phagocytic clearance, interactions with 

serum proteins and renal clearance [4]. Moreover, siRNA also copes with the abnormal 

tumor microenvironment (TME) including the dense extracellular matrix (ECM), and 

leaky and heterogeneous vessels which contribute to increased interstitial fluid pressure 

(IFP) [5–8]. To overcome this hurdle, naked siRNA potentially requires a vehicle to be 

successfully delivered into the target cancer cells. Compared to the viral counterparts, 

non-viral vectors comprising both organic and inorganic nanoparticles (NPs) are more 

attractive for clinical use due to their superior advantages in terms of safety, scalability 

and drug-loading capability [9–11]. Inorganic NPs of gold, carbonate apatite, quantum 

dots, iron oxide, mesoporous silica, and so on, represent a highly sophisticated platform 

for delivering siRNAs into the target cancer cells and provide greater advantages 

depending on the type of cancers. These include unique physic-chemical properties, high 

biocompatibility, improved pharmacokinetics and pharmacodynamics properties and 

active intracellular delivery in contrast to organic ones [12–15]. NPs-based drug delivery 

systems responsive to acidic pH, hypoxia and hyperthermia have added a new 

dimension to cancer gene therapy, offering enhanced diffusion, increased cellular uptake 

and rapid intracellular drug release from cargo via the early endosomal escape 

mechanisms [16–21]. The relatively lower pH of tumor extracellular compartments along 

with intracellular acidic endosomes has been capitalized to develop NPs that trigger 

release of drugs before or after entering the tumor cells [22,23]. Few pH-sensitive organic 

NPs like micelles [24,25], liposomes [26], chitosan-silica nanospheres [27] and polymeric 

nanoparticles [28] have been utilized in facilitating tumor-specific release of several 

anticancer drugs following delivery in vivo. Although organic NPs exert tumor 

inhibitory effects in mice, manufacturing difficulties, poor biocompatibility and poor 

drug loading capabilities limit their overall success rate. Recently inorganic pH-sensitive 

carbonate apatite NPs were shown to significantly and specifically carry both small 

molecular anticancer drugs and nucleic acids to cancer cells [29–33].  
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ROS1 which belongs to a family of receptor tyrosin kinases (RTKs) plays a vital role 

in growth and differentiation of normal cells, and in the development and progression of 

different cancers. The chromosomal rearrangement in a variety of cancers activates the 

ROS1 proto-oncogene, causing cellular transformation. The aberrant expression of ROS1 

is implicated in a variety of cancers including lung cancer [34] and breast cancers [35]. On 

the other hand, epidermal growth factor receptor (EGFR), which belongs to another 

family of RTKs lies at the head of a complex transduction cascade, modulating cell 

proliferation, survival, adhesion, migration and differentiation. With extracellular ligand 

binding domain, EGFR protects cancer cells against apoptosis and helps promote 

invasion and angiogenesis [36]. While growth-factor-induced EGFR signaling is essential 

for many normal morphogenic processes and numerous additional cellular responses, 

the aberrant activity of the receptor family has been shown to play a key role in the 

development and growth of tumor cells. Epidermal growth factor (EGF)-like proteins and 

neuregulins stimulate cells to divide by activating members of the EGFR family, which 

consists of the EGFR itself and the receptors known as HER2–4. It has been reported that 

expression level of EGFR is relatively high in TNBC (triple-negative breast cancer) with 

gene amplification in approximately 25% cases of TNBC [37,38]. Thus, silencing 

overexpressed ROS1 and EGFR could be a promising modality for breast cancer 

treatment. 

Here we introduce strontium sulfite NPs (SSNs), which have an electrostatic affinity 

towards siRNAs and the ability to efficiently carry them into breast cancer cells. 

Strontium, an alkaline earth metal was found to exert pharmacological effects against 

osteoporosis and was used for radiotherapy for bone cancer treatment. Strontium 

carbonate NPs were used previously to carry the anticancer drug, etoposide into human 

gastric cancer cells [39]. In this article, we present an easy, simple and scalable method 

for synthesis of both SSNs and siRNA-SSNs complexes and demonstrate the roles of NaCl 

and glucose in synthesis and stabilization of Na-Glc-SSNs with more uniform size. 

Synthesized SSNs were characterized and their siRNA loading capability, cellular 

internalization, and cytotoxicity against MCF-7 breast cancer cells were evaluated. 

Finally, the potential of these particles in intracellular delivery of ros1- and egfr1-specific 

siRNAs was investigated through assessment of cytotoxicity in breast cancer cells, 

biodistribution study and tumor regression in a synergetic mouse model of breast cancer. 

3.2. Materials and Methods 

3.2.1. Materials  

Strontium chloride (SrCl2), sodium sulfite (Na2SO3), NaCl, D-glucose and 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were obtained from Sigma-

Aldrich (St Louis, MO, USA). Dulbecco’s modified eagle medium (DMEM), dimethyl 

sulphoxide (DMSO), thiazolyl blue tetrazolium bromide (MTT), and ethylene diamine 
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tetra acetic acid (EDTA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

DMEM powder, fetal bovine serum (FBS), trypsin-ethylene diamine tetra acetate 

(trypsin-EDTA), and penicillin-streptomycin were from Gibco BRL (CA). All siRNAs 

used in this study were obtained from Qiagen (Hilden, Germany) and dissolved in 

RNase-free water provided by the company. MCF-7 cells were originally from ATCC 

(Manassas, VA, USA). 

3.2.2. Cell Culture and Seeding 

Human breast cancer cell line, MCF-7 was cultured in a 25 cm2 culture flask with 

complete DMEM (pH 7.4) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), 1% HEPES and 1% penicillin-streptomycin solution in a humidified atmosphere 

containing 5% CO2 at 37 °C. The cells from the exponential growth phase were 

trypsinized and seeded at 50,000 cells per well into a 24-well plate.  

3.2.3. Synthesis of SSNs and Na-Glc-SSNs 

SSNs and Na-Glc-SSNs were prepared by adding 1–5 µL of a cation providing salt, 

SrCl2 (1 M) without or with 300 mM of NaCl and 200 mM of D-glucose into an anion 

providing salt, Na2SO3 (1 M) and incubating at 37 °C for 30 min. Subsequently, 10% FBS 

supplemented DMEM (pH 7.5) medium was added to top up to 1 mL of final particle 

suspension. Spectrophotometric analysis was done at 320 nm wavelength to measure 

turbidity of SSNs, Na-SSNs (prepared in the presence of NaCl), Glc-SSNs (prepared in 

the presence of glucose) and Na-Glc-SSNs (prepared in the presence of both NaCl and 

glucose) by using UV 1800 Spectrophotometer, Shimadzu, Japan. Microscopic 

observations of Na-Glc-SSN nanoparticles were made by using an Olympus Microscope 

CKX41. All experiments were conducted at room temperature and the data was plotted 

into a graph with mean ± SD.  

3.2.4. Particle Size, Zeta Potential Measurements and Observation of SSNs and Na-Glc-SSNs 

Size of the NPs was measured by using Zeta sizer (Nano ZS, Malvern, 

Worcestershire, UK) in different SrCl2 concentrations with or without NaCl (300 mM) and 

glucose (200 mM). A refractive index (RI) of 1.325 was used to measure particle size and 

particle size distribution. The zeta potential of SSNs, Na-SSN, Glc-SSN and Na-Glc-SSN 

were also measured by using Zeta sizer (Nano ZS, Malvern, Worcestershire, UK). 

Zetasizer software 6.20 was employed to carry out the analysis of data and all samples 

were measured in triplicate. The date was plotted into a graph with mean ± SD.  

3.2.5. Characterization of Particles by a Field Emission Scanning Electron Microscope (FE-

SEM) and an Energy Dispersive X-ray (EDX) Analyzer 
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The morphology of SSNs and Na-Glc-SSNs was observed by using FE-SEM. SSNs 

and Na-Glc-SSNs prepared by adding 60 mM of SrCl2, with or without 300 mM of NaCl, 

200 mM of D-glucose to 10mM of Na2SO3. 3 µL of particle suspension was then transferred 

to a glass slide for drying at 370c for 1 hour. The dried sample was then placed onto a 

carbon tape-coated sample holder, followed by platinum sputtering of the dried samples 

with 30 mA sputter current at 2.30 tooling factor for 70 s and the sputtered particles were 

visualized at 5.00 kV using FE-SEM (Hitachi/SU8010, Tokyo, Japan) and analyzed for 

elemental composition by an EDX analyzer (X-maX,50mm2 HORIBA, JAPAN). 

3.2.6. Characterization of NPs by Fourier Transform Infrared Spectroscopy (FT-IR) and X-Ray 

Diffraction (XRD) 

Na-Glc-SSNs and SSNs were prepared by addition of 60 mM of SrCl2, with or without 

300 mM of NaCl, 200 mM of D-glucose to 10 mM of Na2SO3 and centrifuged at 3750 rpm 

for 30 min by using Allegra X-12 Centrifuge (Beckman Coulter, Fullerton, CA, USA), 

followed by removal of supernatant and re-centrifugation. Precipitated pellets were 

lyophilized by using a freeze dryer (Labconco, Kansas City, MO, USA). The spectrum of 

SSN and Na-Glc-SSN was observed by Varian FTIR using the Varian Resolution Pro 640 

software (Agilent, Santa Clara, CA, USA) and XRD (inXitu, Mountain view, CA, USA).  

3.2.7. Acid Dissolution Study of SSNs and Na-Glc-SSNs 

SSNs were prepared by mixing 60 mM of SrCl2 and 10 mM of Na2SO3 and Na-Glc-

SSNs were prepared by the addition of 60 mM of SrCl2, 300 mM of NaCl, 200 mM of D-

glucose and 10 mM of Na2SO3, followed by incubation for 30 min at 37 °C. After the 

incubation, DMEM of different pHs was added to make the final volume 1 mL. The 

different pHs were adjusted by using 1 N HCl and the absorbance was measured at 320 

nm wavelength by using a spectrophotometer. Experiments were done in triplicate and 

the data were plotted with mean ± SD.  

3.2.8. Assessment of siRNA Binding Affinity to Particles 

Different concentrations of AF 488 allstars negative siRNA were dissolved in 200 µL 

of DMEM and fluorescence intensity was measured with a λex = 490 nm and λem = 535 

nm by using 2030 multilabel reader victor TM X5 (Perkin Elmer, MA, CA, USA). Data 

was analyzed by Perkin Elmer 2030 manager software. Each experiment was done in 

triplicate and a standard curve was obtained by plotting fluorescence intensity versus 

siRNA concentrations to calculate the amount of siRNA bound to the NPs. SSNs, Na-

SSNs (prepared in the presence of NaCl), Glc-SSNs (prepared in the presence of Glucose) 

and Na-Glc-SSNs were prepared by addition of 60 mM of SrCl2, 300mM of NaCl, 200 mM 

of D-glucose to 10 mM of Na2SO3 in presence of 10 nM of AF 488 siRNA and incubating 

for 30 min at 37 °C. After the samples were centrifuged at 13,000 rpm for 15 min at 4 °C, 
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the supernatant was collected and fluorescence intensity measurement. The binding 

affinity of siRNA to differently formulated NPs was calculated by using the following 

formula: 

% of siRNA binding =
𝑋initial − 𝑋free

𝑋initial

× 100% 

Where Xfree is the concentrations of siRNA in the supernatant following centrifugation of 

NPs-siRNA, and Xinitial denotes the total concentration of siRNA used in the experiment, 

which was 10 nM. The samples were prepared in duplicate and represented as mean ± 

SD. 

3.2.9. Cellular Uptake of siRNA-Loaded NPs  

MCF-7 cells were seeded in a 24-well plate (50,000 cells/well), incubated overnight 

and treated with the NPs formulated with 10 nM of AF 488 siRNA for observing cellular 

uptake of NPs-siRNA complexes. SSNs, Na-SSNs, Glc-SSNs and Na-Glc-SSNs were 

prepared as described above, through incubation for 30 min at 37 °C. After 4 h and 12 h 

of incubation, the treated cells were washed with 5 mM of EDTA in PBS for dissolving 

extracellular particles and observed under a fluorescence microscope (Olympus DP73, 

Tokyo, Japan). 

Additionally, treated cells after 4 and 12 h were washed with PBS, treated with 5 mM 

EDTA in PBS and lysed before fluorescence intensity of the lysate was measured in 2030 

multilabel reader victorTM X5 (Perkin Elmer) attached with Perkin Elmer 2030 manager 

software using an excitation wavelength of 490 nm and an emission wavelength of 535 

nm. Samples were blank corrected using untreated samples. The experiment was 

completed in duplicate and expressed as mean ± SD. 

3.2.10. Cell Viability Assay with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 

Bromide) 

Cytotoxicity of SSN, Na-SSN, Glc-SSN and Na-Glc-SSN in MCF-7 cells was assessed 

by MTT assay. 5 × 104 cells were seeded in a 24-well plate in triplicate. On the following 

day, the cells were incubated with SSNs, Na-SSNs, Glc-SSNs and NA-Glc-SSNs for 48 h 

and MTT assay was conducted. Briefly, 50 µL of MTT (5 mg/mL in PBS) was added to 

each well and incubated for 4 h. After dissolving the resulting formazan products with 

300 µL of DMSO (dimethyl sulfoxide), the absorbance was analyzed on a microplate 

reader (microplate spectrophotometer, Biorad, Hercules, CA, USA) at 595 nm wavelength 

with reference to 630 nm. 

Cytotoxic effects of SSNs- and Na-Glc-SSNs-bound EGFR and ROS1 siRNAs in MCF-

7 cells were also assessed by MTT assay. The siRNAs-loaded SSNs and Na-Glc-SSNs were 

prepared by adding 60 mM of SrCl2, without or with 300 mM of NaCl and 200 mM of D-

glucose to 10mM of Na2SO3 and 1 nM of the respective siRNA and incubating for 30 min 
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at 37 °C. The particle suspension was finally topped up to 1 mL with 10% FBS-containing 

DMEM (pH 7.5). 5 × 104 cells were seeded in a 24-well plate. On the following day, the 

cells were treated with SSNs, SSNs-EGFR siRNA, SSN-ROS1, Na-Glc-SSN, Na-Glc-SSN-

EGFR and Na-Glc-SSN-ROS1, followed by incubation for 48 h, and finally, cytotoxicity 

was measured. Briefly, 50 µL of MTT (5 mg/mL in PBS) was added to each well prior to 

incubation of the plate for 4 h. After dissolving the resulting formazan crystals with 300 

µL of DMSO (dimethyl sulfoxide), the absorbance was analyzed on a microplate reader 

(microplate spectrophotometer, Biorad, Hercules, CA, USA) at 595 nm wavelength with 

reference to 630 nm. The percent of metabolically active cells (CV) was calculated for 

treated samples using the following equation:  

% cell viability =
Absorbance of treated sample

Absorbance of control
× 100% 

All the experiments were done in triplicate and the data was plotted as % of cell 

viability with mean ± SD.  

3.2.11. In-Solution Digestion of SSN and Na-Glc-SSN Protein Corona for Mass Spectrometric 

Analysis 

SSNs and Na-Glc-SSNs were prepared by adding 60 mM of SrCl2, with or without 

300 mM of NaCl, 200 mM of D-glucose to 10mM of Na2SO3 and incubating for 30 min at 

37 °C, and subjected to additional incubation with mouse plasma (10%) for 15 min at 37 

°C. After centrifugation of the particle suspensions at 13,000 RPM for 15 min, the 

supernatants were discarded, and the pellets were washed in Milli Q water, followed by 

centrifugation and removal of the supernatants. The pellets were dissolved with 100 µL 

of 50 mM EDTA in H2O. 25 µL of 100 mM ammonium bicarbonate solution, 25 µL 

tetrafluoroethylene (TFE) denaturing agent and 1 µL of 200 mM dithiothreitol (DTT) 

solution were added to the protein mixture (released from pellets), followed by vortexing 

and heating under a heating block at 60 °C for 1 h. After adding 4 µL of 200 mM 

iodoacetamide (IAM) and briefly vortexing, the protein mixture (representing protein 

corona) was incubated in the dark at room temperature for 1 h. 1 µL of 200 mM DTT 

solution was added to the protein mixture which was then incubated in the dark at room 

temperature for 1 h. Afterwards, the treated protein mixture was incubated at room 

temperature in presence of 100 µL ammonium bicarbonate solution (100 mM) and MS 

Grade 25 µL of Trypsin (1 µg/mL) at 37 °C for 4 to 18 h. Finally, 1µl formic acid was added 

to stop the reaction, and the samples were subjected to speed vacuum overnight prior to 

analysis by Q-TOF LC-MS/MS. 

3.2.12. Sample Preparation for Mass Spectrometry-Based Proteomics 

10 µL of formic acid (0.1%) in water was added to dissolve dry peptide digest. 

Samples were then sonicated in ultrasonic water bath for 10 min, while maintaining room 
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temperature using ice. Samples were centrifuged (14,000× g, 5 min) and 5 µL of 

supernatant was placed in MS tube before being directly transferred on LC-QTOF auto-

sampler for analysis. 

3.2.13. High Efficiency Nanoflow Liquid Chromatography Electrospray-Ionization Coupled with 

Mass Spectrometry 

The peptides digested were loaded into an Agilent Poroshell 300 Å pore C18 columns 

(Agilent, Santa Clara, CA, USA) using 0.1% formic acid mobile phase to equilibrate the 

column. The peptides were eluted from the column with 90% acetonitrile in 0.1% formic 

acid (solution B), using the gradients of 5% solution B over 0–30 min and 75% solution B 

over 30–39 min. Quadrupole-time of flight (Q-TOF) polarity was set at positive with 

capillary and fragmented voltage being set at 1750 V and 360 V, respectively, and 5 L/min 

of gas flow with a temperature of 325 °C. The peptide spectrum was analyzed in auto MS 

mode ranging from 110–3000 m/z for MS scan and 50–3000 m/z for MS/MS scan. 

Acquisition rates were 2 (spectra/s) for MS and 4 (spectra/s) for MS/MS. The spectrum 

was then analyzed with Agilent MassHunter (Agilent Technologies, Santa Clara, CA, 

USA) data acquisition software and then PEAKS 8.0 software (Bioinformatics Solutions 

Inc., Waterloo, ON, Canada). 

3.2.14. Protein Identification and Quantification by Automated De Novo Sequencing (PEAKS 

Studio 8.0) 

Protein identification was performed by integrating a database search 

(SwissProt.Mus_musculus) with de novo sequencing, for the homology search using 

PEAKS Studio 8.0 (Bioinformatics Solution Inc., Waterloo, ON, Canada). 

Carbamidomethylation was set as the fixed modification with maximum mixed 

cleavages at 3. Parent mass and fragment mass error tolerance were both set 0.1 Da with 

monoisotopic mass as the precursor mass search type. Trypsin was selected as the 

enzyme for digestion. False discovery rate (FDR) of 1% and unique peptides ≥1 were used 

for filtering out inaccurate proteins. A-10lgP score of greater than 20 indicates that 

detected proteins are relatively high in confidence as it targets very few decoy matches 

above that threshold. Relative differential changes of proteins commonly found in 

different complex protein samples of SSNs were quantified using PEAKS Q protein 

quantification software. Label free quantification method is based on the relative 

intensities of peptide ion peak features detected in multiple samples. Feature detection is 

performed separately on each sample with more overlapped features, by using the EM 

(expectation-maximization) algorithm. The features of the same peptide from different 

samples are reliably aligned together using a high-performance retention time alignment 

algorithm. The groups are color-coded to be used in the heat map summary to distinguish 

the groups between two NPs and the intensity of a quantifiable peptide. The significance 
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of a peptide is denoted by its −10LogP score. The cut off value was set at 20 which is 

equivalent to a P-value of 0.01.Heat Map displays the protein groups that passed the 

filters for quantitative analysis. The relative protein abundance is represented as a heat 

map of the representative proteins of each protein group. The representative proteins are 

clustered if they exhibit a similar expression trend across the samples. The hierarchical 

clustering is generated using a neighbor-joining algorithm with a Euclidean distance 

similarity measurement of the log2 ratios of the abundance of each sample relative to the 

average abundance.  

3.2.15. In Vivo Biodistribution Study of SSNs and Na-Glc-SSNs 

For biodistribution study, female Balb/c mice (6–8 weeks old) of 20–25 gm of body 

weights were obtained from the School of Medicine and Health Science Animal Facility, 

Monash University. The mice were maintained in 12:12 light: dark conditions and 

provided with ab libitum and water. All the experiments were done in accordance with 

the protocol approved by MONASH Animal Ethics Committee (MARP/2016/126). 

Approximately 1 × 105 4T1 cells (in 180 µL PBS) were injected subcutaneously on the 

mammary pad of mice (considered as day 1) and the mice were checked regularly for the 

outgrowth of tumor by touching the area of injection by index finger. The tumor bearing 

mice were administered with fluorescent AF-488 labeled neg. siRNA (75 mM) either in 

free or NPs-bound form through tail vein injection when the tumor volume reached 79 

mm3. Mice were sacrificed humanely by cervical dislocation after 4 or 24 h of the 

administration. Afterwards, the heart, liver, kidney, spleen, lung, brain and tumor were 

collected and washed twice in chilled PBS, followed by addition of 500 µL lysis buffer per 

500 mg of tissue mass. Tissues were lysed using a mechanical homogenizer with four 

strokes intermittently while maintaining the samples on ice till a completely 

homogenized solution was obtained. The solutions of tissue lysates were centrifuged for 

25 min at 4 °C with 8000 rpm. 200 µL of the supernatant was added to each well of a 96-

well opti-plate (Nunc) for measuring fluorescence intensity of AF-488 labeled siRNA with 

2030 multilabel reader vitorTM X5 (Perkin Elmer) attached with Perkin Elmer 2030 

manager software using λex = 490 nm and λem = 535 nm. Data were represented as mean 

± SEM of fluorescence intensity/500 mg of tissue mass after the values were blank-

corrected using an untreated group of mice for each tissue. 

3.2.16. 4T1.-Induced Mouse Model of Breast Cancer and Anti-Tumor Activity of siRNA-Loaded 

NPs  

Female Balb/c mice (6–8 weeks old) with body weights of 20–25 gm (obtained from 

the School of Medicine and Health Science Animal Facility, Monash University) were 

maintained in 12:12 light:dark conditions and provided with ab libitum and water. All 

the experiments were done in accordance with the protocol approved by MONASH 
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Animal Ethics Committee (MARP/2016/126). Approximately 1 × 105 4T1 cells (in 100 µL 

PBS) were injected subcutaneously on the mammary pad. When the volume of the 

growing tumor reached an average of 39 mm3 at around Day 9–10, mice were grouped 

randomly with 4 mice per group and treated intravenously (tail-vein) at the right or left 

caudal vein, while the second dose was administered 3 days after the 1st dose. The length 

and width of tumor outgrowth were estimated using the Vernier caliper in mm scale over 

the period of 24 days, with the data subsequently presented as mean ± SEM of the tumor 

volumes of each group. The volume of the tumor was calculated based on the following 

formula: 
Tumor Volume (mm3) = ½ (length× width2). 

3.2.17. Statistical Analysis  

Statistical analysis was done by using SPSS version 23 (Armonk, NY, USA). LSD post 

hoc test for one way ANOVA and independent-samples t-test were used for analyzing in 

vitro and in vivo data and comparing the significant difference. Data were considered 

statistically significant when *p < 0.05 and very significant when **p < 0.001. 

3.3. Results and Discussion 

3.3.1. Generation of SSNs and Evaluating Effects of NaCl and Glucose on Regulation of Particle 

Growth  

SSNs were synthesized by mixing different concentrations of SrCl2 (20–100 mM) and 

10 mM of Na2SO3 and incubating at 37 °C for 30 min, followed by addition of 10% FBS-

supplemented DMEM (pH 7.5) to make the final volume to 1 mL. The particles were 

characterized by UV-VIS spectrophotometer and optical image analysis. The increment 

of reactant concentration leads to higher rates of particle formation, and consequential 

self-aggregation to form bigger size particles. Since DMEM contains high concentrations 

of NaCl and glucose, it is necessary to identify their roles in particle growth and 

stabilization of particle size. Particles with diameters ranging from 20 to 200 nm are 

supposed to have excellent tumor accumulation capacity and higher circulation time [40–

43]. To investigate the effects of NaCl and glucose on SSNs formation, we added 300 mM 

of NaCl and 200 mM of glucose to form Na-SSNs, Glc-SSNs and Na-Glc-SSNs. As shown 

in Figure 1A, particle formation was enhanced with increasing Sr2+ concentration, as 

represented by high turbidity. However, when we added 300 mM of NaCl to form Na-

SSN particles, a significant drop in turbidity was observed for all Sr2+ concentrations. This 

could be achieved by minimizing charges via temporary ionic interaction between the 

SrSO3 and NaCl, thereby slowing down the rate of reaction for particle formation. On the 

other hand, addition of D-glucose also significantly decreased the growth of particles as 

demonstrated by lower turbidity in Figure 1A, suggesting that glucose could shield the 

particles, impeding the interactions between the particles for subsequent growth. 
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However, addition of NaCl and glucose to form Na-Glc-SSNs demonstrated lower 

turbidity in comparison to either Na-SSNs or Glc-SSNs, indicating that the combination 

of NaCl and glucose could effectively reduce and stabilize particle growth by controlling 

particle aggregation. Optical microscopic visualization of Na-Glc-SSNs following 

incubation at 37 °C for 1h in a 24-well plate showed an increasing number of aggregated 

particles with increasing Sr2+ concentrations (Figure 1B), in parallel with the increase in 

absorbance (Figure 1A). 

 

 

(A) (B) 

Figure 1. (A). Turbidity and optical microscopic analysis of differently formulated NPs. A. 

Turbidity (absorbance at 320 nm) of the particles formed without and with NaCl and/or glucose. 

Particles were formed by addition of 1–5 µL of (1M) SrCl2 to 0.5 µL of (1M) Na2SO3 in 50 µL 

aqueous solution with or without inclusion of 25 µL of NaCl (0.5 M) and/or 10 µL of D-glucose 

(1M), and incubation for 30 minutes at 37 °C. Subsequently, serum-supplemented DMEM media 

was added to achieve 1 mL particle suspension. Absorbance at 320 nm wavelength was measured 

for all generated NPs using a spectrophotometer. (B). Microscopic observation of Na-Glc-SSNs 

prepared at different Sr2+ concentrations, and images were captured at 10X resolution. 

 

Since particle diameter is crucial in regulating pharmacokinetics and tumor targeting of 

particle-loaded therapeutics, we measured the average particle size by Zetasizer and 

investigated the effects of NaCl and glucose in the stabilization of particle diameter. As 

shown in Figure 2, the average size of SSNs without NaCl and glucose ranged from 20 

nm to 1.3 µm, with a trend of forming larger particle with increasing Sr2+ concentrations, 

while addition of NaCl and glucose to the reaction mixture reduced the particle sizes of 

SSNs (i.e. Na-Glc-SSNs), which varied from 20 nm to 463 nm depending on the 

concentration of SrCl2 in a similar trend as in the turbidity study (Figure 2A). The surface 

charge of NPs is crucial for stability in systemic circulation, cellular uptake and successful 

delivery of drug into the target tumor cytoplasm. The zeta potential of SSNs, Na-SSNs 

and Glc-SSNs were almost same and remained in the range of −10.7 mV to −11.9 mV, 
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whereas incorporation of NaCl and glucose into the SSNs slightly reduced the zeta 

potential (−10.5). The combination of NaCl and glucose reduced the size and stabilized 

the growth of Na-Glc-SSN more significantly than SSNs formed without NaCl and 

glucose. We propose that NaCl prevents particle aggregation by temporary binding with 

SrSO3 particles through its cations (Na+) and anions (Cl−) (Figure 3A), whereas glucose 

may be partitioned between the particles, thereby producing less aggregated and small  

sized particles (Figure 3B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Size (A) and zeta potential (B) of different strontium sulfite nanoparticles with or without NaCl 

and glucose. Strontium sulfite nanoparticles were prepared by adding 60 mM of SrCl2, 300 mM of NaCl, 

200 mM of glucose and fixed amount of Na2SO3. 
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Figure 3. Schematic representation of effects of NaCl and glucose in stabilization of SrSO3 

particles. A. SrSO3 particles stick to each other to form aggregates, while NaCl slows down the 

particle formation by temporally binding with Sr2+ and SO32−. B. Without D-glucose, SrSO3 

particles bind to each other forming large particles, but glucose lies between the particles and 

forms a shield to prevent particle-particle agglomeration. 

3.3.2. Characterization of SSNs and Na-Glc-SSNs by Zeta Sizer 

Zeta Sizer was used to investigate the particle size distribution of SSNs and Na-Glc-

SSNs. The PDI (poly dispersing index) value was measured to know the dispersion 

homogenicity of the particles. As shown in Figure 4A, the PDI value of SSN particles was 

0.988, indicating the heterogenous distribution of SSNs. Particle size distribution by 

number and volume also demonstrated variably sized particles. On the other hand, Na-

Glc-SSNs particles formed with 60 mM of SrCl2 and 10 mM of Na2SO3 in the presence of 

300 mM of NaCl and 200 mM of glucose showed a PDI value of 0.290 (Figure 4B). The 

lower PDI value of Na-Glc-SSNs indicates that particle has less tendency to agglomerate 

and form smaller and uniformly distributed particles. Preclinical studies showed that the 

particles within a diameter range of 100–150 nm are able to access the liver and tumor 

tissues after IV administration [44]. As shown in Figure 4(B), relatively small size particles 

in Na-Glc-SSNs constitute the majority of the particles, suggesting that siRNA-Na-Glc-

SSN complexes would have favourable pharmacokinetics and greater ability to penetrate 

into target cells via endocytosis more efficiently than SSN-siRNA complex.  
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Particle size distribution by number 

 
Particle size distribution by volume 

 
Particle size distribution by intensity 

(A) 
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Particle size distribution by number 

 
Particle size distribution by volume 

 
Particle size distribution by intensity 

(B) 

Figure 4. Particle size distribution of (A). SSNs and (B). Na-Glc-SSNs. SSNs and Na-Glc-SSNs 

were prepared by adding 60mM of SrCl2, 300 mM of NaCl, 200 mM of glucose and 10 mM of 

Na2SO3. 

3.3.3. Characterization of Differently Formulated Particles by FE-SEM  

Field-emission scanning electron microscopy was used to observe the morphology 

and actual size of the prticles. As shown in Figure 5(A), SSNs displayed a spherical shape 

with rough surface. The average diameter of the particles was in the range of 595–625nm, 

suggesting formation of the large particle size due to self-aggregation. On the other hand, 

Na-Glc-SSNs showed relatively more particles of a spherical shape with relatively 

smaller size distribution (242–267nm) (Figure 5(B)). The smaller particle size could be due 

to the effects of NaCl in stabilizing the particles by slowing down the reaction and D-

glucose that lies between the particles in preventing self-aggregation.The smaller and 

rough surfaced SSNs were expected to demonstrate better drug binding ability as well as 

less protein binding affinity in systemic circulation. 
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(A) 

  
(B) 

Figure 5. FE-SEM images of nanoparticles. (A). micrographs of SSNs at 2 µm and 500 nm scale, 

(B). Micrographs of Na-Glc-SSNs at 5 µm and 3 µm scale. 

3.3.4. Elemental Analysis of Nanoparticles by EDX 

The EDX spectrum showed strong peaks of strontium around 2 KeV for both SSNs 

and Na-Glc-SSNs (Figure 6), confirming strontium as a major constituent. In addition, 

sulfur, oxygen and chlorine also showed peaks for both NPs with small amount of 

sodium, carbon, oxygen and platinum. The signals for sulfur and oxygen might originate 

from the sulfite group of the particles. Glucose and NaCl used in the fabrication of Na-

Glc-SSNs contributed to the signals for carbon, oxygen, sodium and chloride. The other 

signals might come from platinum sputtering of the dried samples. 

 
 

(A) 



113 
 

 
 

(B) 

  
SSN Na-Glc-SSN 

(C) 

Figure 6. EDX analysis of nanoparticles. EDX spectrum of SSNs (A) and Na-Glc-SSNs (B) 

nanoparticle (C). Element weight percent of SSNs and Na-Glc-SSNs. 

3.3.5. Characterization of SSNs and Na-Glc-SSNs by FT-IR and XRD  

The formation of strontium sulfite was confirmed via FT-IR, which involves the 

vibration of molecules targeted via the infrared spectroscopy on the lyophilized SSNs 

and Na-Glc-SSNs. The FT-IR spectra of glucose, SSNs and Na-Glc-SSNs were obtained. 

The spectra of SSNs displayed two strong peaks at 916 cm−1, 640 cm−1 and 521 cm−1, which 

are the characteristic peaks of •Sulfite ion (SO₃²−) (Figure 7). On the other hand, the similar 

peaks for SO₃²− in Na-Glc-SSNs were noted at around 913 cm−1, 631 cm−1 and 530 cm−1 with 

a small shift, which is probably due to the presence of strontium, NaCl and glucose. 

Moreover, the overall vibration pattern that is characteristic of SrSO3 strongly suggests 

that SrSO3 was successfully formed. The XRD peak profiles of SSNs and Na-Glc-SSN 

crystals were similar to the standard peak profile of SrSO3 (Figure 8). In addition, the peak 

broadening of the material could be indicative of its lower degree of crystallinity, an 

important factor determining particle dissolution rate. 
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Figure 7. FTIR spectra for free glucose, SSNs (formed using 60 mM of SrCl2and and 10 mM of Na2SO3) and 

Na-Glc-SSNs (formed by adding 60 mM of SrCl2, 300 mM of NaCl, 200 mM of glucose and 10 mM of Na2SO3).  
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(B) 

Figure 8. XRD patterns of SSNs (formed with 60 mM of SrCl2 and 10 mM Na2SO3, (A) and Na-

Glc-SSNs (formed with 60 mM of SrCl2, 300 mM of NaCl, 200 mM of glucose and 10 mM of 

Na2SO3) (B). 

3.3.6. Acid Dissolution Profiles of SSNs and Na-Glc-SSNs  

The success of nanoparticles-mediated siRNA therapy depends on the efficient 

release of siRNA from the carrier in order to silence the target mRNA in cytoplasm. 

NPs/siRNA complex after being internalized into the cell via endocytosis should escape 

from endosomes as well as avoid lysosomal degradation. Particles that can be dissolved 

in acidic endosomes are able to release the payload from the NPs. Particle dissolution 

could also lead to accumulation of ions (Ca2+, PO4
3− and CO3

2−) with eventual development 

of osmotic pressure across the endosomal membrane, which might result in endosomal 

breakdown and release of the therapeutics in cytosol. As shown in Figure 9, the 

absorbance of both SSNs and Na-Glc-SSNs was decreased sharply with a decrease in pH 

and at pH 6, the particle were fully degraded with an absorbance value below 0.1 nm. 

The result suggests that SSNs and Na-Glc-SSNs were unstable and degraded in the acidic 

pH, thus indicating that the particles would be dissolved in the acidic environment of 

endosomes to facilitate early release of siRNA. 
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Figure 9. Acid dissolution profiles of SSNs, prepared by adding SrCl2 (60 mM) and Na2SO3 (10 

mM) and Na-Glc-SSNs, prepared by adding 60 mM of SrCl2, 300 mM of NaCl, 200 mM of glucose 

and 10 mM of Na2SO3, in a 50 µL of an aqueous solution. 

3.3.7. Assessment of Binding Affinity of siRNA to SSNs and Na-Glc-SSNs 

The binding affinity of siRNA towards nanoparticles is vital to prevent its nuclease-

mediated siRNA degradation and dissociation from the particles after being exposed to 

blood components. siRNA, which is negatively charged due to its phosphate backbone 

was expected to interact with strontium sulfite nanoparticles owing to their positively 

charged Sr2+-rich domains. As shown in Figure 10, SSNs, Na-SSNs, Glc-SSNs and Na-Glc-

SSNs demonstrated significant binding affinity (ranging from 91% to 94%) towards the 

siRNA, suggesting that the potential ability of the nanoparticles in carrying siRNAs into 

cancer cells by preventing nuclease-mediated degradation and enhancing cellular uptake 

via endocytosis. 

 

Figure 10. Binding efficiency of negative siRNA with differently formulated strontium sulfite 

particles formed by mixing SrCl2 (60 mM) and Na2SO3 (10 mM) along with 10 nM AF488 negative 

siRNA in the presence or absence of NaCl (300 mM) and glucose (200 mM). 
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3.3.8. Cellular Uptake of Fluorescence-Labeled siRNA Carried by Differently Formulated 

Strontium Sulfite Nanoparticles 

Cellular uptake of siRNA, one of the most critical steps in regulating overall silencing 

efficacy is predominantly influenced by siRNA binding affinity for nanoparticles and size 

of the particles. The small particles are expected to have more cellular internalization in 

comparison to larger ones. MCF-7 cells were treated with differently formulated 

strontium sulfite nanoparticles for 4 h prior to removal of extracellular particles with 

EDTA and subsequent observation by a fluorescence microscope. After 4 h of treatment, 

as shown in Figure 11(A), untreated cells and cells treated with free siRNA did not show 

any fluorescence signals. On the other hand, cells treated with all different forms of 

strontium sulfite particles revealed significant fluorescence signal. However, after 12 h of 

treatment, cells treated with SSNs coupled siRNA gave more significant fluorescence 

signal as demonstrated in Figure 11(B), suggesting their efficient internalization into the 

breast cancer cells in extended time. The fluorescence intensity of Na-Glc-SSNs at 4 h was 

much higher than that of free siRNA and SSNs, as shown in Figure 12(A).  
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Untreated BF Untreated FL NaCl-SSN BF NaCl-SSN FL 

 

 

  
Free siRNA BF Free siRNA FL Glucose-SSN BF Glucose-SSN FL 

    
SSN BF SSN FL Na-Glc-SSN BF Na-Glc-SSN FL 

(A) 

 
(B) 

Figure 11. Cellular uptake of strontium sulfite particles with bound fluorescence-labeled siRNA. 

MCF-7 cells were treated with media (untreated), free siRNA and different strontium sulfite 

particles. SSNs, NaCl-SSNs, Glc-SSNs and Na-Glc-SSNs with loaded siRNA were formed by 

adding SrCl2 (60 mM), Na2SO3 (10 mM) and 10 nM of AF488 negative siRNA in presence or 

absence of NaCl (300 mM) and/or glucose (200 mM) at (A) 4 h of treatment and (B) 12 h of 

treatment. 
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On the other hand, the fluorescence intensity of Na-Glc-SSNs at 12 h were increased 

over an extended period of time (Figure 12(B)). The SSNs which were prepared in the 

absence of NaCl and glucose, with a much bigger size than the others, seemed to mainly 

adhere to the cell membrane rather than going into the cells, indicating that particle size 

dramatically influences the cellular uptake process. 

  
(A) (B) 

Figure 12. Fluorescence intensity of cell lysates. MCF-7 cells were treated with free siRNA, and 

NPs-siRNA formed with 60 mM of SrCl2 and 10 nM AF-488 negative control siRNA. After (A) 4 

h and (B) 12 h, fluorescence intensity of cell lysates was measured. Values are representative of 

duplicate samples. 

3.3.9. Cell Viability Assessment with MTT Assay 

The biocompatibility of strontium sulfite nanoparticles and the extent of toxicity were 

assayed through MTT colorimetric assay. As shown in Figure 13, the viability of 

differently fabricated strontium sulfite particles was approximately 80% compared to the 

untreated cells, indicating that the nanoparticles are apparently biocompatible. Around 

20% of cell deaths could be due to sedimentation of too many particles on the cell surface 

in a culture system.  
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Figure 13. Cell viability assessment of different strontium sulfite particles formed with or without 

NaCl and D-glucose. MCF-7 cells were seeded and treated with SSNs (60mM SrCl2 and 10 mM of 

Na2SO3, Na-SSN(60 mM SrCl2, 10 mM of Na2SO3 and 300 mM of NaCl), Glc-SSN (60 mM SrCl2, 10 

mM of Na2SO3 and 200 mm of D-glucose) and Na-Glc-SSN (60 mM SrCl2, 10 mM of Na2SO3, 300 

mM of NaCl and 200 mm of D-glucose). 

3.3.10. Intracellular Delivery of EGFR and ROS1 siRNA Using SSNs and Na-Glc-SSNs 

To investigate the efficiency of strontium sulfite as a nanocarrier to transport siRNA 

into the target tumor, we selected siRNAs to silence EGFR and ROS1 genes, which are 

essential in proliferating cancer cells. Epidermal growth factor (EGF) stimulates cells to 

divide by activating members of the EGF receptor (EGFR) family which are the members 

of receptor tyrosine kinases that modulate cell proliferation, survival, adhesion, 

migration and differentiation. Although growth-factor-induced EGFR signaling is 

essential for many normal morphogenic processes and cellular responses, the aberrant 

expression of EGFR genes in different tumor cells has been noted [45]. The product of 

proto-oncogene ROS1 is another member of receptor tyrosine kinases (RTKs) that 

regulates the initiation and progression of various types of cancers. Several chromosomal 

rearrangements and aberrant expression of ROS1 gene were found in acute lymhoplastic 

leukemia, ovarian cancer, malignant gliomas, non-small cell lung cancer and breast 

cancer cells [30,46–50]. Silencing of EGFR or ROS1 gene expression could be a potential 

treatment modality for breast cancer through suppressing cancer aggressiveness. As 

shown in Figure 14, while SSNs with loaded EGFR or ROS1 siRNA did not show 

statistically significant toxicity in comparison to SSNs treatment, Na-Glc-SSNs with the 

same siRNAs showed significant cytotoxicity in MCF-7 cells in comparison to Na-Glc-

SSNs treatment. The high variations in viability of the cells treated with SSNs could be 

due to their inconsistent, strong associating with cell membrane. On the other hand, Na-

Glc-SSNs, which are quite small in size showed a promising outcome following delivery 

of the therapeutic siRNAs. 

0

20

40

60

80

100

120

Control SSN Na-SSN Glc-SSN Na-Glc-SSN

%
 c

e
ll

 v
ia

b
il

it
y

Nanoparticles



121 
 

  
(A) (B) 

  

(C) (D) 

Figure 14. Cell viability assay following exposure of MCF-7 cells to SSNs and Na-Glc-SSNs with 

loaded ROS1 or EGFR siRNA. Cells were treated with particles alone and siRNA-loaded particles. 

SSNs and Na-Glc-SSNs were prepared by adding 60 mM SrCl2, without and with 300 mM of NaCl 

and 200 mm of D-glucose into 10 mM of Na2SO3. 1 nM of siRNA was used for fabrication of 

siRNA-loaded particles. Values are represented as % of cell viability in comparison to control for 

triplicate samples. (A). SSNs with loaded siRNA against ROS1. (B). SSNs with loaded siRNA 

against EGFR. (C). Na-Glc-SSNs with loaded siRNA against ROS1. (D). Na-Glc-SSNs with loaded 

siRNA against EGFR. Values were very significant (**) at p value 0.001 to 0.01 compared to NPs 

treatment. 

3.3.11. Analysis of Protein Corona Formed onto SSNs and Na-Glc-SSNs 

The interactions between the proteins present in the serum and the surface of SSNs 

were analyzed by LC-MSLC-MS/MS Q-TOP. The in-solution digestion of the protein 

corona formed around SSNs and Na-Glc-SSNs was carried out to detect the peptides. The 

peptides derived from de novo sequencing were identified as exact or homologous 

peptides using the Mus_musculus database (SwissProt). The protein corona profile was 

characterized with the help of unique peptide, molecular weight, coverage % for peptides 

and significance (−10lgp). Detected proteins were listed along with their functions in 

Tables 1 and 2 for SSNs and Na-Glc-SSNs. Protein classification based on their biological 

functions was plotted in a pie chart (Figure 15). 

As shown in Figure 15, SSNs prepared without NaCl and glucose possessed affinity for 

different types of proteins including structural proteins (different keratins, Nup205), 

transport proteins (albumin, oligomeric Golgi complex subunit 7), and enzymes (protein 
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kinases, endonucleases, glutamine synthetase), whereas SSNs prepared in the presence 

of glucose and NaCl showed affinity for more selective proteins, such as structural 

proteins (keratins) and enzymes (helicase), which could be due to the effects of Na+ and 

Cl- ions in interfering in the weak ionic interactions of proteins with the particles. Serum 

albumin, the most abundant protein in the blood and a dysopsonin were detected in 

SSNs. 

 

 

Table 1. Proteins bound with SSNs in the presence of 10% of mice plasma. 

Protein 

Classes 
Identified Proteins −10lgP Coverage Mass Function 

Transport 

proteins 
Albumin 1 156.86 31 68,693 

chaperone binding, DNA binding, fatty acid 

binding, identical protein binding, oxygen binding, 

pyridoxal phosphate binding and toxic substance 

binding 

Enzymes Glutamine synthetase 38.65 4 42,019 glutamine biosynthetic process 

Structural 

proteins 
Keratin 16 32.67 1 51,606 structural constituent of cytoskeleton 

Structural 

proteins 
Keratin 16 32.67 1 51,693 structural molecule activity 

Structural 

proteins 

Keratin intermediate  

filament 16b 
32.67 1 51,966 structural molecule activity 

Structural 

proteins 

Keratin intermediate  

filament 16a 
32.67 1 52,053 structural molecule activity 

Structural 

proteins 
Uncharacterized protein 24.55 2 33,882 structural molecule activity 

Structural 

proteins 
Keratin 24 variant 2 24.55 2 40,994 structural molecule activity 

Structural 

proteins 
Keratin 19 24.55 2 44,542 

protein-containing complex binding, structural 

constituent of muscle 

Structural 

proteins 

Keratin,  

type I cuticular Ha2 
24.55 2 51,153 structural molecule activity 

Structural 

proteins 

Keratin 15,  

isoform CRA_a 
24.55 2 49,494 

scaffold protein binding, structural molecule 

activity 

Structural 

proteins 

Keratin,  

type I cytoskeletal 10 
24.55 1 57,041 

protein heterodimerization activity, structural 

constituent of epidermis 

Structural 

proteins 
Nup205 23.83 1 69,494 structural constituent of nuclear pore 

Transport 

Proteins 

Conserved oligomeric Golgi 

complex subunit 7 
23.83 1 80,582 intracellular protein transport 
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Transport 

Proteins 

Conserved oligomeric Golgi 

complex subunit 7 
23.83 1 86,075 intracellular protein transport 

Enzymes Ercc5 protein 22.76 1 86,901 
endonuclease activity, single-stranded DNA 

binding 

Enzymes Nek1 protein 21.82 2 48,636 
ATP binding, protein serine/threonine kinase 

activity 

Enzymes Nek1 protein 21.82 1 133,856 ATP binding, protein kinase activity 

Enzymes Nek1 protein 21.82 1 139,659 ATP binding, protein kinase activity 

Enzymes MKIAA1901 protein 21.82 1 139,947 ATP binding, protein kinase activity 

Enzymes Nek1 protein 21.82 1 144,269 ATP binding, protein kinase activity 

others 
WD repeat-containing  

protein 81 
21.82 1 211,931 mitochondrion organization 

  

                             Table 2. Proteins bound with Na-Glc-SSNs in the presence of 10% of mice plasma. 

 

Protein 

classes 
Identified proteins −10lgP 

Coverage  

(%) 
Mass Functions 

Structural 

proteins 

Keratin,  

type I cytoskeletal 10 
127.77 22 57,041 

Protein heterodimerization activity, structural 

constituent of epidermis. 

Structural 

proteins 

Keratin,  

type II cytoskeletal 6B 
112.44 9 59,526 structural molecule activity 

Structural 

proteins 
Krt6b protein 112.44 9 60,191 structural molecule activity 

Structural 

proteins 
Krt6b protein 112.44 9 60,273 structural molecule activity 

Structural 

proteins 
Keratin 77 106.07 6 61,302 structural molecule activity 

Structural 

proteins 
Keratin 77 106.07 6 61,359 structural molecule activity 

Structural 

proteins 
Keratin Kb40 69.48 2 85,239 structural molecule activity 

Structural 

proteins 
Keratin 78 69.48 1 112,265 structural molecule activity 

Structural 

proteins 

Type II cytokeratin 

Kb40 
69.03 3 47,619 structural molecule activity 

Structural 

proteins 
Krt78 protein 63.78 3 54,765 structural molecule activity 

Structural 

proteins 
Krt78 protein 63.78 3 56,780 structural molecule activity 

Structural 

proteins 
Krt78 protein 63.78 3 54,774 structural molecule activity 
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Structural 

proteins 

Keratin 15,  

isoform CRA_a 
68.25 4 49,494 scaffold protein binding, structural molecule activity 

Structural 

proteins 

Uncharacterized 

protein 
47.85 2 58,266 structural molecule activity 

Structural 

proteins 

Uncharacterized 

protein 
47.85 2 58,240 structural molecule activity 

Structural 

proteins 
Keratin 90 47.85 2 58,224 structural molecule activity 

Structural 

proteins 
Krt2 protein 42.78 1 70,923 structural molecule activity 

Enzymes Eif4a1 29.17 3 33,069 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes 
Eukaryotic initiation  

factor 4A-II 
29.17 3 36,166 

ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes 
Eukaryotic initiation  

factor 4A-II 
29.17 2 41,290 

ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes Eif4a1 29.17 2 41,491 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes Eif4a1 protein 29.17 2 46,023 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes Eif4a1 29.17 2 46,184 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes Eif4a1 29.17 2 46,140 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes Eif4a1 29.17 2 46,154 
ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

Enzymes 
Eukaryotic translation 

initiation factor 4A2 
29.17 2 46,402 

ATP binding, ATP-dependent RNA helicase activity, 

translation initiation factor activity 

  

Figure 15. Protein corona profiling after 30 min incubation of SSNs (left), and Na-Glc-SSNs (right) 

with 10% of mice plasma. The detected proteins were classified based on their biological 

functions. 
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(A) 

 

(B) 

Figure 16. In vivo biodistribution of AF-488–labelled siRNA in nude mice bearing a xenografted 

4T1 tumor 4 h and 24 h after intravenous injection of siRNA-loaded nanoparticles; (A). SSNs and 

(B). Na-Glc-SSNs. Each bar represents the mean ± SEM based on three mice per groups in all 

cases. 

3.3.12. In Vivo Biodistribution Study of SSNs and Na-Glc-SSNs 

The biodistribution and tumor accumulation of siRNA was investigated upon 

intravenous injection of AF-488-siRNA-complexed nanoparticles into mice bearing a 

subcutaneous 4T1 tumor. After 4 h of the treatment, major organs and tumor were 

collected and fluorescence intensity was measured. We observed significant differences 

in the biodistribution and tumor accumulation of the siRNA electrostatically associated 

with SSNs and Na-Glc-SSNs, as shown in Figure 16. The SSNs were significantly 

accumulated in RES organs (liver, spleen), brain, respiratory systems, heart and urinary 

systems. On the contrary, accumulation of Na-Glc-SSNs was lesser in major organs than 

that of SSNs except kidneys, which showed higher fluorescence signals, which could be 

explained by the notion that smaller particle size distribution of the former led to 

accelerated renal clearance. This might be reversed by increasing the hydrodynamic 
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diameter via coating Na-Glc-SSNs with a highly polymer like PEG, etc. After 24 h of the 

treatment, both nanoparticles were completely eliminated from the body (Figure 16). The 

tumor accumulation of nanoparticles depends on their physicochemical properties to 

cross the TME. The EPR effects and vascular pore cut off size ranging from 200 nm to 1.2 

um of tumors allow the nanoparticles to accumulate in the tumor region more efficiently 

[51]. We found that the SSNs and Na-Glc-SSNs facilitated significant tumor accumulation 

of the loaded siRNA after 4 h of the treatment and remained after 24 h of the treatment. 

Interestingly, there was a noticeable siRNA accumulation in the brain at 4 h, followed by 

complete removal after 24 h.  

 

 
(A) 

 
(B) 
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(C) 

Figure 17. Effects of intravenously administered nanoparticles and siRNA-loaded nanoparticles 

on tumor regression. (A), Images of excised tumors at day 20 (B) and total body weight (C) in a 

4T1 tumor bearing mice. 4T1 cells were inoculated subcutaneously on the mammary pad of mice. 

Tumor-bearing mice were treated intravenously through tail vein injection with 50 µL of either 

nanoparticles or siRNA-loaded nanoparticles, formed by the addition of 60 mM SrCl2, 300mM of 

NaCl, and 200 mm of D-glucose to 10 mM of Na2SO3 in the absence and presence of 50 nM of 

ROS1 siRNA, respectively, when the tumor volume reached approximately 39 mm3. Four mice 

per group were used and data were represented as mean ± SEM of tumor volume. Values were 

very significant (**) at p value 0.001 to 0.01 and significant (*) at p value 0.01 to 0.05 as compared 

to the control group. 

3.3.13. In Vivo Anti-Tumor Effect of ROS1 siRNA-Loaded SSNs and Na-Glc-SSNs  

A 4T1-induced murine breast cancer model was used to investigate the effect of SSNs 

and Na-Glc-SSNs carrying ROS1 siRNA on tumor regression. 50 µL volumes of SSNs-

ROS1 and Na-Glc-SSNs-ROS1 prepared with 60 mM SrCl2, 10 mM of Na2SO3 and 50 nM 

of ROS1 siRNA in the absence and presence of 300 mM of NaCl and 200 mm of D-glucose, 

respectively, were administered twice within an interval of 3 days through the tail vein, 

after the tumour volume reached 39 mm3. The results of the tumor growth curve (Figure 

17-A) show that tumors, following intravenous injections of SSNs and Na-Glc-SSNs, 

prepared under the same conditions except addition of siRNA, grew quickly almost in 

the same pattern. In contrast, the tumor growth of the mice treated with SSNs-ROS1 or 

Na-Glc-SSNs-ROS1 exhibited a relatively slower rate and smaller tumor volumes at the 

end, suggesting that both SSNs-ROS1 and Na-Glc-SSN-ROS1 effectively reduced the 

tumor growth in vivo. However, the tumor growth inhibition rate for SSNs-ROS1 was 

more prominent than Na-Glc-SSN-ROS1 at the later stage, which could be explained by 

higher renal clearance and lesser tumor accumulation of the latter. None of the two 

different particle types showed any obvious influence on mouse body weight (Figure 17-

C), which suggests that siRNA-loaded particles do not have any detrimental systemic 

toxicity in mice. The notable anti-tumor effects of SSNs and Na-Glc-SSNs carrying ROS1 

siRNA indicates that strontium sulfite particles could protect the loaded siRNA against 
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nuclease attack, confer favourable pharmacokinetics, induce no noticeable systemic 

cytotoxicity, promote excellent tumor uptake and cytosolic release of the siRNA.  

Since tumor extracellular environment is acidic, dissolution of the pH-sensitive particles 

could not be ruled out, with the consequence of siRNA release from the particles before 

their internalization into the target cells. We assume that under that acidic environment, 

particles could be dissolved either partially or completely, depending on the number of 

particles accumulated there. If the particles are partially dissolved, siRNAs released 

thereby might enter the target tumor cells by passive diffusion, which is rather inefficient 

considering the size of siRNA and the electrostatic repulsion between the negatively 

charged phosphate backbone of siRNA and the cell membrane, which is also negatively 

charged due to the presence of sulfate-carrying proteoglycans while the intact particles 

with electrostatically associated siRNA would enter via endocytosis resulting in particle 

dissolution under endosomal acidic pH and siRNA release from endosomes to cytosol. 

On the other hand, if the particles are fully dissolved in the extracellular compartment, 

the released siRNA would enter the tumor cells exclusively via passive diffusion with the 

consequence of poor therapeutic outcome. Since we have observed robust anti-tumor 

effect, we presume that the particles were partially dissolved or remained resistant to 

degradation under the mildly acidic environment. 

 

3.4. Conclusion 

SSNs and Na-Glc-SSNs synthesized via a simple precipitation method emerge as pH-

sensitive smart carriers for effectively delivering therapeutic siRNAs to the tumor. We 

found significant roles of NaCl and D-glucose in stabilizing the strontium sulfite particles 

with a more uniform particle size of 220nm. The low pH-triggered dissolution of 

strontium sulfite apparently helps in the efficient release of the siRNA in early 

endosomes, which is critical for silencing the target mRNA in cytosol. We have also found 

a significant effect of SSNs coupled siRNA in reducing tumor both in vitro and in vivo 

without any apparent toxicity. To our knowledge, this is the first successful report 

revealing that strontium sulfite nanoparticles are highly promising siRNA delivery 

vehicles to facilitate target oncogene knockdown and promote efficient tumor regression. 

Our findings therefore emphasize the need to perform further studies with strontium 

sulfite for tumor-targeted delivery of therapeutics in preclinical cancer models for 

potential translation into clinics in the future.  
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4. PEGylated Strontium sulfite for improving antitumor efficacy of EGFR 

siRNA against the breast cancer cell.   

4.1. Introduction: 

The biotechnology revolution has brought RNAi (RNA interference) for being harnessed 

with great potential to treat the cancer at genetic level. RNAi therapeutics are very 

efficient in selectively silencing the overexpressed genes responsible for development of 

cancer. But the naked siRNA suffers from systemic instability (1) due to nuclease 

degradation, phagocytosis and rapid renal clearance (2-4). To date a lot of viral and non-

viral vectors have been deployed to carry the siRNA into the cytoplasm of target cancer 

cell by providing the stealth effect against biological barriers. Recently, inorganic NPs 

have been evolved rapidly and widely investigated especially in cancer gene therapy, 

diagnosis and imaging. The unique physicochemical properties such as size, shape, 

electrical and optical properties, and elasticity, reasonable manufacturing cost compared 

with organic NPs, flexibility, ease of functionalization, improved solubility and 

biocompatibility of inorganic NPs made them more reliable for cancer management (5, 6) 

Cationic NPs interact with negatively charged siRNA owing to their phosphate 

backbone, thus facilitating efficient cellular internalization. Several groups have reported 

inorganic salt based NPs for the delivery of genes and siRNAs in breast cancer (7, 8). In 

our previous study, we have reported strontium sulfite nanoparticles (SSNs) for the 

delivery of  siRNA into breast tumor, showing significant anti-tumor effects (9). Despite 

the enormous progress and vigorous research on cancer nanomedicne, several challenges 

and shortcomings have been identified that limit the successful translation into clinical 

setting. As the inorganic NPs contain charge in their surface, after reaching into the 

biological circulation they are prone to interactions with serums proteins that adsorb onto 

the surface of NPs, being readily taken up by macrophages of reticuloendothelial system 

(RES) (10, 11). In pharmaceutical point of view, premature degradation before reaching 

to target site caused sub-therapeutic action of the drug. Moreover, the small sized NPs 

offer large surface area for adsorbing blood proteins that leads to uneven distribution and 

causes unwanted effects into the body (12-14). So it is necessary to minimize unwanted 

clearance and wide distribution of NPs for maximizing therapeutic efficacy and 

targetability, and reducing off-target effects. 

EGFR (epidermal growth factor receptor) is the member of receptor tyrosine kinase, 

ErbB/HER family that forms homo and hetero dynamic receptors and modulate cancer 

cell proliferation, cellular adhesion and motility, apoptosis, progression and migration 

by activating signal transduction pathways (15-18). In breast cancer, EGFR 
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overexpression has been reported for all types of breast cancers, particularly for triple 

negative breast cancer (TNBC) and inflammatory breast cancer (IBC) (9, 19, 20). The 

overexpression of EGFRs in breast cancer, their aggressive behaviors and poor clinical 

outcomes make them ideal targets for cancer gene therapy. Silencing of EGFR via using 

anti-EGFR siRNA could be an efficient strategy for cancer management.  

Polyethylene glycol (PEG), a water soluble, non-ionic and biocompatible coating material 

is widely used for extending the blood circulation time of drug-loaded NPs and thus 

enhancing the therapeutic efficacy (21-25). PEGylation of NPs reduced their interactions 

with serum proteins and eventually their opsonization and phagocytosis. However, it 

also offers several additional advantages like reduction in glomerular filtration rate by 

increasing hydrophilicity, protection from enzymatic degradation and lowering the 

neutralizing antibody formation in blood (26, 27). 

In our previous study, we successfully synthesized SSNs and used them to efficaciously 

carry siRNA into tumor cells with significant reduction in tumor volume in a murine 

breast cancer model (9). To make the system more effective for systemic administration, 

we modified the surface of SSNs via biotin PEG for improving their blood circulation 

time, minimizing off target distribution and augmenting tumor accumulation. We have 

found particle size reduction capacity of Biotin PEG association resulted in a reduction in 

size of the hybrid particle by reducing particle aggregation. With the confirmation of size, 

size distribution and elemental analysis of PEG-SSNs, we assumed that small sized PEG-

SSNs would protect the siRNA from biological instability and increase accumulation of 

intended tumor site through EPR effect. The stability of NPs in plasma and other media 

was evaluated to see the fate after reaching systemic circulation. We also examined the 

binding affinity of PEG-SSNs to siRNA and their capability to carry siRNA into the tumor 

cell and silence the overexpressed EGFR gene with anti-EGFR siRNA in human and 

murine breast cancer cell lines. The pharmacodynamics of SSNs and PEG-SSNs along 

with anti-EGFR siRNA were examined in breast tumor-bearing mice model. Moreover, 

the biocompatibility of PEG-SSNs was tested in blood.     

4.2. Materials and methods:  

4.2.1. Materials:  

Strontium chloride (SrCl2), sodium sulfite (Na2SO3) and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich (St Louis, 

MO, USA). Dulbecco’s modified eagle medium (DMEM), dimethyl sulphoxide (DMSO), 

thiazolyl blue tetrazolium bromide (MTT), and ethylene diamine tetra acetic acid (EDTA) 
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were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM powder, fetal bovine 

serum (FBS), trypsin-ethylene diamine tetra acetate (trypsin-EDTA), and penicillin-

streptomycin were from Gibco BRL (CA). Poly(ethylene glycol) 2-aminoethyl ether biotin 

were purchased from Sigma Aldrich (St. Louis, MO, USA).All siRNAs used in this study 

were obtained from Qiagen (Hilden, Germany) and dissolved in RNase-free water 

provided by the company. MCF-7 cells were originally from ATCC (Manassas, VA, USA). 

4.2.2. Synthesis of SSNs and PEG-SSNs:  

SSNs were prepared by mixing 40 mM of SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous 

solution, followed by incubation at 370c for 30 min and topped up with DMEM media 

(pH7.5) to make the final volume to 1 ml. For preparing PEG-SSNs, 40 mM of SrCl2 and 

10 mM of Na2SO3 were mixed in 50µl of aqueous solution, incubated for 30 min at 370c. 

After incubation different concentration (1, 5, 10, 15 µl) of biotin PEG (1 µM) were added 

and incubate for 10 min at 370c for 30 min. 

. 

4.2.3. Turbidity and Optical images of PEG-SSNs: 

SSNs and PEG-SSNs were prepared as mentioned above. Spectrophotometric analysis 

was done at 320 nm wavelength to measure absorbance (turbidity) of SSNs and PEG-

SSNs at different concentration (1, 5, 10, 15 µl) by using a Jasco UV-VIS 

spectrophotometer (Ocklahoma city, OK, USA). Microscopic observations of formed 

PEG-SSNs nanoparticles were done by using an Olympus Microscope CKX41 in bright 

field 10X magnification. All experiments were measured in triplicates and conducted at 

room temperature and the data was plotted into a graph with mean ± SD.  

  

4.2.4. Characterizations of PEG-SSNs:  

SSNs and PEG-SSNs were prepared by mixing of 40 mM of SrCl2 and 10 mM of Na2SO3 

in 50µl of aqueous solution, followed by incubation at 370c for 30 min and finally added 

1 µl of Biotin PEG(1 µM) and incubated for 10min. The particle size, surface charge, 

particle size distribution and PDI value were measured by Malvern nano zeta sizer 

(Worcestershire, UK) and accompanying software. All sample were measured in 

triplicates and plotted into a graph with mean ± SD.     

4.2.5. Energy Dispersive X-ray (EDX) assay of PEG-SSNs: 

The elemental composition of SSNs and PEG-SSNs was calculated by using EDX. SSNs 

and PEG-SSNs were prepared by adding 40 mM of SrCl2, 10mM of Na2SO3 and 1 µL of 

biotin PEG. The particles then centrifuged at 13000 rpm for 15 minutes and 3 µL of 

particle suspension was then transferred to a glass slide for drying at 370c for 1 hour. The 
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dried sample was then placed onto a carbon tape-coated sample holder, followed by 

platinum sputtering of the dried samples with 30 mA sputter current at 2.30 tooling factor 

for 40 s and the sputtered particles were visualized at 5.00 kV using FE-SEM 

(Hitachi/SU8010, Tokyo, Japan) and analyzed for elemental composition by an EDX 

analyzer (X-maX,50mm2 HORIBA, JAPAN). 

 

4.2.6. Stability of PEG-SSNs in mice plasma: 

The stability and size distribution pattern were assessed by using dynamic light 

scattering instruments, Malvern nano zeta sizer (Worcestershire, UK). To collect the 

plasma, fresh blood from female balb/c were collected into Heparin containing centrifuge 

tubes and centrifuged at 1000 rcf for 10 min at 40c.The supernatant was collected and 

further centrifuged for 15 min at 2000 rcf and 40c for separating plasma and blood cell. 

PEG-SSNs were prepared by using 40 mM of SrCl2, 10mM of Na2SO3 and 1 µL of biotin 

PEG and dispersed in deionized water, DMEM cell culture medium and mice plasma 

(10% in PBS) and subjected to DLS measurement. 

4.2.7. siRNA encapsulation efficiency of PEG-SSNs: 

To estimate the siRNA binding affinity of PEG-SSNs, different concentrations (0, 2, 4, 

6,8,10 nM) of AF 488 allstars negative siRNA were dissolved in 200 µL of DMEM and 

fluorescence intensity was measured with a λex = 490 nm and λem = 535 nm by using 

2030 multilabel reader victor TM X5 (Perkin Elmer, MA, CA, USA). Data was analyzed 

by Perkin Elmer 2030 manager software. Each sample was measured in triplicate and a 

standard curve was obtained by plotting fluorescence intensity versus siRNA 

concentrations to calculate the amount of siRNA bound to the NPs. SSNs and PEG-SSNs 

were prepared by adding 40 mM of SrCl2, 10 mM of Na2SO3 and 1 µL of biotin PEG in 

presence of 10 nM of AF 488 siRNA to make NPs-siRNA complex. After the samples were 

centrifuged at 13,000 rpm for 15 min at 4 °C, the pellet was collected and fluorescence 

intensity measurement. The binding affinity of siRNA to differently formulated NPs was 

calculated by using the following formula: 

% of siRNA binding =
𝑋initial − 𝑋free

𝑋initial
× 100% 

Where Xfree is the concentrations of siRNA in the supernatant following centrifugation of 

NPs-siRNA, and Xinitial denotes the total concentration of siRNA used in the experiment, 

which was 10 nM. The samples were prepared in triplicate and represented as mean ± 

SD. 
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4.2.8. Cytotoxicity and hemolysis assay of PEG-SSNs: 

For hemolysis study, fresh blood was collected from female blab/c mice and centrifuged 

at 2000 rpm for 10 min at 40c for separating Red Blood Cells (RBCs) from blood. The 

collected RBCs then washed with PBS three times and diluted with 20% (v/v) of PBS. 

The PEG-SSNs were prepared by the addition of 40 mM of SrCl2, 10 mM of Na2SO3 and 

1 µL of biotin PEG and added to RBCs solution prior to incubation at 37 °C for 60 min. 

After incubation, the samples were centrifuged for 5 min at 4000 rpm and the 

supernatant were analyzed by UV-VIS spectrophotometer at absorbance value of 

541nm.Deionized water and PBS were taken as positive and negative control. The 

heamolysis percentage of PEG-SSNs were calculated by using following equation: 

% of Hemolysis =
𝐴𝑏𝑠sample − 𝐴𝑏𝑠Neg

𝐴𝑏𝑠Pos − 𝐴𝑏𝑠Neg
 

In case of cytotoxicity study, approximately 50,000 of MCF-7 cells (Human breast 

cancer cells) were seeded on 24-well plate and incubated overnight. The next day cells 

were treated with SSNs and PEG-SSNs and incubated in 37 °C and 5% CO2 for 48 h. MTT 

assay was conducted by adding 50 µL of MTT (5 mg/mL in PBS) solution into each well 

and incubated for 4 h. 300 µL of DMSO (dimethyl sulfoxide) was added to dissolve 

resulted formazan and the absorbance was analyzed on a microplate reader (microplate 

spectrophotometer, Biorad, Hercules, CA, USA) at 595 nm wavelength with reference to 

630 nm. 

4.2.9. In vitro cytotoxicity assay of SSNs and PEG-SSNs coupled EGFR siRNA by MTT: 

Human breast cancer cell line (MCF-7) and Mouse breast cancer cell line (4T1) were 

cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin at 37 °C in 

a humidified 5% CO2 chamber and approximately 50,000 cells/well were seeded in 24 

well plate. After the overnight incubation the cells were treated with SSNs, PEG-SSNs, 

SSNs-EGFR and PEG-SSNs-EGFR and incubated for 48 h. SSNs were prepared by adding 

40 mM of SrCl2, 10 mM of Na2SO3 and 1 µL of biotin PEG added to make PEG-SSNs.  1 

nM of EGFR siRNA was added to SSNs and PEG-SSNs for making SSNs-EGFR and PEG-

SSNs-EGFR complex for treatment and media treats as untreated. After 48 h of 

incubation, MTT assay was done for calculating cytotoxicity. 50 µL of MTT (5 mg/mL in 

PBS) solution were added into each well and incubated for 4 h and added of 300 µL of 

DMSO (dimethyl sulfoxide) before analyzing the absorbance on a microplate reader 

(microplate spectrophotometer, Biorad, Hercules, CA, USA) at 595 nm wavelength with 

reference to 630 nm. The percent of metabolically active cells (CV) was calculated for 

treated samples using the following equation:  

% cell viability =
Absorbance of treated sample

Absorbance of control
× 100% 
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All the experiments were done in triplicate and the data was plotted as % of cell viability 

with mean ± SD.  

 

 4.2.10. Tumor induction in mice: 

Female nude Balb/c mice of 6–8 weeks old with body weights of 20–25 gm were obtained 

from the School of Medicine and Health Science Animal Facility, Monash University and 

maintained in 12:12 light: dark conditions and provided with ab libitum and water. All 

the experiments were done in accordance with the protocol approved by MONASH 

Animal Ethics Committee (MARP/2016/126). Approximately 1 × 105 of 4T1 cells were 

suspended in 100 µL PBS and injected subcutaneously on the mammary pad of mice. 

4.2.11. In vivo antitumor efficacy of EGFR siRNA-loaded SSNs and PEG-SSNs:   

After tumor reached an average volume of   ̴22 mm3 at around Day 10-11, tumor bearing 

mice were injected with  free SSNs, free PEG-SSNs, EGFR-SSNs (50nM of EGFR siRNA) 

and EGFR-PEG-SSNs (50nM of EGFR siRNA)  intravenously (tail-vein) at the right or left 

caudal vein, while the second dose was administered 3 days after the 1st dose. Each group 

pf treatment contained 4 mice. The length and width of tumor outgrowth were measured 

at certain period of time interval using the Vernier caliper in mm scale over the period of 

24 days. The data subsequently presented as mean ± SEM of the tumor volumes of each 

group. The volume of the tumor was calculated based on the following formula: 

 

Tumor Volume (mm3) = ½ (length× width2). 

 

The gross body weight was also measured throughout the experiment and monitored 

carefully. After 24 days of treatment, the mice were sacrificed humanly by cervical 

dislocation. 

 

4.2.12. Blood chemistry and histology (H&E) study: 

The blood was collected from the mice treated with PEG-SSNs-EGFR (treatment) and 

without any treatment (control) at the end of experiment (day 26) for biochemical analysis 

to calculate the levels of alkaline phosphatase (ALP), aspirate aminotransferase (AST), 

alanine aminotransferase (ALT), amylase (Amy) and creatinine(Cr) in serum samples of 

mice for both control (untreated) and treatment group. For histopathology analysis, 

collected major organs including heart, liver, spleen, kidney and lung from both control 
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and treatment group were fixed at day 26. The fixed organs were then processed for 

haematoxylin and eosin (H&E) staining and images were taken for analysis. 

4.2.13. Statistical analysis: 

 Statistical analysis was done by using GraphPad software (San Diego, CA, USA) to 

calculate p values. A t-test was applied for analyzing in vitro and in vivo data and 

comparing the significant difference. Data were considered statistically significant when 

*p < 0.05 and very significant when **p < 0.001. 

4.3. Results: 

4.3.1. Turbidity and optical images of PEG-SSNs:  

In order to confirm the PEG-SSNs formation, we measured the turbidity by measuring 

absorbance at 320nm. SSNs were prepared by mixing 40 mM of SrCl2 and 10 mM of 

Na2SO3 in 50µl of aqueous solution, followed by incubation at 370c for 30 min. Then 

different concentrations (1µl, 5µl, 10 µl and 15µl of 1 µM) of Biotin PEG were added and 

incubated for 10 min at 370c and topped up with DMEM media (pH7.5) to make the final 

volume to 1 ml. The turbidity was then measured by using UV-VIS spectrophotometer. 

As shown in the figure 1(A), the SSNs without PEG showed higher turbidity, while the 

addition of PEG reduced the turbidity of SSNs significantly at 1 µl, 5 µl and 10 µl except 

at 15 µl of PEG concentration. This was probably due to the hindrance of particle-particle 

agglomeration and less particle formation as a result of coating with biotinylated PEG.To 

observe the NPs formation, optical images of SSNs with or without PEG were taken 20 

min after the synthesis of SSNs by using different concentration of PEG (figure 1(B)). 

PEGylated SSNs exerted the uniform distribution of particle for 1, 5 and 10 µl 

concentration except for 15 µl. For 1 and 5 µl PEG less aggregated and smaller particles 

were visible in compare to free SSNs. 
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Figure 1: (A) Turbidity of SSNs with or without biotin PEG (1µM) at different concentrations (1µl, 5µl, 

10µl and 15µl) at 320nm of absorbance. (B) Optical images of SSNs with or without PEG-(i) media 

only,(ii)SSNs formulated by 40mM of SrCl2 and 10 mM of Na2SO3,(iii) PEG-SSNs formulated with 40mM 

of SrCl2 and 10 mM of Na2SO3 and coated with 1µl of Biotin PEG,(iv) PEG-SSNs formulated with40mM 

of SrCl2 and 10 mM of Na2SO3 and coated with 5µl of Biotin PEG,(v) PEG-SSNs formulated with40mM 

of SrCl2 and 10 mM of Na2SO3 and coated with 10µl of Biotin PEG,(vi) PEG-SSNs formulated with40mM 

of SrCl2 and 10 mM of Na2SO3 and coated with 15µl of Biotin PEG. 

4.3.2. Size and Zeta potential of free SSN and PEG-SSNs: 

Particles size and net charge on their surfaces of nanoparticles are the two main vital 

factors for determining the fate of NPs both in vitro and in vivo. The rate of bio 

distribution, tumor accumulation and the clearance of NPs may vary with particles size 

and charge (28-30). As detected by DLS, the size of the SSNs prepared by mixing of 40mM 

of SrCl2 and 10 mM of Na2SO3 without PEG showed a mean particle size of 2096.33 nm 

and a negative zeta potential of -11.95mV (figure 2).On the other hand, the average 

diameter of PEGylated SSNs were showed significant decrement pattern at different 

concentration of biotin PEG. The size of different concentration of PEG-SSN (1µl, 5µl, 

10µl and 15µl) were ranging from 689-832 nm and the negative zeta potential gets lower 
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from -9.345 to -7.25mV, indicating the adsorption of the PEG on the surface of SSNs 

(figure 2). 

    

 

 

                

 

             

Figure 2:  Sizes and zeta potential of SSNs with or without PEG. (A) Size of SSNs with or without Biotin 

PEG (1µM) at different concentration (1µl, 5µl, 10µl and 15µl). (B) Zeta potential of SSNs with different 

concentration (1µl, 5µl, 10µl and 15µl) of Biotin PEG. 
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Figure 3: Particle size distribution by Intensity, Number and Volume of SSNs and PEG-SSNs by 

Zetasizer. SSNs and PEG-SSNs were prepared by mixing of 40 mM of SrCl2 and 10 mM of Na2SO3 in 

50µl of aqueous solution, followed by incubation at 370c for 30 min and finally added 1 µl of Biotin 

PEG (1 µM) to make PEG-SSNs. 

4.3.3. Characterization of SSNs and PEG-SSNs by Dynamic Light Scattering (DLS): 

Size distribution of particles by intensity, number and volume and PDI value were 

evaluated by DLS technique which determines the distribution of particles and PDI based 

on intensity having a limitations of signal domination of larger NPs than smaller particles 

and interference from light adsorbing species (31). SSNs particles exerted large sized 

particle distribution for intensity, number and volume with a PDI value of 0.319 while 

modification of SSNs by using 1µl of Biotin PEG resulted smaller particle sized 

distribution with a PDI value of 0.869 as shown in the figure (3).  
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Figure 4: Elemental analysis of PEG-SSNs by EDX, PEG-SSNs were prepared by adding 40 mM of 

SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous solution and finally added 1 µl of Biotin PEG (1 µM). 

(A, B) EDX spectrum of SSNs, (C) weight and atomic percentage of SSNs, (D, E) EDX spectrum of 

PEG-SSNs, (F) Weight and atomic percentage of PEG-SSNs. 

Element Weight % Atomic % 

C 2.87 7.28 

O 30.07 57.35 

Na 1.36 1.81 

Si 4.43 4.81 

S 14.31 13.61 

Sr 40.61 14.14 

Pt 6.36 0.99 

Element Weight % Atomic % 

C 5.54 12.80 

O 36.16 62.73 

Na 0.90 1.09 

S 12.76 11.05 

Sr 34.31 10.87 

Pt 10.34 1.47 
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4.3.4. Elemental analysis of PEG-SSNs by EDX: 

In order to analyze the elemental composition of SSNs and PEGylated SSNs, 40 mM of 

SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous solution, followed by incubation at 370c 

for 30 min and finally added 1 µl of Biotin PEG(1 µM) were subjected to EDX analysis for 

confirming formation of SSNs and surface modified SSNs. According to the EDX results 

as shown in the figure (4), Sr, O and S contained higher percentage of total element and 

PEGylated SSNs also contained higher ratio of Sr, O and S. Biotin PEG modified SSNs 

contained more percentage of Oxygen than unmodified one. Traces of Si, C and Pt were 

found for both SSNs due to usage of carbon sputtering and sample glass holder.    

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 5: Particle size distribution analysis of PEG-SSNs in water, DMEM culture medium and the 

blood obtained from mice by dynamic light scattering (DLS). PEG-SSNs were synthesized by the 

addition of40 mM of SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous solution and finally 1 µl of 

Biotin PEG (1 µM).  
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4.3.5. Stability of PEG-SSNs in mice plasma by DLS: 

The stability of PEG-SSNs in blood were determined by using DLS.PEG-SSNs were 

prepared by using 40 mM of SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous solution, 

followed by incubation at 370 c for 30 min and finally added 1 µl of Biotin PEG (1 µM) 

before topped up with DMEM media (950µl), water (950µl) and plasma of mouse blood 

(10% in PBS). As shown in the figure (5), PEGylated SSNs in DMEM media and deionized 

water exerted same particle size distribution pattern and stability with a PDI value of 

0.659. On the other hand, in mice blood the particle were getting smaller, small sized 

distribution have been found that may be due to coating of blood proteins on the surface 

of PEG-SSNs.  

4.3.6. siRNA encapsulation efficiency of PEG-SSNs: 

Binding of negatively charged siRNA with Nanoparticles is the main perquisite for 

carrying the siRNA into target cytoplasm of cancer cells. Efficient binding interaction of 

siRNA and NPs ensures the better cellular uptake, release and pharmacological action. 

SSNs and siRNA complexes were prepared by adding 40 mM of SrCl2, 10 mM of Na2SO3 

and 10 nm of AF-488 fluorescence siRNA.  

              

                  

Figure 6: % siRNA binding efficiency of PEG-SSNs encapsulated AF-488 siRNA. PEG-siRNA-SSNs were 

prepared by mixing of mixing 40 mM of SrCl2, 10 mM of Na2SO3 and 10 nm of AF-488 fluorescence 

siRNA in 50µl of aqueous solution, followed by incubation at 370c for 30 min. After incubation, 1µl of 

biotin PEG were added and incubated for 10 min to prepare PEG-siRNA-SSNs complex. 
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The standard curve was plotted by siRNA concentration versus the peak area and siRNA 

encapsulation efficiency were calculated. As shown in the figure (6), SSNs showed 95% 

of binding efficiency whereas SSNs coated with Biotin PEG also showed 95% of binding 

efficiency, indicated that PEG coating didn’t interfere the siRNA binding.  

4.3.7. Cytotoxicity and hemolysis assay: 

The hematological biocompatibility of SSNs and PEG-SSNs was evaluated by using 

hemolytic experiment in vitro. The hemolysis percentage of SSNs and PEGylated SSNs 

were found very low (only 1%) and the positive control gave 100% rupture of RBC (figure 

7.A.). The biocompatibility of SSNs and PEG-SSNs was evaluated in MCF-7 cells via MTT 

assay to assess the cytotoxicity of NPs. In figure 7(B), SSNs and PEG-SSNs demonstrated 

cell viability of 80% and 73%.       
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Figure 7: (A) Hemolysis percentage of RBCs incubated with SSNs with or without PEG, (B) cell viability of 

SSN and PEG-SSNs in MCF-7 cells. Cells were treated with media (untreated), SSNs and PEG-SSNs formed 

with 40 mM of SrCl2, 10 mM of Na2SO3 and 1µl of biotin PEG. Data were represented as mean ± SD for 

triplicate samples.  

 

4.3.8. In vitro antitumor activity assay of EGFR siRNA coupled SSNs and PEG-SSNs: 

EGFR and their activated signaling molecules have remarkable roles in the development 

and progression of human breast cancer cell and reported to be overexpressed in TNBC 

(triple-negative breast cancer)(9, 32, 33). Overexpression of EGFR induces cellular 

proliferation as well as plays a vital role in the pathology of breast cancer. We 

hypothesized that silencing of growth factor receptors expression by using anti-sense 

siRNA might reduce aggressiveness of cancer cells and beneficial for exerting antitumor 

activity. To investigate the in vitro anticancer efficacy, SSNs and PEG-SSNs coupled with 

siRNA to silence the overexpressed EGFR was evaluated in MCF-7 (human breast cancer 

cell line) and 4T1 (murine mammary adenocarcinoma cell line) by MTT assay.  We first 

seeded 5 × 104 of MCF-7 and 4T1 cells in a 24-well plate. On the following day, the cells 

were treated with SSNs, SSNs-EGFR siRNA, PEG-SSNs and PEG-SSN-EGFR siRNA, 

followed by incubation for 48 h, and finally, cytotoxicity was measured. As shown in the 

figure 8(A), In MCF-7 cell line, the viability of free SSNs and PEG-SSNs were 85% and 

89% whereas EGFR coupled SSNs and PEG-SSNs showed the cytotoxicity of 8% and 17% 

compared to free Nanoparticles. This data clearly indicates that, SSNs and PEG-SSNs 

carried the siRNA efficiently into the breast tumor cell and inhibit the growth of tumor 

cell by silencing EGFR gene expression. PEGylated SSNs provided more cytotoxic effects 

than unmodified SSNs which would be due to their more cellular internalization of small 

sized PEG-SSNs. For 4T1 cell line, the average viability of SSNs and PEG-SSNs were 85% 

and 77% respectively as shown in the figure 8(B). The cytotoxicity of siRNA targeted to 
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EGFR gene coupled SSNs and PEG-SSNs were found to be 19% and 4 % after 48 hour of 

treatment.  

 

 

       

  

 Figure 8: Cytotoxicity assay of SSNs and PEG-SSNs loaded EGFR siRNA in MCF-7(A) and 4T1 (B) cell line. 

% of Cell viability assessment of free SSNs and PEG-SSNs, SSNs-EGFR and PEG-SSN-EGFR in MCF-7 cell 

after 48 h of treatment. SSNs, PEG-SSNs conjugated EGFR were prepared by adding 40 mM of SrCl2, 10 mM 

of Na2SO3 and 1 nm of EGFR siRNA and 1µl of biotin PEG for making PEG-SSN-EGFR. Values were very 

significant (**) at p value 0.001 to 0.01 and significant (*) at p value 0.01 to 0.05 as compared to the PEG-SSN 

group. 
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C. 

 

 

 

Figure 9: Tumor growth inhibition effects of PEG-SSNs coupled with EGFR siRNA in murine 4T1 

subcutaneous tumor model (A). Tumor growth curves for five different groups treated with control 

(untreated), SSN, SSN-EGFR (50nM), PEG-SSN and PEG-SSN-EGFR (50nM). (B) weight of tumors collected 

at the end of experiment. (C) images of excised tumors at day 26. (D) Body weights of mice. Each group of 

treatment contained 4 mice and error bars are based on standard error of mean. Values for PEG-SSN-EGFR 

were very significant (**) at p value 0.001 to 0.01 and significant (*) at p value 0.01 to 0.05 as compared to 

the PEG-SSN group.  
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4.3.9. Tumor regression study of PEG-SSNs conjugated EGFR siRNA in mouse model: 

The tumor regression study was carried out in pre-established 4T1 tumor induced female 

balb/c mice in accordance with the protocol approved by MONASH Animal Ethics 

Committee (MARP/2016/126). In order to investigate the anti-tumor effects of SSNs 

particles, tumor bearing mice were treated with SSNs, PEG-SSNs, SSN-EGFR (50nM of 

EGFR siRNA) and PEG-SSN-EGFR (50nM of EGFR siRNA) through tail vein. The mice 

without any treatment remained as untreated (control) group. Tumor volume were 

measured for a period of 26th days of treatment at a certain time interval. As shown in the 

tumor growth curve (figure 09), the tumor volume for untreated group was 1956.15 mm3 

and the growing rate was quicker than other group of mice. Only SSNs and PEG-SSNs 

were also showed large tumor volume around 1606-1756 mm3 with an increasing 

growing trend after 26th days of treatment. SSNs conjugated with EGFR exerted modest 

lower tumor growth trend than other three groups and tumor volume was recorded to 

1182.80 mm3. However, PEGylated SSNs along with anti-EGFR siRNA gave slower tumor 

growth rate and significant tumor reduction effects (tumor volume 726.46 mm3) in 

comparison to control and free NPs treating group. The mice receiving PEG-SSN-EGFR 

showed significant antitumor effects (almost 60% reduction of tumor volume) in compare 

to control group. The tumors were excised after 26 days of treatment and it was found 

that average tumor weight of group of mice treated with PEG-SSN-EGFR had smallest 

tumor weight in compare to control and free NPs group. Additionally, body weight of 

mice were found to be same for all group both treated and untreated throughout the 

whole experiment. 

4.3.10. Blood Chemistry and Histology (H&E) study: 

To measure the systemic toxicity of mice treated with control and treatment, collected 

blood and major organs were subjected to blood chemistry analysis and histology assay 

after 26 days of intravenous administration. As shown in the figure 10(A), the levels of 

blood chemistry were normal for both control and treatment group except for the AST 

and amylase. On the other hand, we didn’t notice any significant changes in the histology 

of major organs of mice treated with EGFR coupled PEG-SSNs as presented in the figure 

10(B). 

 

 

 



154 
 

A. 

               

               

 

B. 

 

 

Figure 10: (A) Blood chemistry analysis of control and treated mice after 26 days of treatment. (B) 

Histopathology images of H&E stained major organs collected from control (untreated) and treatment 

group on day 26. All images were taken at scale bar 20 µm.  

4.4. Discussion:  

Although inorganic NPs are advantageous in terms of drug loading capability, unique 

physicochemical properties and biocompatibility, their instability in the systemic 

circulation and off target bio-distribution still remain major challenge (34-36). Previously 
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we reported SSNs as inorganic nanocarriers for the delivery of siRNA into cancer cells(9). 

SSNs nanoparticles showed non-specific distribution and less tumor accumulation of 

siRNA after intravenous administration. We have modified SSNs with biotin PEG to 

increase circulation half-life, reduce off target distribution and increase tumor 

accumulation of siRNA. SSNs without modification had high absorbance value reflecting 

the formation of more clustered particles and large sized particles. On the other hand, 

PEGylation of SSNs showed decreasing trends of absorbance at different concentrations 

of PEG except 15µl (figure 1.A.). This is probably due to surface coating of SSNs by 

hydrophilic PEG which prevents the particle-particle aggregation and perhaps formed 

small sized particles. The microscopic observation of SSNs also revealed that particles 

aggregates were less in PEGylated SSNs in compare to free SSNs. The size and zeta 

potential of SSNs and PEG-SSNs were measured by DLS method. For in vitro studies, 

cellular internalization of NPs depends on the size and surface charge of NPs and it was 

found that smaller and positively charged NPs had more cellular uptake (37-40). In case 

of In vivo experiments, blood protein-NPs interaction, recognitions by RES, extravasation 

from blood to tumor tissues, clearance by kidneys were affected by the size and surface 

charge of the NPs(4, 29). The size of the unmodified SSNs were found to be large (figure 

2) and the size distribution pattern were in more than 1000 nm range whereas PEGylated 

SSNs gave small sized particles and particle size distribution below 1000 nm similar to 

absorbance value. Biotin PEG may be bound with Sr ions and hinder the particle 

agglomeration resulted small sized and uniformly distributed particles. Moreover, the 

zeta potential of PEGylated SSNs were decrease to more electropositive than free SSNs, 

indicating the adsorption of PEG on the surface of the SSNs. The overall small sized and 

negatively charged PEG-SSNs would prevent the interaction with negatively charged 

blood proteins and increase the tumor accumulation (41, 42).    

Next we examined the elemental composition of formed SSNs and PEG-SSNs by using 

EDX analysis. Both modified and unmodified SSNs gave higher concentration of Sr++, S 

and O, reflecting the formation of SSNs successfully. Additionally, PEG coated SSNs gave 

more percentage of Carbon and Oxygen than free SSNs which is from PEG chain (figure 

4). The stability of PEG-SSNs after entering into the systemic circulation are very 

important and crucial for the stability of PEG-SSNs in biological solutions. The particle 

size distribution and PDI value of PEG-SSNs were remain same in water and Media 

whereas the PDI value were same in blood plasma and the size distribution pattern 

shifted to small sized particles. This is due to coated of the PEG-SSNs by the proteins 

present in the mice plasma (figure 5). We observed a significant binding efficiency of 

SSNs and PEG-SSNs with siRNA and more interestingly PEGylation didn’t hamper the 
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binding of siRNA. We can assume that modified SSNs would bind with siRNA for 

carrying them into the target cytoplasm of cancer cells and also ensured the remarkable 

drug loading capability of modified SSNs. The biocompatibility of SSNs and PEG-SSNs 

were evaluated by both hemolytic activity and cytotoxicity. It was found that the 

modified SSNs had no toxic effects in blood cells as well as in normal cells, indicating 

PEG-SSNs are suitable nanocarriers for the delivery of siRNA and gene into the body. As 

we have got small particle size, smaller sized particle distribution and higher affinity 

towards the siRNA, we assumed that PEG-SSNs will efficiently carry the siRNA into the 

breast cancer cell through endocytosis pathways. After entering into the cell, pH sensitive 

PEG-SSNs would pull the ions, increase osmotic pressure resulted swelling and burst out 

of siRNA from endosomal membrane at the early stage of endosome. The early release of 

siRNA from endosome are expected to give quick response in silencing EGFR siRNA, 

induce apoptosis and anticancer effects. We have found higher cytotoxicity of PEG-SSNs 

coupled EGFR than unmodified one for both MCF-7 and 4T1 cell lines. The smaller size 

PEG-SSN probably regulates more cellular uptake than the free SSNs and degrades the 

PEG-SSN-EGFR complex in the acidic environment of early endosomal stage, released 

the EGFR siRNA into the cytoplasm and prevents the tumorigenesis by silencing 

overexpressed EGFR gene.  

Finally, surface modified SSNs with electrostatically associated EGFR siRNA were tested 

in 4T1 tumor-bearing mice for evaluating anticancer effects. PEG-SSN-EGFR complex 

showed significant reduction in tumor volume compared to the control group, which 

could be attributed to extended biological stability of NPs, more tumor accumulation, 

improved cellular internalization and fast release of the siRNA inside cell to silence the 

target gene. Free siRNA without any carrier is prone to systemic degradation by 

nucleases and rapid clearance by kidneys. SSNs without any surface modification could 

be attacked by hundreds of proteins present in the blood, leading to macrophage 

recognition, off target distribution and finally less tumor accumulation of siRNA. 

PEGylation of SSNs caused reduced particle size, improved the blood circulation time, 

reduced off target effects and accelerated the tumor accumulation of siRNA by 

preventing the opsonization of SSNs. The unchanged body weight of mice treating with 

control, free SSNs and siRNA coupled SSNs indicate the null systemic toxicity of NPs and 

NP-siRNA complexes in the mouse model. There were no remarkable changes in the 

blood biochemical parameters in both control and treated mice. In addition, no noticeable 

damages or changes in the histology of major organs collected from both control and 

treatment group were observable, indicating higher safety profile of PEG-SSN 

nanoparticles for carrying siRNA into target tumor.     
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4.5. Conclusion: 

PEGylation of NPs is the most widely used approach for enhancing the stability and 

tumor targetability of NPs. In this work, we have successfully coated the surface of the 

SSNs with biotin PEG through non-covalent (electrostatic) interactions. Surface 

modification of SSNs with PEG made the surface charge of SSNs more electropositive 

and reduced the particle size significantly by stopping the particle-particle aggregation. 

These PEG-SSNs with desired small size promoted high siRNA loading efficiency. More 

importantly, PEGylated SSNs led to prolonged circulation time, augmented tumor 

uptake, and superior therapeutic outcome in terms of anti-tumor activity. In 

consideration of the above facts, PEG-SSNs have merged as a promising tool for tumor-

targeted delivery of siRNAs, genes and small molecule drugs for cancer management in 

near future. 
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                                             Chapter 5 

 

Effects of PEGylated SSNs on protein corona formation and off-target 

distribution of siRNA. 

 

Work that is presented in this chapter is submitted in Biochemical and Biophysical Research 

Communications with minor adjustments in Figure/Table number to fit into the current 

thesis format. A snapshot of the submitted proof is included in page 162. 
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5. Effects of PEGylated SSNs on protein corona formation and off-target 

distribution of siRNA. 

5.1. Introduction: 

The use of nanotherapeutics has revolutionized the field of cancer as it shows promising 

success in drug and gene delivery, imaging and diagnosis (1-5). Recently nanoparticle-

based RNAi therapy for cancer has drawn much attention owing to the unique 

physicochemical properties, improved circulation time and reduced toxicity of RNA-

based therapeutics (6, 7). Considering the number of nano-sized products approved and 

investigated in clinical trials, nanomedicine will lead future cancer diagnosis and 

management arena. The rapid advancement in cancer nanomedicine introduces several 

challenges that need to be addressed for safer human exposure. Most of the NPs that are 

administered intravenously accumulate in target tumor cell after the extravasation from 

the blood through the EPR effects of leaky tumor vasculature (8-10). However during 

travelling from the site of administration to the site of action, NPs have to face a number 

of physiological obstacles, like interactions with extracellular components, resulting in 

instability in biological fluid and non-specific bio-distribution and thus causing 

unwanted side effects. Briefly, when NPs enter into blood circulation, thousands of 

proteins from biological environment like blood and extracellular matrix (ECM) are 

sequestered with NPs surface owing to their smaller particle size, large surface to volume 

ratio and surface charge (11, 12). The Interactions between NPs and proteins form a crown 

or layer around the surface called “protein corona” (PC), transforming NPs into a new 

biological entity “NPs-PC” complex (11, 13-15). The newly formed NPs-PC complex 

alters the physicochemical properties of NPs, determining the pharmacokinetics and 

pharmacodynamics parameters of the latter (12, 16, 17). 

Depending on the physicochemical properties and exposure time of NPs for exchanging 

proteins, protein corona (PC) may be hard corona or soft corona. Hard corona comprises 

the high affinity proteins that form irreversible and tight layer on the surface of NPs and 

can be exchangeable in many hours. On the other hand, soft corona consists of the low 

affinity proteins, forming reversible and cleavable layer on the interface of NPs and being 

exchangeable rapidly within minutes or seconds (14, 18, 19). The NPs-PC complex 

contains hundreds of different proteins, with the most abundant identified proteins being 

apolipoproteins, adhesion mediators, signaling and transport proteins, immunoglobulin 

(IgG) complement compound and coagulation factors (20, 21). Among them complement 

and IgG proteins play a vital role in opsonization of NPs and the opsonized NPs are 

readily taken by macrophages including dendritic cells and blood monocytes present in 
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the liver, spleen and lymph nodes (17, 22), consequently, triggering the opsonin-

mediated macrophage clearance, non-specific bio distribution, rapid clearance and 

formation of thrombosis, and declining therapeutic efficiency of drug-loaded NPs. 

Conversely, serum albumin and apolipoprotein known as dysopsonins which are also 

found in protein corona prevent the opsonin-mediated macrophage clearance and 

increase the stability of NPs in the biological fluid (3, 23, 24). 

Surface modification would be a potential approach to avoid opsonization and systemic 

instability of NPs for improved therapeutic action as well as to reduce side effects. 

PEGylation is the most acceptable way to mask opsonin effects, improve solubility by 

increasing hydrophilicity, reduce the protein binding site, inhibit the macrophage uptake 

and extend the half-life in blood. PEG increases steric distance between the NPs and 

proteins, thereby reducing protein adsorption (25-28). Moreover, PEG modifies the size 

and flexibility of NPs reducing the renal filtration, and influences the extravasation by 

forming softer NPs.  

Modifications of SSNs with biotin PEG would modulate protein adsorption, 

bioavailability and tumor targetability of SSNs. Our earlier study showed improved 

therapeutic efficiency of biotin PEG-SSNs carrying oncogene-specific siRNAs both in 

vitro and in vivo. In this study, we have successfully synthesized PEG-SSNs with 

desirable size and modified surface for successfully delivering the siRNA to the target 

tumor cell. We have analyzed the proteins entrapped onto the surface of SSNs and PEG-

SSNs by using triple quadrupole liquid chromatography mass spectroscopy (QQQ 

LC/MS). We have also measured the distribution of fluorescence-labeled siRNA in 

different major organs and tumor for both SSNs and PEG-SSNs at certain time interval. 

This study thus provides insights in correlating pharmacokinetics of NPs with the 

constituents of protein corona formed onto NPs.  

5.2. Materials and methods: 

5.2.1. Materials: 

Strontium chloride (SrCl2), sodium sulfite (Na2SO3) and 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich (St Louis, 

MO, USA). Dulbecco’s modified eagle medium (DMEM), dimethyl sulphoxide (DMSO), 

thiazolyl blue tetrazolium bromide (MTT), and ethylene diamine tetra acetic acid (EDTA) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). DMEM powder, fetal bovine 

serum (FBS), trypsin-ethylene diamine tetra acetate (trypsin-EDTA), and penicillin-

streptomycin were from Gibco BRL (CA). Poly (ethylene glycol) 2-aminoethyl ether biotin 
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were purchased from Sigma Aldrich (St. Louis, MO, USA). All siRNAs used in this study 

were obtained from Qiagen (Hilden, Germany) and dissolved in RNase-free water 

provided by the company.  

5.2.2. Synthesis of PEG-SSNs:  

Strontium sulfite NPs were prepared by mixing 40 mM of SrCl2 and 10 mM of Na2SO3 in 

50µl of aqueous solution, followed by incubation at 370c for 30 min. 1µl of biotin PEG 

(1µM) was added to the particles in the solution which was subsequently incubated for 

10 min at 370c and topped up with DMEM media (pH7.5) to make the final volume to 1 

ml. On the other hand, SSNs were prepared by adding 40 mM of SrCl2 and 10 mM of 

Na2SO3 in 50µl of aqueous solution, followed by incubation at 370c for 30 min.  

5.2.3. Field Emission Scanning Electron Microscope (FE-SEM) of PEG-SSNs:  

The actual size, surface and shape of SSNs and PEG-SSNs was observed by using FE-

SEM. PEG-SSNs and SSNs prepared by mixing 40 mM of SrCl2, 10mM of Na2SO3 and 1µl 

of biotin PEG (1µM) and SSNs were prepared without PEG by using same amount of 

SrCl2 and Na2SO3. The synthesized particles were then centrifuged at 13,000 rpm for 15 

min. The resulting pellet was suspended in 500 µL of water. 3 µL of particle suspension 

was then transferred to a glass slide for drying at 370c for 1 hour. The dried sample was 

placed onto a carbon tape-coated sample holder, followed by platinum sputtering of the 

dried samples with 30 mA sputter current at 2.30 tooling factor for 40 s and the sputtered 

particles were visualized at 5.00 kV using FE-SEM (Hitachi/SU8010, Tokyo, Japan). 

 

5.2.4. In-Solution Digestion of SSNs and PEG-SSNs Protein Corona for Mass Spectrometric 

Analysis 

SSNs and PEG-SSNs were prepared by adding 40 mM of SrCl2 to 10mM of Na2SO3 and 

incubated for 30 min at 37 °C, and for PEG-SSNs, 40 mM of SrCl2 to 10mM of Na2SO3, 

incubated for 30 min at 37 °C, 1µl of biotin PEG (1µM) were added prior to incubated for 

10 min at 37 °C. The synthesized SSNs and PEG-SSNs were subjected to additional 

incubation with mouse plasma (10%) for 15 min at 37 °C. After centrifugation of the 

particle suspensions at 13,000 RPM for 15 min, the supernatants were discarded, and the 

pellets were washed in Milli Q water, followed by centrifugation and removal of the 

supernatants. The pellets were dissolved with 100 µL of 50 mM EDTA in H2O. 25 µL of 

100 mM ammonium bicarbonate solution, 25 µL tetrafluoroethylene (TFE) denaturing 

agent and 1 µL of 200 mM dithiothreitol (DTT) solution were added to the protein 

mixture (released from pellets), followed by vortexing and heating under a heating block 

at 60 °C for 1 h. After adding 4 µL of 200 mM iodoacetamide (IAM) and briefly vortexing, 
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the protein mixture (representing protein corona) was incubated in the dark at room 

temperature for 1 h. 1 µL of 200 mM DTT solution was added to the protein mixture 

which was then incubated in the dark at room temperature for 1 h. Afterwards, the 

treated protein mixture was incubated at room temperature in presence of 100 µL 

ammonium bicarbonate solution (100 mM) and MS Grade 25 µL of Trypsin (1 µg/mL) at 

37 °C for 4 to 18 h. Finally, 1µl formic acid was added to stop the reaction, and the samples 

were subjected to speed vacuum overnight prior to analysis by Q-TOF LC-MS/MS. 

5.2.5. Sample Preparation for Mass Spectrometry-Based Proteomics: 

10 µL of formic acid (0.1%) in water was added to dissolve dry peptide digest. Samples 

were then sonicated in ultrasonic water bath for 10 min, while maintaining low 

temperature using ice. Samples were centrifuged (14,000× g, 5 min) and 5 µL of 

supernatant was placed in MS tube before being directly transferred on LC-QTOF auto-

sampler for analysis. 

5.2.6. High Efficiency Nanoflow Liquid Chromatography Electrospray-Ionization Coupled with 

Mass Spectrometry 

The peptides digested were loaded into an Agilent Poroshell 300 Å pore C18 columns 

(Agilent, Santa Clara, CA, USA) using 0.1% formic acid mobile phase to equilibrate the 

column. The peptides were eluted from the column with 90% acetonitrile in 0.1% formic 

acid (solution B), using the gradients of 5% solution B over 0–30 min and 75% solution B 

over 30–39 min. Quadrupole-time of flight (Q-TOF) polarity was set at positive with 

capillary and fragmented voltage being set at 1750 V and 360 V, respectively, and 5 L/min 

of gas flow with a temperature of 325 °C. The peptide spectrum was analyzed in auto MS 

mode ranging from 110–3000 m/z for MS scan and 50–3000 m/z for MS/MS scan. 

Acquisition rates were 2 (spectra/s) for MS and 4 (spectra/s) for MS/MS. The spectrum 

was then analyzed with Agilent MassHunter (Agilent Technologies, Santa Clara, CA, 

USA) data acquisition software and then PEAKS 8.5 software (Bioinformatics Solutions 

Inc., Waterloo, ON, Canada). 

5.2.7. Protein Identification and Quantification by Automated De Novo Sequencing (PEAKS 

Studio 8.5) 

Protein identification was performed by integrating a database search 

(SwissProt.Mus_musculus) with de novo sequencing, for the homology search using 

PEAKS Studio 8.5 (Bioinformatics Solution Inc., Waterloo, ON, Canada). 

Carbamidomethylation was set as the fixed modification with maximum mixed 

cleavages at 3. Parent mass and fragment mass error tolerance were both set 0.1 Da with 

monoisotopic mass as the precursor mass search type. Trypsin was selected as the 

enzyme for digestion. False discovery rate (FDR) of 1% and unique peptides ≥1 were used 
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for filtering out inaccurate proteins. A-10lgP score of greater than 20 indicates that 

detected proteins are relatively high in confidence as it targets very few decoy matches 

above that threshold. Relative differential changes of proteins commonly found in 

different complex protein samples of SSNs and PEG-SSNs were quantified using PEAKS 

Q protein quantification software. Label free quantification method is based on the 

relative intensities of peptide ion peak features detected in multiple samples. Feature 

detection is performed separately on each sample with more overlapped features, by 

using the EM (expectation-maximization) algorithm. The features of the same peptide 

from different samples are reliably aligned together using a high-performance retention 

time alignment algorithm. The groups are color-coded to be used in the heat map 

summary to distinguish the groups between two NPs and the intensity of a quantifiable 

peptide. The significance of a peptide is denoted by its −10LogP score. The cut off value 

was set at 20 which is equivalent to a P-value of 0.01. Heat Map displays the protein 

groups that passed the filters for quantitative analysis. The relative protein abundance is 

represented as a heat map of the representative proteins of each protein group. The 

representative proteins are clustered if they exhibit a similar expression trend across the 

samples. The hierarchical clustering is generated using a neighbor-joining algorithm with 

a Euclidean distance similarity measurement of the log2 ratios of the abundance of each 

sample relative to the average abundance.  

5.2.8. Biodistribution study of siRNA-carrying SSNs and PEG-SSNs complexes: 

For biodistribution study, 7–8 weeks old of female Balb/c mice of 21–25 gm of body 

weights were obtained from the School of Medicine and Health Science Animal Facility, 

Monash University. The mice were maintained in 12:12 light: dark conditions and 

provided with ab libitum and water. All the experiments were done in accordance with 

the protocol approved by MONASH Animal Ethics Committee (MARP/2016/126). 

Approximately 1 × 105 4T1 cells (in 180 µL PBS) were injected subcutaneously on the 

mammary pad of mice (considered as day 1) and the mice were checked regularly for the 

outgrowth of tumor by touching the area of injection by index finger. When the tumor 

volume reached 75 mm3 at day 11 of injection, the tumor bearing mice were treated with 

SSNs and PEG-SSNs (both 1 & 10 µl of biotin PEG) complexed with fluorescent AF-488 

labeled neg. siRNA (75 mM) through tail vein injection. Mice were sacrificed humanely 

by cervical dislocation after 4 or 24 h of the administration. Afterwards, the heart, liver, 

kidney, spleen, lung, brain and tumor were collected and washed twice in chilled PBS, 

followed by addition of 500 µL lysis buffer per 500 mg of tissue mass. Tissues were lysed 

using a mechanical homogenizer with four strokes intermittently while maintaining the 

samples on ice till a completely homogenized solution was obtained. The solutions of 

tissue lysates were centrifuged for 25 min at 4 °C with 8000 rpm. 200 µL of the supernatant 
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was added to each well of a 96-well opti-plate (Nunc) for measuring fluorescence 

intensity of AF-488 labeled siRNA with 2030 multilabel reader vitor TM X5 (Perkin 

Elmer) attached with Perkin Elmer 2030 manager software using λex = 490 nm and λem 

= 535 nm. Data were represented as mean ± SEM of fluorescence intensity/500 mg of tissue 

mass after the values were blank-corrected using an untreated group of mice for each 

tissue.    

5.3. Results: 

5.3.1. FESEM of SSNs and PEG-SSNs: 

The morphology of modified and unmodified SSNs were evaluated by FE-SEM. SSNs 

were prepared by mixing of 40 mM of SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous 

solution, followed by incubation at 370c for 30min. 1 µl of biotin PEG was added to the 

pre-formed SSNs to make PEG-SSNs. The generated SSNs and PEG-SSNs were 

centrifuged at 13,000 rpm for 15 min and the resultant pellets were subjected to FE-SEM 

after being resuspended in water. The shape of SSNs was almost spherical with spiky 

surface for SSNs (Figure 1: A.B.C), and for PEG-SSNs (Figure 1: D.E.F) the shape 

remained the same with a reduction of spiky surface due to entrapment of PEG chain on 

the surface. The size of the SSNs was found to be within a range of 1.28-1.67 µm, whereas 

for PEG-SSNs the size range was reduced significantly to 384-516 nm. The above results 

indicate that PEG has a vital role in reducing the complex size by adsorbing onto the 

particle surface and preventing particle-particle aggregation. The smaller particles with 

reduced spiky nature of the surface of PEG-SSNs might play beneficial roles in inhibiting 

opsonization and macrophage uptake and, improving half-life in systemic circulation. 
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  A.                                                                    D. 

                                                                        

B.                                                                       E. 

          

C.                                                                         F. 

       

Figure 1: FE-SEM images of SSNs and PEG-SSNs, prpepared by adding 40 mM of SrCl2 and 10 mM of 

Na2SO3 in 50µl of aqueous solution and 1 µl of biotin PEG. Images denoated by A, B and C represent 

unmodofied SSNs, while those indicated by D, E and F represent PEGylated SSNs observed at 5.0 KV. 
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5.3.2. Protein corona profiling of SSNs and PEG-SSNs by LC-MS/MS: 

The protein corona formed on the surface of SSNs and PEG-SSNs was analyzed by using 

LC-MS/MS. The peptides derived from de novo sequencing were identified as exact or 

homologous peptides using Mus_musculus database (SwissProt). Protein corona profile 

was characterized with the help of unique peptide, molecular weight, coverage % for 

peptides and significance (-10lgp). Detected proteins were listed along with their 

functions in table 1 and 2 for SSNs, and PEG-SSNs. Protein classification based on their 

biological functions was plotted in pie chart. 

As shown in the figure 2, SSNs prepared without PEG show affinity for different types 

of proteins including structural proteins (different keratins, Nup205), transport 

proteins (albumin, oligomeric Golgi complex subunit 7), and enzymes (protein kinases, 

endonucleases, glutamine synthetase). On the other hand, PEGylated particles show 

affinity towards structural proteins (keratins) and transport proteins (albumin). Serum 

albumin, the most abundant proteins in the blood and a dysopsonin, was detected in both 

SSNs and PEG-SSNs. Binding to the dysopsonin proteins would provide the stealth 

effects of SSNs and PEG-SSNs and enable escaping from the interactions with opsonin 

protein, thus reducing phagocytic uptake. Moreover, SSNs were found to more highly 

interact with several proteins and enzymes than modified SSNs.  

 

Protein 

classes 

Identified 

proteins 

 -10lgP Coverage      Mass            Function 

Transport 

proteins 

Albumin 1 156.86 31 68693 chaperone binding, DNA 

binding, fatty acid binding, 

identical protein binding,            

oxygen binding, pyridoxal 

phosphate binding and 

toxic substance binding 

Enzymes Glutamine 

synthetase 

38.65 4 42019 glutamine biosynthetic 

process 

Structural 

proteins 

Keratin 16 32.67 1 51606 structural constituent of 

cytoskeleton 

Structural 

proteins 

Keratin 16 32.67 1 51693 structural molecule activity 

Structural 

proteins 

Keratin 

intermediate 

filament 16b 

32.67 1 51966 structural molecule activity 

Structural 

proteins 

Keratin 

intermediate 

filament 16a 

32.67 1 52053 structural molecule activity 
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Structural 

proteins 

 

Uncharacterized 

protein 

24.55 2 33882 structural molecule activity 

Structural 

proteins 

Keratin 24 

variant 2 

24.55 2 40994 structural molecule activity 

Structural 

proteins 

Keratin 19 24.55 2 44542 protein-containing complex 

binding, structural 

constituent of muscle 

Structural 

proteins 

Keratin, type I 

cuticular Ha2 

24.55 2 51153 structural molecule activity 

Structural 

proteins 

Keratin 15, 

isoform CRA_a 

24.55 2 49494 scaffold protein binding, 

structural molecule activity 

Structural 

proteins 

Keratin, type I 

cytoskeletal 10 

24.55 1 57041 protein heterodimerization 

activity, structural 

constituent of epidermis 

Structural 

proteins 

Nup205 23.83 1 69494 structural constituent of 

nuclear pore 

Transport 

Proteins 

Conserved 

oligomeric 

Golgi complex 

subunit 7 

23.83 1 80582 intracellular protein 

transport 

Transport 

Proteins 

Conserved 

oligomeric 

Golgi complex 

subunit 7 

23.83 1 86075 intracellular protein 

transport 

Enzymes Ercc5 protein 22.76 1 86901 endonuclease activity, 

single-stranded DNA 

binding 

Enzymes Nek1 protein 21.82 2 48636 ATP binding, protein 

serine/threonine kinase 

activity 

Enzymes Nek1 protein 21.82 1 133856 ATP binding, protein 

kinase activity 

Enzymes Nek1 protein 21.82 1 139659 ATP binding, protein 

kinase activity 

Enzymes MKIAA1901 

protein 

21.82 1 139947 ATP binding, protein 

kinase activity 

Enzymes Nek1 protein 21.82 1 144269 ATP binding, protein 

kinase activity 

others  WD repeat-

containing 

protein 81 

21.82 1 211931 mitochondrion 

organization 

  Table 1: Proteins found with SSNs following incubation with 10% of mice plasma. Proteins name, 

molecular mass and biological functions were obtained from Uniprot database. 
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Protein 

classes 

Identified 

protein 

-10lgP Coverage 

(%)  

Mass  Function 

Structural 

proteins 

 Keratin, type I 

cytoskeletal 10 

160.85 39 57041 Protein heterodimerization activity, 

structural constituent of epidermis. 

Structural 

proteins 

Keratin 77 134.13 15 61359 structural molecule activity 

Structural 

proteins 

Keratin 77 134.13 15 61302 structural molecule activity 

Transport 

proteins 

Albumin 1 131.44 16 68693 chaperone binding, DNA binding, fatty 

acid binding, identical protein binding, 

oxygen binding, pyridoxal phosphate 

binding and toxic substance binding 

Structural 

proteins 

Keratin, type II 

cytoskeletal 6B 

126.58 11 59526 structural molecule activity 

Structural 

proteins 

Krt6b protein 126.58 11 60191 structural molecule activity 

Structural 

proteins 

Krt6b protein 126.58 11 60273 structural molecule activity 

Structural 

proteins 

Keratin 5 112.68 12 61767 scaffold protein binding, structural 

molecule activity 

Structural 

proteins 

Krt2 protein 99.11 11 70923 structural molecule activity 

Structural 

proteins 

Keratin 15, 

isoform CRA_a 

95.8 10 49494 scaffold protein binding, structural 

molecule activity 

Structural 

proteins 

Keratin Kb40 92.26 2 85239 structural molecule activity 

Structural 

proteins 

Keratin 78 92.26 1 112265 structural molecule activity 

Structural 

proteins 

Krt78 protein 92.26 3 54765 structural molecule activity 

Structural 

proteins 

 Krt78 protein 92.26 3 54774 structural molecule activity 

Structural 

proteins 

Krt78 protein 92.26 3 56780 structural molecule activity 

Structural 

proteins 

Type II 

cytokeratin 

Kb40 

92.26 3 47619 structural molecule activity 

Structural 

proteins 

Uncharacterized 

protein 

81.33 5 58266 structural molecule activity 

Structural 

proteins 

Uncharacterized 

protein 

81.33 5 58240 structural molecule activity 

Structural 

proteins 

Keratin 90 81.33 5 58224 structural molecule activity 

Structural 

proteins 

Keratin 16 69 5 51606 structural molecule activity 
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Structural 

proteins 

Keratin 16 69 5 51693 structural molecule activity 

Structural 

proteins 

Keratin 

intermediate 

filament 16b 

69 5 51966 structural molecule activity 

Structural 

proteins 

Keratin 

intermediate 

filament 16a 

69 5 52053 structural molecule activity 

 

Table 2:  Protein that are found for PEG-SSNs with 10% of mice plasma. Proteins name, molecular mass 

and biological functions were obtained from Uniprot database. 

A.                                                                      B.               

  

Figure 02: Protein corona composition of SSNs (A) and PEG-SSNs (B) with 10% mice plasma. SSNs were 

prepared by mixing 40 mM of SrCl2 and 10 mM of Na2SO3 in 50µl of aqueous solution, and 1 µl of biotin 

PEG was added to form PEG-SSNs. 10% of mice plasma was added and incubated for 30 min, prior to 

indentification of bound proteins.  

5.3.3. Bio-distribution of SSNs and PEG-SSNs: 

SSNs and PEG-SSNs were couple with fluorescence siRNA and subjected to bio 

distribution study for investigating the pharmacokinetics parameters. Breast tumor 

bearing mice were intravenously treated with AF 488 siRNA-SSNs and PEG-SSNs 

complex and after 4 and 24 hours major organs and tumor were collected, harvested, 

homogenized and measured for the fluorescence intensity. We have used two 

concentrations of PEG (1 and 10µL of 1 µM) for observing and comparing the effects of 

concentration of PEG on bio-distribution at two time points, 4 hour and 24 hour. SSNs 

without any modification at 4 hour showed significant accumulation in the brain and RES 

organ, spleen with a minimal tumor accumulation and after 24 hours fluorescence signals 

were found to be increased in tumor along with brain and spleen (Figure 3). On the other 

13%

50%

32%

5%

SSN

Transport
Protein

Structural
protein

Enzymes

others

5%

95%

PEG-SSN

Transport
Protein

Structural
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hand, coating of SSNs with 1µL of biotin PEG resulted in higher accumulation in tumor 

than free SSNs after 4 hour of treatment. Moreover, higher uptake by the kidney and 

brain were also found, indicating the effects of smaller size particles on clearance by 

kidney. Interestingly at 24 hours of time point, remarkable tumor accumulation was 

found for PEG-SSNs made by using 1µL of biotin PEG as shown in the Fig. 3. The siRNA 

from the brain was completely eliminated that might reduce the neurotoxicity. At higher 

concentration of PEG 10µL), no fluorescence signals was detected in any major organs 

and tumor. 

 

Figure 3: Organ distribution of siRNA complexed with SSNs and PEG-SSNs (1 &10 µl of biotin PEG) after 

4 hour and 24 hour of treatment into female balb/c mice. Each group contained 4 mice and data were 

represented as mean ± SEM. 

5.4. Discussion: 

We characterized the PEG-SSNs and SSNs by using FE-SEM to check the morphology 

and also investigate the effects of PEGylation on size, shape and surface of SSNs and PEG-

SSNs. Previous study revealed that carbonate apatite NPs coated with biotin PEG 

reduced the particle size significantly (29). We further proved for the first time that 

modifications of SSNs with biotin PEG reduced the particle size significantly. The biotin 

moiety in PEG contains protonable amine groups which allowed PEG to interact with 

cationic domains (Sr++) of SSNs. The attachment of PEG on the surface of SSNs prevents 
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particle-particle aggregation, thereby reducing the particle size as shown in Fig. 1.  

PEGylated NPs demonstrated enhanced half-lives, reduced off target distribution and 

increased anticancer effects compared to the free NPs (30, 31). We hypothesized that 

PEGylated SSNs would confer better pharmacokinetics and pharmacodynamics 

parameters due to their smaller particle size and different surface properties compared 

to free SSNs. 

When NPs enter into the biological fluids after IV administration, they are exposed to 

interact with thousands of blood proteins owing to their high surface energy (12-14). In 

particular, plasma proteins bind or adsorb with the exogenous NPs to form biological 

coating on the surface of NPs called protein corona. This NPs-protein complex gives a 

new biological identity which modulates biodistribution, therapeutic effects, 

pathophysiological effects and toxicity of NPs (32-34). The opsonized NPs might undergo 

opsonin-triggered phagocytosis and accumulation in RES organs like Liver and spleen, 

which resulted in the off target distribution and reduced tumor accumulation. There are 

some important factors that affect the NP-plasma proteins interaction like 

physicochemical properties of NPs, exposure time and abundance of plasma proteins. It 

was found that hydrophobic and charged particles have a higher tendency to form 

protein corona than hydrophilic and neutral charged particles(17, 35). Therefore, it is 

necessary to inhibit such unforeseen biological effects for avoiding unwanted biological 

effects and rapid clearance of NPs. However, NPs coated with PEG could protect the NPs 

from protein recognition and interaction through stealth effects which are highly 

dependent on PEG length and density (36, 37). In this present work, we have 

demonstrated the successful application of the biotin PEG to prevent opsonization for 

optimizing SSNs based siRNA delivery. As shown in the Table 1, bare SSNs showed 

affinity towards different type of proteins specially protein corona forming proteins. 

Interaction with different types of proteins led to uneven distribution, shorter half-lives 

in biological system, rapid clearance from the body and more importantly less antitumor 

efficacy due to reduction of siRNA accumulation in target tumor site. The cationic 

domain of SSNs (Sr2+) interacts electrostatically with negatively charged proteins 

available in mice blood plasma, which reduces their stability in blood. On the other hand, 

PEGylated SSNs bound less amount of opsonin forming proteins as shown in the Table 

2. The PEG coating of SSNs hindered the adsorption of different type of proteins on the 

surface of SSNs due to reduction of surface charge. The less interaction with opsonin 

proteins leads to higher stability in plasma while improving the antitumor efficacy. The 

PEG-SSNs also showed affinity towards albumin, the dysopsonin proteins that skip the 

PEG-SSNs from macrophage recognition and increase circulation time. Although both 
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SSNs and PEG-SSNs have the affinity towards the dysopsonin proteins, PEG-SSNs 

showed less protein binding than uncoated SSNs. 

Next we checked the organ distribution of SSNs and PEG-SSNs in mice to find out the 

correlation between the protein corona formation and biodistribution as well as the 

effects of PEGylation. PEGylation is widely used coating technique to enhance drug 

stability of nanoparticles for efficient drug delivery system. The main objectives of NPs 

based gene delivery is to protect the nucleic acids from biological degradation, extended 

circulation time, reduced non-specific distribution and improved delivery to the target 

cytoplasm of tumor cell. Figure (3) represent the amount of siRNA uptaken by various 

organs and tumor after 4 and 24 hour of treatment. Unmodified SSNs after 4 and 24 hours 

of treatment was found to be accumulated in brain and RES organ i.e. spleen due to 

protein corona triggered accumulation and more interestingly bypass the liver. On the 

other hand, PEGylation of SSNs reduced the opsonization and bypass the accumulation 

in RES organs Liver and spleen. Binding with dysopsonin proteins caused escape of SSNs 

from opsonin-mediated macrophage uptake and increased tumor accumulation as 

shown in the (figure 03). Comparing with unmodified SSNs showed remarkable tumor 

accumulation after 24 hours of treatment, indicating PEG-SSNs are able to deliver siRNA 

specifically to the target tumor cell with augmented cytotoxicity and less unwanted 

effects in other major organs. Another important factors that affect the biodistribution of 

siRNA are the size of particles. Smaller sized PEGylated particles are diffuse more readily 

and reduced the tumor volume significantly (29, 38). Hydrophilic materials PEG reduced 

the particle size of SSNs ranging 384-516 nm and being hydrophilic readily excreted 

through kidneys as shown in the figure. The pore cutoff sizes of tumor vasculature 

ranging from 200nm to 1.2µm(39) which allows the PEG-SSNs-siRNA complex 

transported into tumor cells via EPR effects and are released into the cytoplasm of cancer 

cell through pH dependent release mechanism at early endosomal stage and silence the 

target gene. At last, we have demonstrated that PEGylation of SSNs reduce opsonization, 

reduce the macrophage mediated phagocytosis, increase biological stability and 

improves tumor accumulation which will ultimately give significant anti-cancer effects. 

5.5. Conclusion: 

Electrostatic interactions of SSNs with biotin PEG introduced a very simple, scalable 

method to synthesize PEG-SSNs that increases the tumor targetability and reduces off-

target effects. PEG hindered the protein adsorption of SSNs particles which is the key 

determinant for the biological fate of nanoparticles.  In our study, we have found that  

immobilization of biotin PEG on SSNs led to less protein adsorption on the surface of 
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SSNs, more stablility in biological fluid, reduced off target distribution, less macrophage 

uptake, reduced toxicity and finally augmented tumor accumulation of siRNA in a breast 

cancer mouse model. Although dysopsonin proteis protect the NPs from rapid clearance, 

binding percentage of blood proteins still make sense for the opsonization mediated NPs 

clearance. PEG-SSNs could be a versatile and effective strategy to limit the protein 

adsorption for optimizing the PEG-SSNs based siRNA delivery system, providing more 

depth insights for the rational design of nanomedicine for safer human applications. 
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6. Conclusion and future directions: 

6.1. Conclusion: 

In summary, we have synthesized SSNs by using simple and one step method from 

inorganic salts along with desired physicochemical properties. The method is scalable for 

mass production. The several characterization methods assured the successful formation 

of SSNs in nano-size scale. We have demonstrated the effects of glucose and electrolytes 

(NaCl) in optimization and stabilization of SSNs and more importantly in significant 

particle size reduction capacity. The reduced and stabilized Na-Glc-SSN (SSNs fabricated 

with NaCl and glucose) didn’t interfere siRNA binding and cellular uptake of siRNA 

coupled Na-Glc-SSNs. The pH dependent dissolution of SSNs with or without NaCl and 

glucose facilitated rapid release of siRNA from SSNs at the acidic endosomal 

environment of the tumor cell. The Na-Glc-SSNs coupled with ROS-1 siRNA improved 

the cytotoxic effects in breast cancer cell lines owing to their smaller particle size in 

comparison to SSNs without NaCl and Glucose which influence the cellular uptake of 

Na-Glc-SSNs. The pharmacokinetics study of SSNs with or without NaCl and glucose 

showed less off target distribution and tumor accumulation of siRNA after 4 and 24 

hours, indicating the lesser systemic side effects. The number of proteins adsorbed on the 

surface of NPs was also reduced significantly in Na-Glc-SSNs compared to SSNs. The in 

vivo tumor regression study of SSNs with or without NaCl and glucose carrying ROS-1 

siRNA conferred significant anti-tumor effects without any systemic cytotoxicity. 

Furthermore, surface modification of SSNs with biotin PEG led to stabilized and small 

sized particles along with altered surface properties. We have found a profound effect of 

PEG in reducing particle size by stopping particle-particle agglomeration. The 

experimental results of PEGylated SSNs from different characterization methods, 

stability testing and binding affinity towards the siRNA revealed that surface modified 

SSNs retained significant serum stability without hampering the binding capacity. The 

modified SSNs coupled with EGFR siRNA exerted more cytotoxicity in both human and 

animal breast cancer cell lines compared to free SSNs. The LCMS and pharmacokinetics 

studies demonstrated that PEGylated SSNs could prevent the protein binding 

(opsonization) in systemic circulation, extend the circulation half-live of siRNA and 

reduce off target distribution, thus improving tumor accumulation. Thus PEG-SSNs-

EGFR complexes induced anti-tumor efficacy in breast tumor-bearing mice without 

inducing any histological changes in the major organs and biochemistry level at the given 

dosing level and regimen. In conclusion, the results of this work suggest that the 

developed SSNs, Na-Glc-SSNs and PEG-SSNs are very efficient tools for carrying siRNAs 

into the target tumor cell and thus present a promising strategy for treating breast cancer 

with high clinical outcome.  
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6.2. Future directions: 

Our findings therefore emphasize the need to perform further studies with strontium 

sulfite for tumor-targeted delivery of therapeutics including genes and drugs in 

preclinical cancer models for potential translation into clinics in the future. The additional 

pre-clinical studies on NPs elimination and safety evaluation would pave the way to 

evaluate their potency in human trails. Moreover, strontium sulfite-based carrier could 

be be explored to deliver genes, siRNA and drugs in several other cancer models like 

liver, colorectal and prostate cancers for maximizing antitumor efficacy. 
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