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ABSTRCT OF THE DISSERTAION 

 

Fusogenic Porous Silicon Nanoparticles  

as a Platform Technology for Gene Therapy  

 

by 

Byungji Kim 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2019 

Professor Michael J. Sailor, Chair 

Professor Stephen B. Howell, Co-Chair 

  

With increasing discoveries in genetic and biological pathways with respect to disease 

treatment, the potential for gene therapy is growing exponentially. In parallel, gene modulating 

tools have also expanded; catalyzed by the discovery of the RNA interference and zinc finger 

proteins in the 1990s, the 21st century has seen a variety of mechanisms for editing genetic 

expression (e.g. double-stranded oligonucleotides, zinc finger nucleases (ZFNs), transcription 

activator-like effector nuclease (TALENS), clustered regularly interspaced short palindromic 

repeats (CRISPR/Cas), etc.). However, a primary roadblock in enabling these gene editing tools 

for clinical translation is the biological clearance and degradation mechanisms that prevent the 

tools from reaching the target cells. The fusogenic porous silicon nanoparticles (FNPs) present 

an effective solution to this delivery challenge.  



 
 

xix 
 

Chapter one provides introductory overview of gene therapy, their limitations, as well as 

the current state-of-the-art technologies with the aim of delineating materials design criteria of 

RNAi therapeutics. Furthermore, a brief analysis and discussion on trends of publications and 

clinical translations of RNAi therapy formulations are provided. 

Chapter two details the synthesis protocol of fusogenic porous silicon nanoparticles. As 

the FNPs comprise of multi-layer structure (ie. payload-loaded pSiNPs, calcium silicate sealing, 

lipid bilayer encapsulation, targeting peptide decoration), the protocol requires delicate and 

precise handling for formation of stable nanoparticles. Examples of successful versus 

unsuccessful syntheses are presented, and critical steps to positive outcome are highlighted. 

The potential for variations and alternative optimizations to the protocol are discussed.  

Chapter three delves into the material properties that enable FNP function, and the 

biological pathways that FNPs depend on for its unique cellular uptake and processing. The 

intracellular fate and metabolism of individual components of the FNP system (e.g. 

oligonucleotide payload, pSiNP core, and lipid bilayer shell) are also presented. The 

fundamental information gained from studying the material interaction at a single-cell level is 

used to inform the following chapters that deal with application of FNPs in disease models.  

Chapters 4-6 demonstrate the FNPs as a platform technology that can be developed into 

a wide range of therapeutic formulations. By simple exchange of targeting peptides and the 

siRNA payload, the FNPs demonstrate successful therapeutic outcomes in mouse models of 

cancer (Chapter 4) and bacterial infections (Chapters 5 and 6).  
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Chapter 1:  

Introduction 
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1.1 Abstract 

With the recent FDA approval of the first siRNA-derived therapeutic, RNA interference 

(RNAi)-mediated gene therapy is undergoing a transition from research to the clinical space. 

The primary obstacle to realization of RNAi therapy has been the delivery of oligonucleotide 

payloads. This review aims to identify and describe key design features needed for nanoscale 

vehicles to achieve effective delivery of siRNA-mediated gene silencing agents in vivo. We 

break the problem into three elements: (1) protection of siRNA from degradation and clearance; 

(2) selective homing to target cell types; and (3) cytoplasmic release of the siRNA payload by 

escaping or bypassing endocytic uptake. The in vitro and in vivo gene silencing efficiency 

values that have been reported in publications over the past decade are quantitatively 

summarized by material type (lipid, polymer, metal, mesoporous silica, and porous silicon), and 

the overall trends in research publication and in clinical translation are discussed to reflect on 

the direction of the RNAi therapeutics field. 

 

1.2 Gene Editing: RNA Interference  

1.2.1. Brief History of Gene Editing Tools 

 Since the completion of the Human Genome Project in 20031-4, through which we 

mapped the complete DNA sequence of the human race, we have made significant strides to 

decipher the function and mechanism of genetic pathways with regard to disease pathogenesis. 

The concept of disease treatment by genetic modification was first discussed in the 1960s, 

when exogenous DNA-based in vitro cell modulation in viral infections was observed and 

actively pursued for the first generation of research in gene therapy5. Next, the 1970s saw the 

initial attempts for gene modification using recombinant DNAs (rDNAs; a combination of more 

than one DNA sequence from one or more species)6 with viral infection or calcium phosphate as 

the primary transfection methods. This discovery led to developments of cell lines7, genetically 
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modified mice8, and human protein (e.g. insulin) production in bacterial (e.g. Escherichia coli)9. 

Additionally, the first in vitro messenger RNA (mRNA) transfection using liposomes to express 

rabbit globin in mouse lymphocytes was conducted in 197810. The fast-evolution of genetic 

engineering catalyzed important discussions in the ethics, policies, and economics of the field, 

resulting in guidelines and regulations that limit and restrict hierarchies of gene modification 

research (i.e. from bacterial modifications to plants, mammalian systems, to humans) for 

patentable materials and FDA-approvable systems5,11-14.  

 The late 1980s and early 1990s saw emergence of new classes of gene editing tools. 

Zinc finger motif in the transcription factor IIIA (TFIIIA) was initially discovered in 198215, which 

led to the 1994 discovery and development of the zinc finger nuclease (ZFN) that could cleave 

specific DNA domains by altering the DNA-binding motif of the system16,17. Nearly 20 years 

later, similar restriction enzyme-based systems — TALEN18 and CRISPR/Cas19 — were 

discovered and developed into potential tools for gene therapy in 2010 and 2012, respectively.  

In the meantime, sequence-specific mRNA degradation via double-stranded RNA 

(dsRNA)-mediated transient silencing was discovered in 1997 by Mello20, and further developed 

by Fire21 in 1998; the phenomenon was termed “RNA interference (RNAi)”. The mechanism for 

RNAi was elucidated soon after, with the identification of short interfering RNAs (siRNAs) and 

the RNA-induced silencing complex (RISC)22,23. The discovery was ground-breaking in that 

RNA-based gene modification offered a simpler, reversible, and more transient effect than the 

DNA- and restriction enzyme-based approaches, and thus presented a more favorable option 

when relatively short-term effects are desired (i.e. in acute disease treatment).  

An overview of each gene editing tool is summarized in Table 1.1. In particular, the 

following review focuses on the use of RNAi for gene therapy, and the full mechanism of RNAi 

is described in the following section. 
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1.2.2. RNA Interference 

RNA interference is a transient gene silencing mechanism found endogenously in 

eukaryotic cells. Figure 1.1 details the mechanism by which siRNAs silences gene expression. 

The pathway is initiated by the presence of siRNAs (either artificially synthesized and delivered 

into the cell, or endogenously produced by dicer-mediated cleavage of dsRNAs into shorter 21-

25 base-pair sequences) in the perinuclear region of the cell cytoplasm. Here, the siRNA binds 

to the RISC, and is unwound into a single-stranded RNA by Argonaut 2 (AGO2; a component of 

the RISC)-mediated cleavage of the unnecessary strand.24 Next, the RISC guides the now 

single-stranded siRNA to its complementary sequence on the cell’s endogenous mRNA for 

base-pair binding, at which point the RISC cleaves the mRNA for degradation.22,24-26 After 

cleavage of the mRNA, the RISC and single-stranded siRNA are free to bind to other mRNAs, 

effectively preventing translation of the complementary mRNA sequence into proteins. Thus, 

siRNA-mediated RNAi silences the ability of the gene to express proteins.   

Another nucleic acid sequence that is able to induce RNAi is microRNA (miRNA), as 

shown in Figure 1.2. There are three major differences between siRNA and miRNA. First is that 

miRNA may be synthesized artificially or it may be endogenously generated from the cell’s 

nucleus as a hairpin structure that loops on itself to form a double-stranded sequence (pre-

miRNA). When exported out of the nucleus to the cytoplasm, endogenous miRNAs are cleaved 

by the dicer to remove the hairpin loop. Second, miRNA is not able to completely bind to the 

complement mRNA sequence due to its non-linear structure; instead, only 2-7 of the nucleotide 

sequences at the 5’ end (called the “seed sequence”) of the miRNA bind to the mRNA.24 This 

short binding region results in weaker attachment to the mRNA, which leads to lower specificity, 

but to a consequently wider range of mRNA targets that can be silenced. Thus, whereas 

siRNAs silence a specific target sequence, miRNAs may regulate a family of gene expressions. 
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Lastly, there are two classes of miRNA; one that undergoes the same RNAi pathway as 

siRNAs, and another that undergoes an alternative pathway that simply binds to the 

complementary mRNA sequence to block its translation into protein.27-29 

Overall, RNAi is an innate cellular machine that allows one to silence the expression of 

essentially any target gene. However, for therapeutic applications RNAi is only feasible with a 

supportive technology to deliver the oligonucleotides to the site of action: the cell cytoplasm.   

 

1.3 Limitations and Material Design Requirements in RNAi Therapy  

Whereas there is a wide range of gene modification tools available (Table 1), there is an 

unmet need for platforms that can effectively and selectively deliver them to targeted cells in 

vivo. A successful system must overcome substantial extracellular and intracellular barriers to 

RNAi delivery. The design requirements can be broken into three components (1) protection of 

the siRNA payload; (2) targeting this payload to a specific subset of cells; and (3) effective 

release of siRNA into the cytoplasm.  

 

1.3.1. Extracellular Barriers 

The RNAi therapeutic must traffic from the site of administration to the target cell it 

needs to modify, and this is a particular challenge when local administration is not available. On 

its way to the targeted cell, an siRNA therapuetic must overcome many obstacles; primary 

among these are: (a) degradation by nucleolytic enzymes; (b) uptake by cells of the immune 

system; and (c) inefficient tissue penetration (Figure 1.3). As a consequence of its strong 

anionic charge, its impermeability to cells, and its (often) sequence-dependent toxicity, free 

siRNA is typically degraded and cleared from circulation with a plasma half-life of a mere 10 

minutes.24,25,30-36  



 
 

6 
 

Serum endonucleases are largely responsible for the degradation of siRNA post-

administration (Figure 1.3a). In particular, ribonucleases bind specifically to RNAs in blood 

circulation and generate fragments for degradation.31,37-40 The enzymes attack the unstable 

ends of the siRNA to begin separation of the strands and degradation of the RNA fragments; 

many of the early RNAi studies implemented various chemical strategies to modify the ends of 

siRNA (i.e. by hairpin formation, sequence modification, or locked nucleic acids (LNAs))37,39-42 as 

a protection strategy. There are also numerous chemically-modified and –stabilized siRNAs—

( for example, the N-acetylgalactosamine (GalNAc)-conjugated siRNAs that have been used for 

targeting the asialoglycoprotein receptor (ASGPR) in liver hepatocytes, as a potential alternative 

treatment for diseases requiring liver transplantation.43-45 Because even chemically modified 

siRNA has the potential for degradation or other complications, researchers have resorted to the 

use of nanocarriers to temporarily encapsulate the oligonucleotide therapeutics, thereby limiting 

access of enzymes and other potential inhibitors. 

As shown in Figure 1.3b, the mononuclear phagocytic system (MPS; also known as 

reticuloendothelial system (RES)) plays a strong role in clearance of siRNAs from blood 

circulation, especially when a nanocarrier is used to protect the oligonucleotide. While siRNAs 

and other small molecules (with sizes < 8 nm) are removed via renal clearance, larger nano-

scale objects are readily identified by the body’s immune system to be phagocytosed by 

macrophages in the major RES organs, such as the liver, spleen, and lungs.46 The primary 

mechanism by which the immune cells recognize and clear these objects is by opsonization, 

where molecules that recognize foreign body (opsonins; e.g. antibodies) bind to the surface of 

the target to label them for phagocytic clearance by the complement immune response.47-49 The 

effect may be diminished by adjusting the particle properties, such as size and shape,46,50-54 

surface chemistry (e.g. PEGylation),31,32,50,55,56 and surface charge (decreased clearance is 

observed in positive compared to neutral and negative surface charges).50,56-58 While this 
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phenomenon can be used for passive homing when the target disease is localized in the RES 

organs, it remains a major barrier not only in siRNA delivery, but also in other nanodelivery 

systems. 

Lastly, tissue penetration to transport the siRNA from the lumen of the blood vessel into 

the target tissue is required if the target cell for gene silencing is in tissues far removed from the 

vascular walls (Figure 1.3c). The strongly anionic nature of siRNA repels it from the cellular 

membrane, which is also negatively charged. Thus, oligonucleotides have difficulty undergoing 

extravasation, and they avoid clearance by diffusing either through (transcellular diffusion) or 

between (paracellular diffusion) endothelial cells; these diffusion pathways are of critical 

importance when targeting the brain through the blood-brain barrier (BBB).59,60 This obstacle 

may be overcome when a nano-carrier is used to deliver siRNA, but as the pores in the vascular 

capillaries are in the 60-80 nm diameter range, larger carriers can require additional features in 

order to penetrate tissues.61   

 

1.3.2. Extracellular Barriers 

Once the siRNA reaches its target cell, it must get into the cell to perform its gene 

silencing task. As aforementioned, the siRNA must localize in the cytoplasm, particularly in the 

perinuclear region. However, due to the anionic charge, siRNA is generally cell impermeable in 

its native state.62,63 While a number of proteins have been reported as oligonucleotide-specific 

receptors or transporters in cells, none have been fully validated as of yet.64-66  

Nano-carriers that are employed to overcome this obstacle must be able to induce 

cytosolic release of their siRNA payload. A common means of entering the cell is through 

endocytosis. The endocytic pathways are mediated by different proteins and are often 

differentiated as either dynamin-dependent (e.g. caveolin, clathrin)64,67,68 or dynamin-

independent (e.g. macropinocytosis, CLIC)64,67,69,70 routes. However, cellular uptake by way of 
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endocytosis entraps the siRNA-loaded carriers within endosomal vesicles that steadily progress 

from early (pH 6-6.5) to late (pH 5-5.5) endosomes, and finally to lysosomes (pH 4.5-5).71  

As a primary nano-carrier used for siRNA delivery, lipid nanoparticles (to be discussed in 

the following section) are one of the only systems to have been rigorously studied for 

quantification and mechanism of cytosolic siRNA delivery. Studies investigating the primary 

uptake pathway of lipid nanoparticles and the intracellular fate of their siRNA payloads 

demonstrated that approximately 70% of the siRNA molecules that initially enter the cell are 

excreted within the first 24 h (Figure 1.4a), and that only 1-2% of the total siRNA is able to 

escape from the early endosomes into the cytoplasm to undergo RNAi (Figure 1.4c).72,73 These 

findings suggest that a great majority of the delivered siRNA undergoes exocytosis and 

lysosomal degradation (Figure 1.4b) if it is unable to localize in the cytoplasm by the early 

endosome stage. While there are numerous nanosystems in addition to lipid nanoparticles that 

have been used to enhance siRNA delivery across a wide range of cell types, and many report 

significant RNAi-induced gene silencing, there is very little information available on the 

efficiency of cytosolic delivery of siRNA. So it is unclear how limiting the endocytosis pathway is 

for siRNA delivery in general. Nevertheless, overcoming endocytosis by way of escaping the 

endosome (e.g. proton sponge), or bypassing endocytosis (e.g. via fusion, membrane 

penetration) (Figures 1.4c, d) incorporated into the particle design is expected to greatly 

improve RNAi efficiency.  

 

1.4 Protective Carriers for siRNA Delivery 

As opposed to restriction enzyme-based tools that require the delivery of multiple 

payloads (e.g. enzyme, guide nucleotide sequence, and DNA fragments for gene insertion), 

RNAi therapeutics present a simpler and more feasible payload for genetic modification, as they 

are singular anionic oligonucleotides. There has been a robust effort to develop delivery 



 
 

9 
 

vehicles for RNA-based therapeutics to diminish their vulnerability to degradation and 

clearance.74 Delivery vehicles can offer a dual function, both in protecting the oligonucleotide 

from the extracellular barriers leading to clearance, and in overcoming the intracellular barriers 

that limit cytosolic delivery of siRNAs. While viruses serve as one of the more common 

transfectants (albeit more so for DNA vectors), they carry concerns of immunogenicity and 

cytotoxicity.75,76 Focussing on non-viral nanoparticle-based carrier systems for siRNA delivery, 

Figure 1.5 shows a generalized schematic of each carrier type to be discussed, with 

representative electron micrograph images. 

Table 1.2 and Figure 1.6 compile materials used in the last decade for in vitro and in 

vivo siRNA delivery, and their knockdown (KD) efficiency in selected in vitro and in vivo models. 

Of note, we have listed only those publications that reported the in vivo KD efficiency via 

quantitative measurements (e.g. qRT-PCR), rather than qualitative or indirect observation (e.g. 

Western blot, therapeutic outcome). The average gene silencing effect seen across the 

literature seems to be relatively similar regardless of material type; with in vitro rates ranging 

from approximately 60-80%, and in vivo rates ranging from approximately 55-80%. As might be 

expected, the in vitro effects are greater than in vivo effects overall, and lipid-based systems 

performed consistently strongly both in vitro and in vivo.  

 

1.4.1. Lipid-based Nanoparticles  

Nanoparticles made of lipids represent the most widely used material for gene 

delivery.30,38,47,62 Within the umbrella of lipid nano-carriers, there are micelles (small unilamellar 

vesicles with a hydrophobic core and a hydrophilic exterior), solid lipid nanoparticles (SLNs; 

micellar vesicles with a hydrophobic solid lipid core that prevents lipid permeation and 

degradation121), and liposomes (large vesicles with a lipid bilayer that forms a hydrophilic core 

and exterior47). The primary advantage of these lipid constructs are the simplicity in synthesis 
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and versatility of particle function that can be achieved by varying the lipid composition. 

However, they suffer from relatively low loading capacity for siRNA and premature leakage of 

payloads, and they require additional cationic materials to condense the highly anionic payloads 

into the liposomal core. Commonly used condensers include protamine, peptides, and 

polyethylenimine (PEI).89,122-126  

As can be seen in Table 1.2 and Figure 1.6, lipid-based systems tend to report relatively 

strong in vitro and in vivo gene silencing effects, with an average knockdown efficiency of 80.4 ± 

13.8% in vitro and 79.3 ± 15.2% in vivo. These numbers are representative of a wide range of 

lipid particles, including liposomes, SLNs, and peptidomimetic lipoplexes, which have been 

documented in numerous reviews over the years.24,30,32,36,38,61,62,74,121,127,128  

Among those considered here, a promising system is the stable nucleic acid lipid particle 

(SNALP; now simply called the lipid nanoparticle (LNP)), which is a formulation that was 

optimized specifically for siRNA delivery.92,129,130 The lipid shell is composed of a mix of natural 

and artificially synthesized materials – DLinDMA, DSPC (1,2-distearoyl-sn-glycero-3-

phosphocoline), cholesterol, and PEG-c-DMA (3-N-[ω-methoxypoly(ethylene 

glyol)2000carbamoyl]dimyristyloxy-propylamine). The ionizable DLinDMA lipid comprises 40% of 

the molar ratio, and provides an essential cationic surface charge that helps attract the particle 

toward the cell membrane to better facilitate uptake. The DSPC is a minor component at 10% 

molar ratio of incorporation, but it plays a key role in stabilizing the structure during synthesis 

and in circulation. Cholesterol (typically 40% of the molar ratio), plays a stabilizing function in 

many liposomal formulations; by incorporating itself into the lipid bilayer to decrease membrane 

fluidity and permeability, cholesterol helps reduce premature payload leakage from the 

liposomes.131,132 Lastly, the PEG-c-DMA lipid displays an interesting property that is not 

commonly observed in other PEGylated systems. While PEG is known to provide particle 

stability, hydrophilicity, and stealth properties, the PEG-c-DMA has an activating component, 
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such that the molecule dissociates from the complete liposome soon after it is introduced to the 

body via intravenous injection. Once the PEG-c-DMA leaves, the particle returns to its 

transfection-optimal cationic charge and is able to transfect cells efficiently.91,92,129 LNP 

formulations have been reported to load as much as 5 wt% siRNA,91 and to silence genes in a 

dose-dependent manner in animals ranging from mice to non-human primates.91,92,129,130 Indeed, 

LNP formulations have completed multiple clinical trials for delivery of siRNA, such as those 

against PLK-1 (TKM-080301) for the treatment of neuroendocrine tumors (NET), adrenocortical 

carcinoma (ACC), and primary/secondary liver cancer.133,134 With the substantial achievements 

in siRNA loading, lipid design, and lipid composition, lipid-based nanoparticles have enjoyed the 

greatest success in translation from benchtop development to clinical trials, which led to the first 

FDA-approved siRNA-based LNP therapeutic, Patisiran.91,135-137 

 

1.4.2. Polymer Nanoparticles 

After lipids, polymers represent the second most widely used material type for siRNA 

delivery. Based on published data accumulated over the past decade, average gene silencing 

efficiencies of 64.6 ± 24.7% in vitro and 61.5 ± 19.6% in vivo have been achieved (Figure 1.6 

and Table 1.2). The three most frequently employed types of polymer nanoparticles for siRNA 

delivery have been solid polymeric nanoparticles, dendrimers, and hydrogels,30,32,49,135 but 

across the wide range of structural designs in polymeric delivery systems, there are a number of 

proven components that are regularly used: poly(lactic-co-glycolic acid) (PLGA), poly-L-lysine 

(PLL), chitosan, and polyethyleneimine (PEI).31,56,93,94,96,97,104,138-141 

PLGA, PLL, and chitosan generally play a structural role in forming the primary skeleton 

for siRNA loading. PLGA nanoparticles have high stability and biocompatibility, and is an FDA-

approved material. However, PLGA nanoparticles require additional cationic condensers for 

effective siRNA loading, such as PEI.127,138,142 On the other hand, PLL is a polycation, and so it 
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can form complexes with siRNA without the need for an additional condenser. PLL's primary 

advantage is in its relatively high biocompatibility compared to the fairly toxic PEI, but PLL 

systems suffer from diminished transfection efficiency in the presence of high serum content; in 

an environment that is clinically relevant and reflective of our vasculature (which has high serum 

content), the PLL systems have difficulty forming stable structures due to competition with 

serum proteins (which are generally anionic) for binding to the siRNA payloads.139,143 Thus, 

recent efforts have focused on developing PPL derivatives and co-polymers to reinforce their 

vulnerability to high serum content environments.104,139,143-145 Lastly, chitosan is a cationic 

polysaccharide, which offers high biocompatibility and many amine and hydroxyl groups 

available for chemical modification. However its low in vivo solubility is a critical drawback; 

PEGylation or hyaluronan-conjugation of the particles have been reported to increase solubility, 

as well as to offer a specific and controllable site for further surface modifications (e.g. 

attachment of targeting moieties), but much work remains to develop a platform with reliable 

and consistent performance.97,139,146,147  

As a condenser, PEI is the most widely used polymer.  It is used in numerous all-

polymer systems as well as in hybrid systems (containing lipids, metals, silica/silicon, etc.) that 

require a cationic component for stable siRNA loading. A key design factor in PEI-based 

nanoparticles for siRNA delivery is the N/P ratio, which is the molar ratio between the nitrogen in 

the PEI to the phosphorus in the siRNA. An N/P ratio greater than 10 is recommended, as it 

accommodates stronger siRNA integration that leads to decreased payload leakage and 

degradation. However, while stronger and greater siRNA binding to the polymer mitigates its 

excessively cationic charge, the increased PEI content inevitably leads to rapid RES-mediated 

clearance and high cytotoxicity.50,148 On the other hand, an N/P ratio less than 10 results in more 

anionic particles that have difficulty loading siRNAs and being taken up by target cells.148 Thus, 
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there is growing trend in developing novel polymeric nanoparticles that use non-PEI condensers 

to enable biosafe and effective siRNA loading and delivery.93,94,101 

 

1.4.3. Metallic Nanoparticles 

Metallic vehicles (primarily gold or iron oxide nanoparticles) for siRNA tend to 

underperform in vivo based on measurements of gene silencing efficiency, with average 

efficiencies of 72.3 ± 16.3% in vitro and 54.7 ± 19.6% in vivo (Table 1.2 and Figure 1.6). This 

trend may be attributed to the solid structure of the constructs, which leads to formulations in 

which the siRNA payloads are covalently bound or chemically adhered to the surface of the 

particles (e.g. thiol-gold chemistry).37,58,102,104,106,149 This surface-loading mechanism leaves the 

siRNA molecules exposed to the degrading conditions of the in vivo environment during 

circulation, which underscores the necessity for an siRNA-protective design; thus, metallic 

systems generally employ cationic polymer/lipid coatings to facilitate loading and protection of 

the siRNA payload.51,99,102,104,106,108,109,136  

Nonetheless, metallic particles have advantages over other organic material-based 

systems in their longer shelf life, their facile surface chemistry, their higher physical stability (to 

temperature or pH excursions), their precisely tunable physical properties, and their potential for 

multi-modality (e.g. phototherapy, MRI imaging).150-152 The surface chemistry of most metallic 

systems is amenable to attachment of a wide variety of targeting moieties or components that 

can facilitate endosomal escape (Table 1.2).102-106,153-155 In particular, gold-based systems have 

demonstrated the ability to induce controlled release of siRNAs via light-activation,156,157 as well 

as providing a photothermal therapeutic effect as a secondary function.154,155,158,159 Iron oxide-

based systems have also demonstrated unique characteristics, such as magnetofection,160,161 

magnet-guided particle accumulation and release,162,163 and MRI-based particle tracking and 

tumor imaging.99,153,164,165  
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While metallic nanoparticles show an average in vivo gene silencing effect that is 

relatively low compared to other materials, they offer innate multi-modality that other systems 

lack. In particular, the ability to directly image and track the siRNA carriers can provide 

important pharmacokinetic and pharmacodynamic information (e.g. bioavailability and 

biodistribution of the nanoparticle) in RNAi therapeutics;108,152,153,163,164 many studies use indirect 

fluorescent dye-tracking methods, or simply analyze mRNA or protein level changes in the 

target site post-administration. In order to set itself apart from the organic materials that excel in 

effective siRNA delivery and transfection of genes, the metallic delivery systems could perhaps 

benefit most by focusing on their unique material properties for multi-modal theranostic 

applications. 

 

1.4.4. Mesoporous Silica Nanoparticles 

Unlike the above systems, which are comprised of hollow spherical, core-shell, or solid 

or semi-solid structures, mesoporous silica nanoparticles (MSNs) consist of a network of pores 

within a silicon oxide framework.  These materials display relaticely large and tunable pores that 

are able to sequester payloads akin to a rigid sponge. The porous structure affords a much 

greater surface area for binding compared to other systems, and it is thus able to load large 

quantities of siRNA.152 However, the native silicon oxide surface is anionic, necessitating 

cationic condensers. With the aid of cationic lipids and polymers to form hybrid structures, 

MSNs have reported average gene silencing efficiencies of 75.7 ± 19.4% in vitro and 63.2 ± 

17.0% in vivo (Figure 1.6 and Table 1.2)— quite promising considering that these particles 

have not been studied for siRNA delivery nearly as thoroughly as lipid- and polymer-based 

vehicles.  

A major drawback to MSN delivery systems is their questionable biosafety, where MSNs 

have shown dose-, size-, shape-, and administration-dependent toxicity in various drug delivery 
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applications.166-169 This concern is particularly important for siRNA delivery, as the majority of 

MSN studies use the cytotoxic PEI polymer as a condenser.112,116,170-172 Moreover, most studies 

of PEI-MSN hybrid systems fail to demonstrate successful endosomal escape using the 

theorized proton sponge effect induced by the PEI, and most do not report rigorous dose-

dependent toxicity studies; the general publication trend leans toward demonstration of a 

positive gene silencing effect and a lack of toxicity at the selected dose. In order to validate 

MSN-mediated RNAi therapeutics for clinical translation, more fundamental studies on the 

individual components of the hybrid system (the MSN, the condenser, and the siRNA) are 

needed. The oxide surface on MSNs provides entry into a wide pallette of surface chemistries 

that may offer a better alternative to PEI and other potentially toxic condensers for siRNA 

loading. While there is much room for further investigation, MSNs have so far demonstrated 

excellent in vivo gene silencing effects. 

One of the more innovative MSN-based transfection agents that has been developed is 

the Protocell from the Brinker group.173-176 Protocells were first introduced in 2009 as MSNs that 

were encapsulated within cationic liposomes to enhance delivery of anionic and cell-

impermeable fluorescent dye (calcein) as a model oligonucleotide.174 Then in 2011, the group 

demonstrated the ability of a Protocell to conjugate targeting peptide (SP94 peptide) and a 

endosomolytic peptide (H5WYG) to deliver a wide range of payloads (small molecule anticancer 

drugs, quantum dots, siRNAs, etc.) to target human hepatocellular carcinoma (HCC) cells.173 

The particles demonstrated up to 90% gene silencing efficiency in vitro.176 This hybrid 

organic/inorganic system provides a prime example of how hybrid nanoparticles can combine 

the advantages of organic (e.g. liposome’s biosafety and facile modification of properties by 

adjustment of lipid composition) and inorganic (e.g. >10-fold higher loading capacity and >5-fold 

diminished payload leakage by loading siRNA within MSNs) components. The promising in vitro 

performance175 has yet to be tested in vivo.  
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1.4.5. Porous Silicon Nanoparticles 

Porous silicon (pSi) is a relative newcomer in the field of RNAi. However, the few reports 

on in vivo siRNA delivery are extremely promising. With tunable pore sizes ranging from 

micropores (d < 2 nm) to meso- (d= 2-50 nm) and macropores (d > 50 nm), facile surface 

chemistry, and biosafe and biocompatible degradation, porous silicon boasts a relatively high 

loading capacity and compatibility with a diverse set of payloads. Moreover, when synthesized 

as a hybrid nanoparticle with lipids or polymers, pSi-based nanoparticles have demonstrated 

average gene silencing efficiencies of 75.6 ± 21.3% in vitro and 80.4 ± 2.7% in vivo (Figure 1.6 

and Table 1.2) that rival the best liposomal systems.  

While structurally similar to MSNs, porous silicon retains a crystalline silicon core in the 

porous skeleton. With dimensions on the order of 5 nm, the crystalline silicon domains in the 

skeleton function as quantum dots, producing an intrinsic photoluminescence.177-181 This unique 

property allows pSi materials to take advantage of both MSN’s large surface area and porous 

structure to attain high loading capacities, as well as the metallic system’s potential for multi-

modal imaging.  

Within the limited number of studies on pSi-based materials for siRNA delivery, there 

have been a variety of effective structures. The Ferrari group has primarily focused on the 

development a multi-stage delivery system that consists of a larger pSi microparticle loaded with 

liposomal siRNA. This yielded an extended gene silencing effect, showing in vivo knockdown 

efficiency as high as 80% for a period of 20 days after systemic delivery.120,182-184 The group of 

Stevens developed a related pSi system, but in the form of nanoneedles for transdermal 

delivery of siRNA. That work demonstrated > 90% transfection efficiency in vitro, as well as a 

demonstrable phenotypic outcome (e.g. neovascularization) in vivo.185 At the smaller scale, the 

Voelcker group developed PEI-functionalized pSi nanoparticles for systemic administration, 
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attaining 30-63% gene silencing effect in vitro and up to 82% in vivo.119,186 While the use of PEI 

raises the above-mentioned concerns regarding dose-dependent cytotoxicity, silicon is 

amenable to other condenser chemistries. The common silica functionalization reagent (3-

aminopropyl)-dimethylethoxysilane places a positively charged amine group on the surface of 

the inner pore walls, and this combined with a graphene oxide shell allowed entrapment of 

siRNA in pSi nanoparticles that induced 65% gene silencing effect in vitro. By targeting the 

compromised blood-brain barrier (BBB) in a mouse brain injury model and through the agency 

of the RVG (rabies virus glycoprotein) peptide, this system was able to achieve enhanced 

siRNA-delivery efficiency in vivo.187 A similar structure, lacking the graphene oxide shell and 

conjugated with the CAQK brain injury targeting peptide attained 70% gene silencing effect in 

vitro.188  

An alternative condenser involving calcium chloride-mediated formation of a calcium 

silicate binder with the pSi nanoparticles has also been developed. This method successfully 

trapped siRNA and was able to attain a modest 52.8% gene silencing efficiency in vitro.33  

A most recent development for pSi-based siRNA therapeutics is fusogenic lipid-coated 

pSi nanoparticles (FNPs; Figure 1.7).117,118,189 Using the above calcium silicate condenser 

chemistry,33 the FNPs were able to obtain loading capacity up to 25 wt% of siRNA, a 

significantly higher loading capacity compared with other materials of similar size and 

structure.33,117 Like Brinker's MSN-based Protocell, the inorganic pSi core prevents premature 

leakage of siRNA payloads from the liposomal shell, and inversely, the liposomal shell is able to 

protect the pSi core from dissolution.118 Currently, the FNP system represents the most 

thoroughly investigated pSi-based siRNA delivery technology, as its material properties, 

biological mechanism of action, and its in vitro and in vivo behavior and therapeutic effects have 

been delineated.117,118,189 Overall, the FNPs are able to undergo a plasma membrane fusion to 

directly deposit the siRNA-loaded pSi core particles in the cytoplasm, where the pSi quickly 
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degrades to release the siRNA for RNAi. Moreover, the FNPs have demonstrated strong 

selective homing when decorated with targeting peptides, while retaining their fusogenic uptake 

characteristic. These factors led to 85-96% in vitro gene silencing efficiencies across different 

cell lines (macrophages and tumor cells), as well as 76-83% in vivo gene silencing efficiencies 

post-intravenous administration. Moreover, FNPs represent a modular therapeutic platform; by 

exchanging the siRNA sequence and the homing peptide, the FNPs have been be configured 

for three different disease targets (anti-inflammatory, chemo-sensitizing, and tumor-associated 

macrophage reprogramming). This system has demonstrated remarkable therapeutic effects in 

bacterial infection models (Gram positive Staphylococcus aureus, Gram negative Pseudomonas 

aeruginosa, and Methicilin-resistant S. aureus (MRSA)), as well as in ovarian peritoneal 

carcinomatosis.117,118 

 

1.5 Selective Tissue Targeting  

Realization of RNAi therapy requires the delivery vehicle to overcome the 

aforementioned extracellular barriers by either local administration or controlled homing to the 

target site. For tumor models, nanoparticles have traditionally relied on the enhanced 

permeation and retention (EPR) effect, where the porous tumor vasculature allows greater 

uptake and retention compared with normal tissues.190 A recent review of the literature by Chan, 

which focused on the quantity of nanoparticles accumulated in solid tumors via the EPR effect, 

highlighted the very poor efficiency of this process; on average, a mere 0.7% of the injected 

dose of particles actually reaches the tumor.191 Active targeting, via the agency of a pendant 

molecular species that has some affinity for the tumor, showed a minor improvement over EPR-

mediated particle accumulation. However, in other (non-tumor) animal disease models, the use 

of selective homing agents can generate more substantial accumulation of 

siRNA.98,101,127,135,149,173,191-194 For applications beyond local administration and passive MPS-
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mediated homing to clearance organs (e.g. liver, lungs, spleen), the literature shows a wide 

variety of homing moieties that can be decorated on the surface of carrier particles for in vivo 

targeting, including aptamers122,127,195-202 and receptor-specific ligands.195,203-208 But currently 

peptides and antibodies have been the most widely used targeting agents.  

 

1.5.1. Antibodies  

With several FDA-approved entities already in clinical use, antibodies offer a reliable 

means of targeting cells.195,209,210 Homing antibodies fall into two categories: (1) monoclonal 

antibodies (mAb); and (2) antibody fragments (or antigen-binding fragments, Fab). Monoclonal 

antibodies are those generated from a single cell lineage that bind to a single epitope on their 

target (as opposed to polyclonal antibodies that are generated by a range of B cells that bind to 

multiple epitopes on their target). The most commonly used mAb for targeted delivery of siRNA 

is Trastuzumab, an IgG1 mAb against human epidermal growth factor 2 (HER2) for selective 

targeting of breast cancer.114,116,211 Another common antibody, useful for targeting the wider 

epidermal growth factor receptor (EGFR) family is Cetuximab.163,212-214 A major concern in using 

mAbs with nanoparticles is their large size (approximately 150 kDa), which limits the number of 

mAbs that can be placed on a single nanoparticle. The rationale here is that when multiple 

targeting groups are placed on a nanoparticle, the targeting efficiency is enhanced by a factor 

larger than the scalar number of targeting groups—so-called multivalency. Another issue with 

antibodies is that they contain the Fc domain, which can trigger cellular responses that may or 

may not be desirable—such as an antigenic reaction. The problem is mitigated somewhat when 

the Fab domain alone is used rather than the full antibody (which is composed of two Fab 

domains for bidning to target receptors and one Fc domain for activity).210,214,215  

Fragment antibodies make use of only the Fab binding motifs, making the molecule 

much smaller (approximately 50 kDa) and more economical to produce.195,215 Moreover, the lack 
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of the Fc domain reduces the chance that the targeting moiety will inadvertently cause adverse 

downstream activities (e.g. immunogenicity, cytotoxicity).32,195,210,215 The argument has been 

made that the Fc domain is necessary in order to better stabilize the antibody against RES 

clearance and that, with their smaller size, Fabs are too quickly cleared from the body.215 

However, it appears that conjugation to nanoparticles can mitigate these effects for siRNA 

delivery. For example, studies have demonstrated effective siRNA-mediated gene silencing in 

vivo using Fab-conjugated nanoparticles.216-218 Moreover, although Fab technology is relatively 

new compared to whole antibodies, three Fabs have already been approved for use by the FDA 

(Abciximab, Ranibizumab, Certolizumab pegol).219-221  

 

1.5.2. Peptides  

Targeting peptides are a sequence of linear or cyclic amino acids that are able to take 

advantage of specific binding sites on transmembrane receptors to selectively guide their carrier 

to the target cells. Specific peptide sequences may be identified through phage display either in 

vitro or in vivo, where populations of bacteriophages displaying different peptide sequences 

(that altogether form a library of peptides) undergo multiple rounds of binding assays to select 

for the sequence with the highest binding affinity.222-225 While an in vitro phage screen can 

identify peptides that bind to a specifically chosen binding receptor, an in vivo phage screen 

isolates peptides that bind to the disease tissue of interest—even though the receptors or the 

cell types may be as yet unknown. A further advantage is that the peptides that survive an in 

vivo screen are more likely to be able to perform the same in vivo tissue targeting task when 

they are bound to nanoparticles other than a phage.188,222-228 With an in vitro screen, the major 

question of whether or not the targeting peptide identified will survive all the varied clearance 

mechanisms of the in vivo environment remains unanswered.  



 
 

21 
 

Table 1.3 shows a representative list of peptides that have been used for targeting 

disease-specific cells or tissues. While most peptides bind to specific receptors on the cellular 

membrane and are known or expected to initiate receptor-mediated endocytosis, there are only 

few peptides where the true target and uptake mechanisms have been clearly demonstrated. Of 

particular significance are peptides classified as “CendR”, which stands for C-end-Rule, 

discovered in 2009 by the Ruoslahti group.223,229 In general, these peptides display an 

R/KXXR/K sequence (e.g. iRGD and LyP-1 peptides; Table 1.3), with an essential C-terminal 

arginine (or occasionally lysine) motif that is exposed for activation by a primary receptor, which 

initiates a proteolytic cleavage of the peptide. The cleaved inner peptide sequence is then 

activated for a secondary binding to the neuropilin (NRP1/2) receptor to undergo cellular 

endocytosis. While many peptides carry the CendR motif (e.g. TAT cell penetrating peptide), the 

peptide homing must be primary receptor-specific, and cellular uptake must be activated by the 

initial docking; as opposed to cell-penetrating sequences that are active independent of binding 

and receptor recognition events.225,229 The net result is a very selective peptide. 

With regard to in vivo siRNA delivery, the fusogenic porous silicon nanoparticles (FNPs) 

demonstrated effective use of targeting peptides to induce siRNA-mediated gene silencing in 

multiple cell targets within a single mouse model.118 Figure 1.8 shows a significant example of 

the versatility of the approach, where three different targeting peptides were used to bring FNPs 

to their three respective targets with high selectivity. First, in a FNP platform decorated with the 

CRV peptide, the particles were selectively taken up by the activated macrophages in an 

infection site (Figure 1.8a). Second, FNPs decorated with the LyP-1 peptide selectively homed 

to tumor-associated macrophages (TAMs) in an ovarian peritoneal carcinomatosis model 

(Figure 1.8b) to induce knockdown only in the TAMs. Third, FNPs with iRGD peptide homed to 

ovarian cancer cells in the same tumor model (Figure 1.8c) and induced a significant gene 
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silencing in those cells. All three formulations resulted in a significant therapeutic outcome in 

diseased mice.117,118  

 

1.6 Strategies against Endocytosis  

Whereas most drug delivery systems could benefit from payload protection and selective 

tissue targeting, intracellular drug release may not be necessary. However, cytosolic delivery is 

critical for RNAi therapeutics. Thus, approaches that either avoid endocytosis or escape from 

endocytic vesicles are essential to activating the RNAi machinery for gene silencing. Natural 

viral or bacterial transduction mechanisms have built-in endosomal escape pathways (e.g. 

membrane fusion, pore formation), which have inspired development of artificial systems that 

can avoid or escape the endosome.238,239 Table 1.4 lists some techniques that have been used 

to escape or bypass endocytosis in nanoparticle-mediated siRNA delivery. 

 

1.6.1. Endosomal Escape  

One method to induce cytosolic localization of siRNA is to escape the endosome before 

degradation or excretion (Figure 1.4c). The most utilized method to instigate endosomal escape 

is via a mechanism called the ‘proton sponge’ hypothesis.94,246,247 As the early endosomes fuse 

with late endosomes and lysosomes, the intravesicular pH decreases to initiate degradation of 

the contents. But if an endosmolytic molecule (e.g histidine-rich molecule, poly(amido amine) 

polymers)61,238 is trapped within, it will buffer the pH of the vesicles and allow a continuous influx 

of H+, Cl-, and water molecules that increase the osmotic pressure. Eventually, the vesicle 

swells and ruptures to release its entrapped payload.61,64,141,238 For inorganic and polymeric 

nanoparticles, polyethyleneimine (PEI) is the most commonly used molecule, with its 

abundance of nitrogen groups available to buffer the pH and sponge up protons.99,102,112,138,248,249 



 
 

23 
 

While the proton sponge mechanism of PEI is still under debate,247-249 its endosomal escape 

phenomenon has been replicated numerous times, and has been extensively used to 

demonstrate effective in vivo gene silencing effect in numerous nanosystems, as shown in 

Table 1.2. 

Endosomal escape may also occur as a result of membrane fusion and pore formation. 

Herpes simplex virus innately carries glycoprotein H, which induces fusion in a pH-sensitive 

manner to help its virus escape lysosomal degradation. One notable study has used the peptide 

analogue of the fusogenic domain of glycoprotein H for in vitro transfection and demonstrated 

membrane fusion and enhanced transfection efficiency.250 Two other fusion peptides were 

derived from the haemagglutinin subunit HA-2 of the influenza virus, called KALA and 

GALA.111,112,238,241-243 Both KALA and GALA peptides behave in a pH-sensitive manner; the 

peptides undergo a conformational change after embedding into the membrane of acidic 

endosomal or lysosomal vesicles, and form a helical channel through which the payloads may 

escape.238,243 Table 1.2 shows two mesoporous silica-based systems that employed KALA by 

the Gu group to attain gene silencing efficiencies of 80% in vitro and approximately 50-60% in 

vivo.111,112 While not as widely used as the PEI and other polycations, these peptides offer a 

promising and potentially safer method to induce endosomal escape.  

 

1.6.2. Endocytosis Bypass 

There are several reported methods to bypass endocytosis, such as membrane 

penetration, and membrane fusogenic uptake. Cell penetrating peptides (CPPs) are employed 

for diffusive uptake into the cell through the plasma membrane and directly into the cytoplasm. 

Although the exact uptake mechanism is highly debated, TAT, penetratin, and other CPPs have 

demonstrated successful cytosolic delivery of their carriers.30,62,63,237,251 While some penetrating 

peptides are observed to undergo endocytosis with translocation afterward to transit to the 
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cytoplasm, penetratin has been observed to cytoplasmically localize in cells even at 4˚C, by 

electrostatically penetrating through anionic phospholipids without an external driving force (e.g. 

pH-sensitivity, osmotic gradient).245,252 On the other hand, the efficient penetrative activity of 

CPPs has led to reports of cell line-, cargo-, peptide size-, and dose-dependent 

cytotoxicity.223,251-253 At biosafe doses, these peptides may provide a synergistic effect when 

combined with tissue-targeting peptides to help guide the nano-carriers to selective cells and 

allow them to efficiently activate RNAi in the cell cytoplasm. Conde, et al. demonstrated this 

idea on gold nanoparticles that were surface modified to display PEG, siRNAs (against c-myc), 

RGD tumor-targeting peptide, and the TAT cell penetrating peptide; the particle was able to 

demonstrate gene silencing efficiencies of 70% in vitro and 65.2% in vivo.105 Additionally 

Mahajan, et al. decorated superparamagnetic iron oxide nanoparticles (SPION) with dextran, 

myristoylated polyarginine peptides (MPAPs), EPPT1 (tumor antigen-targeting peptide), and 

siRNAs (against PLK-1), which attained a modest 35% gene silencing efficiency in vivo.108  

The process of fusogenic uptake into cells (Figure 1.4d) may be mediated by specific 

compositions of liposomes.239,254 Various fusogenic liposome compositions have been 

developed, although they were initially intended for biological studies on membrane fusion, 

rather than for siRNA delivery.255-259 The most widely used compositions contain 1,2-dioleoyl-3-

glycero-phosphatidylethanolamine (DOPE), and a cationic lipid such as N-[1-(2,3-

dioleoyloxy)propyl]-N,N,N-trimethyammonium chloride (DOTMA), or 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP).62,125,126,193,202,260 While the exact mechanism and role of 

these lipids are not clear, it is theorized that a mix of aromatic molecule, cationic surface charge, 

and conical lipid structure are involved in membrane fusion.261 Another effective fusogenic 

composition is that of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000), and 

DOTAP.117,118,189,244 Lee, et al. first demonstrated cell line-dependent fusogenicity of this 
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composition (Figure 1.9a), and their ability to modify exosomes and microvesicles excreted 

from target cells.244 Our group has furthered the use of these liposomes by applying the 

technology for siRNA-delivery. The fusogenic porous silicon nanoparticles (FNPs) described 

above were found to undergo fusogenic uptake (Figure 1.9c) that was independent of the major 

routes of endocytosis (e.g. macropinocytosis, caveolin-, clathrin-mediated uptake), and were 

able to retain fusogenic uptake in the absence of, or with downregulation of other major markers 

of vesicle traffic (e.g. Rab11, Rab5A). However, knockdown of intracellular vesicle fusion 

pathways prevented fusogenic uptake, and the fusogenic liposomes were found within the 

lysosomal compartments, indicating endocytosis (Figure 1.9b).118 Although the specific cellular 

mechanisms are as yet unknown, it is clear that there is pathway-dependence of liposomal 

fusion to the plasma membrane. 

 

1.7 Future Prospective  

1.7.1.  Trends in siRNA Therapeutics  

Using the PubMed search engine of the MEDLINE database, we attempted to track 

research trends based on generic query terms, such as “siRNA”, “delivery”, and “nanoparticle”, 

relevant to publications on siRNA therapeutics. Out of over 3,000 papers published on 

nanoparticle-mediated delivery of siRNAs for therapeutic applications since 2009, over 1,000 

publications report in vivo gene silencing effects either directly (e.g. qRT-PCR, Western blot) or 

indirectly (e.g. therapeutic or downstream signaling effect). Among them, over 300 studies met 

at least two of the three design requirements described in this review: (1) siRNA protection; (2) 

selective targeting; and (3) cytoplasmic localization of siRNA.  

Figure 1.10 shows the number of publications on siRNA delivery systems by material 

type in the last decade. Ten years after the initial discovery of siRNA, research articles relating 
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to nanoparticle-mediated delivery of siRNA reached nearly 200 publications in 2010, and 

continued to produce increasing numbers of publications with a peak at over 400 publications in 

2016 (grey bars, Figure 1.10). By material type, the lipid-based (which included liposomes, 

micelles, and solid lipid nanoparticles; yellow bars, Figure 1.10) and polymeric nanoparticles 

(green bars, Figure 1.10) were far more studied for siRNA delivery, compared to metallic (which 

included gold and iron oxide; blue bars, Figure 1.10) and silica/silicon-based systems (red and 

orange bars, Figure 1.10).  

With the discovery of CRISPR systems in 2011, and its subsequent exponential increase 

in research publications (black dotted line, Figure 1.10), the overall number of publications on 

siRNA delivery began decreasing from 2017. The decline also coincides with a controversial 

shutdown of a large RNAi program in the pharmaceutical industry; Alnylam Pharmaceuticals, 

one of the industry giants in RNAi therapy, had found potential toxicity in their lead siRNA 

formulation for the treatment of ATTR-amyloidosis.262  

However, Alnylam made a breakthrough only two years later with another formulation for 

the same disease;137 Patisiran demonstrated significant therapeutic outcome in patients and 

became the first FDA-approved RNAi/siRNA therapeutic in 2018. This pioneering achievement 

signals that we may be only at the beginning of the RNAi therapy story.  

 

1.7.2. Clinical Translation 

Table 1.5 lists all siRNA-based therapeutics that have been, or are currently under 

clinical trials, or have gained FDA-approval. The first time an siRNA therapeutic underwent 

Phase 3 clinical trials in the United States was in 2007, when Bevasiranib (Cand5) was 

formulated as a free-siRNA against VEGF-A in age-related macular degeneration (AMD). Since 

then, there have been over 30 clinical trials with siRNA-based therapeutics that were used to 
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silence over 25 genes in over 40 different diseases (approximately 40% of which were cancer 

models). Beginning from 2004, when the first clinical trials of siRNA-based therapeutics were 

conducted, it took 14 years for the first siRNA-based therapeutic to be approved; a trajectory 

that aligns closely with the history of antibody-based therapeutics.98,137  

Based on Table 1.5, siRNA formulations without protective carriers have all been 

terminated or discontinued with the exception of the QPI-1007 formulation for local 

administration into the eye. Also, while GalNAc-siRNA conjugate systems (developed and 

pursued primarily by Alnylam Pharmaceuticals) are showing consistently strong performance 

with continued passages from Phases 1 to 3 (with the exception of Revusiran, which showed 

toxicity in Phase 3, and has been discontinued90,262), liver-targeted applications are somewhat 

limited.43-45 On the other hand, increasing numbers of carrier-based siRNA therapeutics have 

entered clinical trials since the late 2000s, and there are currently six trials that are active (four 

of which are SNALP/LNP formulations) for a wide range of applications (e.g. fibrosis, cancer, 

hemophilia, etc.).  

 

1.8 Conclusions  

While many challenges remain in the development of clinically translatable RNAi 

therapeutics (e.g. biosafe siRNA sequence selection,263,264 mass production265,266), it appears we 

are quickly approaching a point when multiple therapeutic options will be approved for human 

use. In particular, the clinical trials are moving increasingly toward nanoformulations for siRNA 

protection and delivery, despite the declining number of publications on siRNA delivery systems 

from the academic community in recent years. This is clearly an opportunity for those of us 

working on advanced materials (and for the authors and readers of Advanced Materials). We 

hope this review has illustrated how rational materials design can generate new classes of 
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nanoformulations that are able to protect, target, and deploy siRNA therapeutics to the desired 

cell types for safe and efficious in vivo outcomes.  
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1.10 Figures and Tables 

 
 
Figure 1.1. RNA interference mediated by siRNA.  
(1) siRNA is either delivered exogenously or generated endogenously by the dicer (blue) of the RISC 
loading complex; (2) siRNA is unwound to a single-stranded form by the Argonaut 2 (AGO2; orange); 
(3) single-stranded siRNA activates the RISC into forming base-pairs between the siRNA and its 
complementary mRNA sequence; (4) the RISC-siRNA complex dissociates from the mRNA after 
cleavage of the complementary mRNA; (5) the cleaved mRNA sequence is fragmented for 
degradation. With degradation of the target mRNA sequence, the cell is unable to translate the 
sequence into protein synthesis. 
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Figure 1.2. RNA interference mediated by miRNA.  
(1) miRNA is either delivered exogenously or generated endogenously from the pre-miRNA by the 
dicer (blue) of the RISC loading complex; (2) miRNA is unwound to a single-stranded form by the 
Argonaut 2 (AGO2; orange); (3) single-stranded miRNA activates the RISC into forming base-pair 
between the siRNA and complementary mRNA sequence at the “seed sequence”; (4) with imperfect 
binding between the “seed sequence” and the complement mRNA, no cleavage occurs. Instead, the 
complex retains on the mRNA and protein translation is blocked; (5) with perfect binding between the 
“seed sequence” and the complement mRNA, the mRNA sequence is cleaved and fragmented for 
degradation. With degradation of the target mRNA sequence, the cell is unable to translate the 
sequence for protein synthesis. 
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Figure 1.3. Extracellular barriers to RNAi therapy.  
(a) Endonucleases degrade siRNA in circulation; (b) mononuclear phagocytic clearance of siRNA by 
macrophages of the major clearance organs remove siRNA from circulation; (c) tissue penetration of 
siRNA is hindered by charge repulsion between the anionic siRNA and the plasma membrane of 
endothelial cells, as well as tight junctions in selective regions (e.g. blood-brain-barrier) that require 
transcellular or paracellular transport to reach the target tissue. 
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Figure 1.4. Intracellular barriers to RNAi therapy: endocytosis vs. fusogenic uptake.  
(a) Endocytosis of siRNA, which eventually is excreted via vesicle trafficking and exocytosis; (b) 
Endocytosis of siRNA, which carries the siRNA through early to late endosomes, and lysosomes for 
acidification and degradation; (c) Endocytosis of siRNA, which escape from the early endosomes to 
undergo RNA interference (RNAi) within the cytoplasm; (d) Fusogenic uptake of siRNA that leads to 
immediate cytosolic localization and RNAi.  
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Figure 1.5. Schematic and electron micrograph images of each representative carrier system.  
(a) Lipid-based nanoparticles are represented by PEGylated liposomes (cryo-electron micrograph 
adapted from 77, scale bar represents 40 nm); micelles (TEM adapted from 78; scale bar represents 10 
nm); and solid lipid nanoparticles (TEM of fluorescein-loaded SLNs adapted from 79, scale bar 
represents 400 nm); (b) polymeric nanoparticles are represented by solid polymeric nanoparticles 
(TEM image of PLGA particles adapted from 80, scale bar represents 200 nm); and dendrimers (TEM 
image of PAMAM dendrimers adapted from 81, scale bar represents 25 nm); (c) metallic nanoparticles 
are represented by gold nanospheres (TEM image adapted from 82, scale bar represents 50 nm); gold 
nanorods (TEM image adapted from 82, scale bar represents 50 nm); and superparamagnetic iron 
oxide nanoparticles (SPION; TEM image adapted from 83, scale bar represents 10 nm); (d) 
mesoporous silica particles are represented by a discoid particle (TEM image adapted from 84, scale 
bar represents 20 nm); (e) porous silicon (pSi) nanoparticles are represented by electrochemically 
etched silicon nanoparticle (scale bar represents 50 nm).   
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 In Vitro In Vivo 

Lipid 80.4 ± 13.8% 79.3 ± 15.2% 

Polymer 64.6 ± 24.7% 61.5 ± 19.6% 

Metal 72.3 ± 16.3% 54.7 ± 19.6% 

Mesoporous silica (MSN) 75.7 ± 19.4% 63.2 ± 17.0% 

Porous silicon (pSi) 75.6 ± 21.3% 80.4 ± 2.7% 
 

 
Figure 1.6. Comparison of reported in vitro and in vivo knockdown (KD) efficiencies across the 
literature, sorted by nanomaterial type.  
The data are representative of results presented in 111 publications from 2008-2019 that quantitatively 
reported the gene silencing effect by their siRNA-loaded nano-carrier in the selected cell line and in 
vivo model. Bars represent standard deviation. It should be noted that the relative siRNA dose, 
potential cytotoxic effects, targeting efficiency, and therapeutic outcome are not represented nor 
normalized in the figure. The table details the average values and standard deviation. 

 
 

 

  



 
 

58 
 

 
 
Figure 1.7. Fusogenic porous silicon nanoparticles (FNPs). 
(a) Outline of the uptake mechanism for FNPs; (b) transmission electron microscope (TEM) image of 
FNPs; scale bar represents 100 nm; (c) in vivo gene silencing effect of FNPs delivering siRNA against 
Irf5 gene to activated macrophages using the macrophage-targeting CRV peptide (F-siIRF5-CRV), in a 
mouse model of S. aureus pneumonia. Reproduced from117. 
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Figure 1.8. Peptide-mediated selective homing of fusogenic porous silicon nanoparticles 
(FNPs).  
(a) Conjugation of the CRV peptide, which targets activated macrophages, to FNPs increases particle 
accumulation into activated macrophages in S. aureus-infected lungs, but not to inactive macrophages 
in healthy lungs; Adapted from117; (b) Conjugation of the LyP-1 peptide, which targets tumor-associated 
macrophages (TAMs), to the FNPs (T-FNPs) increases particle accumulation into TAMs in an ovarian 
peritoneal carcinomatosis xenograft model; (c) Conjugation of the iRGD peptide, which targets tumor 
cells, to the FNPs (C-FNPs) increases particle accumulation into tumor cells in an ovarian peritoneal 
carcinomatosis xenograft model. Reproduced with permission118. 
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Figure 1.9. Fusogenic uptake bypasses endocytosis.  
(a) Cell line-dependence of liposomal fusion to the plasma membrane by fusogenic liposome (MFL) 
versus endocytosis by non-fusogenic liposome (NFL) in HeLa, B16F10, and CT26 cell lines (scale bar 
represents 5 µm); Reprinted from 244 (copyright 2015, American Chemical Society); (b) schematic of 
endocytic uptake of DiI-loaded non-fusogenic liposome-coated pSiNPs (NNPs) with confocal 
microscopic image of CAOV-3 cells (scale bars represent 10 µm); (c) schematic of fusogenic uptake of 
DiI-loaded fusogenic liposome-coated pSiNPs (FNPs) with confocal microscopic image of CAOV-3 
cells (scale bars represent 10 µm); Adapted from 189 (copyright 2019, J Vis Exp.). 
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Figure 1.10. Publications on siRNA delivery systems from 2009-2019, identified via the PubMed 
search engine of the MEDLINE database.  
Results for ‘Nanoparticle’ were obtained using query terms “siRNA + nanoparticle”; results for ‘Lipid’ 
were obtained using query terms “siRNA + liposome”, “siRNA + lipid nanoparticle”, and “siRNA + 
micelle”; results for ‘Polymer’ were obtained using query terms “siRNA + polymer nanoparticle”; results 
for ‘Metal’ were obtained using query terms “siRNA + metal nanoparticle”, “siRNA + gold nanoparticle”, 
and “siRNA + iron oxide nanoparticle”; results for ‘MSN’ were obtained using query terms “siRNA + 
mesoporous silica nanoparticle”; results for ‘pSi’ were obtained using query terms “siRNA + porous 
silicon”; and results for ‘CRISPR’ were obtained using query terms “CRISPR + delivery”. 
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Table 1.2. Summary of technologies used for RNAi. 
Representative publications are listed by the material type (Lipid, Polymer, Metal, Mesoporous Silica, and 

Porous Silicon), cell targeting moiety (Local: local administration; RES: uptake into clearance organs), 

strategy to overcome endocytosis, name of the gene silenced, the in vivo model used, and knockdown 

(KD) values (% relative mRNA expression compared to appropriate controls) as quantified and reported 

in the indicated references. NP stands for nanoparticle, NR stands for nanorod. 

Delivery 
Vehicle 

Cell 
Targeting 

Endosome 
Strategy 

Target 
Gene 

Disease 
Model 

In vitro 
KD 

In vivo 
KD 

Ref 

Lipid 

Liposome Local - Luc2p Healthy - 77% 85 

Liposome RES - Ssb Healthy - 87% 86 

Liposome 
Hyaluronic 

acid 
Proton sponge + 

MMP2 
HSP70 

A549 
xenograft 

73.4% 54.8% 87 

Lipoplex RES 
Endosome escape 

(DoGo3) 
LxRalp 
ApoB 

Healthy 75% 90% 88 

Lipoplex RES - 
GAPDH 

ApoB 
Healthy 90% 90% 89 

SNALP/LNP - - 
Antitran
sthyretin 

Transthyretin 
amyloidosis 

- 86.8% 90 

SNALP/LNP - - TTR Healthy  - 80% 91 

SNALP/LNP - - PLK-1 
Hepatic 
Neuro2a 
xenograft 

- 58% 92 

Polymer 

PEG NPs - - Bcl2 
SKOV3 

xenograft 
43% 62% 93 

PEG-PTTMA-
P(GMA-S-DMA) 

- 
Endosome escape 

(Proton sponge) 
ApoB 
Scd-1 

Healthy 95% 
63-

80% 
94 

Poly(amine-co-
ester) NPs 

RES - Nogo-B Healthy 80% 60% 95 

Chitosan NP RES - 
GAPDH 

GFP 
Healthy 75% 50% 96 

Chitosan NP RGD peptide - POSTN 
A2780 

orthotopic 
- 80% 97 

Cyclodextrin NP hTf ligand - RRM2 human tumor - 
32-

77% 
98 

Alkyl-PEI-IO NP Local 
Endosome escape 

(Proton sponge) 
Luc 

4T1-fluc 
xenograft 

80% 30% 99 

PEI-PEG lipid 
NP 

- 
Endosome escape 

(Proton sponge) 
ICAM-2 

Emphysema, 
lung primary, 
metastasis 

85% 
50-

92% 
100 

Hyaluronic acid 
NP 

Hyaluronic 
acid 

Endosome escape 
(Proton sponge) 

MDR 
OVCAR8/AD
R xenograft 

- 75% 101 
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Table 1.2. Summary of technologies used for RNAi (continued). 
 

Delivery 
Vehicle 

Cell 
Targeting 

Endosome 
Strategy 

Target 
Gene 

Disease 
Model 

In vitro 
KD 

In vivo 
KD 

Ref 

Metal 

PEI-AuNP RGD peptide - Bcl-2 
U87MG 

xenograft 
78% 74.5% 102 

PEI-HA-AuNP 
Hyaluronic 

acid 
Endosome escape 

(Proton sponge) 
ApoB Healthy 65% 80% 103 

PLL-AuNP Local - Luc 
MDA-MD-231 

(Luc) 
86% 77% 103 

AuNP iRGD peptide - E6 
HeLa-luc 
xenograft 

50% 35% 104 

AuNP RGD peptide TAT peptide C-myc 
Lung 

orthotopic 
70% 65.2% 105 

AuNR 
CLPFFD 
peptide 

- PARP-1 Asphyxia 50% 
30-

50% 
106 

IONW-
dendrimer 

- 
Endosome escape 

(Proton sponge) 
EGFR 

Transgenic 
glioblastoma 

80% 60% 107 

SPION 
EPPT1 
peptide 

Endosome escape 
(polyarginine 

peptide) 
PLK1 

orthotopic 
pancreatic 

cancer 
- 35% 108 

PEI-SPION galactose 
Endosome escape 

(Proton sponge) 
c-Met Hepa1–6 50% 40% 109 

Mesoporous Silica (MSN) 

PEI-MSN - 
Endosome escape 

(Proton sponge) 
Pgp 

MDR/MCF-7 
xenograft 

- 47% 110 

Magnetic PEI-
MSN 

- 
Endosome escape 

(KALA peptide) 
VEGF 

SKOV3 
orthotopic 

80% 60% 111 

PEI-MSN-KALA - 
Endosome escape 

(KALA peptide) 
VEGF 

A549 
xenograft 

80% 48% 112 

PEI-MSN - 
Endosome escape 

(Proton sponge) 
TWIST1 

MDA-MB-
435S 

orthotopic 
75% 90% 113 

PEI-MSN-PEG Trastuzumab 
Endosome escape 

(Proton sponge) 
PLK-1 

LM2-/H2N  
metastasis 

87% 84% 114 

PEI-MSN-PEG Trastuzumab 
Endosome escape 

(Proton sponge) 
HSP47; 
NOX4 

HER2-
positive 

breast cancer 
95% 55% 115 

PEI-MSN-PEG 
Trastuzumab 
or Rituximab 

Endosome escape 
(Proton sponge) 

HER2 
HCC1954 
orthotopic 

87% 58.6% 116 
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Table 1.2. Summary of technologies used for RNAi (continued). 
 

Delivery 
Vehicle 

Cell 
Targeting 

Endosome 
Strategy 

Target 
Gene 

Disease 
Model 

In vitro 
KD 

In vivo 
KD 

Ref 

Porous Silicon (pSi) 

Fusogenic lipid-
coated pSiNP 

CRV peptide Membrane fusion IRF5 
S. aureus 

pneumonia 
96% 83% 117 

Fusogenic lipid-
coated pSiNP 

iRGD peptide Membrane fusion REV3L 
CAOV-3 IP 
xenograft 

95% 76% 118 

Fusogenic lipid-
coated pSiNP 

LyP-1 peptide Membrane fusion PI3Kg 
CAOV-3 IP 
xenograft 

85% 81% 118 

PEI-pSiNP - - MRP1 U87 xenograft 30% 82% 119 

Lipid-pSiMP - - EphA2 
HeyA8 IP 
orthotopic 

- 80% 120 
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Table 1.3. Summary of effective targeting peptides used for selective homing to different cell 
targets.  
Name and amino acid sequence of the peptides are listed, and ordered by potential applications (cancer, 

bacterial infections, brain targeting, cell penetrating). Target cell types, the primary receptor, and 

mechanism of uptake (if known) are given. 

Peptide Target Tissue Receptor Mechanism Refs 

iRGD 

CRGDKGPDC 
Tumor cells αvβ3 

CendR: RGD binds to αvβ3, cleavage at 

K, then RGDK binds to NRP1, then 

receptor-mediated 

endocytosis/transcytosis 

192,222,

223,225,

230 

CGKRK 

CGKRK 

Tumor 

neovasculature 
p32 

Binds to p32, may then bind to NRD1, 

inducing cell penetrating properties that 

allow binding to mitochondria. 

193,224,

231 

LyP-1 

CGNKRTRGC 

Tumor lymphatics; 

Tumor cells;  

TAMs 

p32 

CendR: binds to p32, then KRT binds to 

NRP1 (and NRP2 in lymphatics), then 

receptor-mediated 

endocytosis/transcytosis 

223,232 

CRV 

CRVLRSGSC 

Activated 

macrophages, 

TAMs 

RXRB 
Unknown (not CendR, not receptor-

mediate endocytosis) 
117 

CARG 

CARGGLKSC 

S. aureus, MRSA 

(+intracellular) 
Unknown Unknown 226 

EKR 

EKRTKSRLM 
P. aeruginosa Unknown Unknown 226 

(KLAKKLAK)2 
Bacteria, 

mitochondria 

Membrane 

(receptor 

unknown) 

Pro-apoptotic (usually need another 

targeting peptide); permeabilizes 

mitochondrial membrane, and activates 

caspases to induce cell death by 

apoptosis 

233 

CAQK 

CAQK 
Brain injury 

Versican- 

(Hapln4)-

tenascin-R 

complex 

Perineuronal nets (PNN) complex in 

brain ECM is upregulated in brain injury. 

CAQK binds to PNNs. Exact uptake 

mechanism unknown 

188 

RVG 

YTIWMPENPR

PGTPCDIFTN

SRGKRASNG 

Neuronal cells 
Acetylcholine 

receptor 

α7 subtype of nAchR-mediated 

transcytosis. GABA receptors, which are 

commonly found in neurons, glial cells, 

and brain capillary endothelial cells are 

also known to bind to RVG 

33,187,2

34,235 

TAT 

GRKKRRQRR

RPQ 

Plasma membrane 

Heparan 

sulfate 

Proteo-

glycans 

Varying; different types of endocytotic 

pathways are involved in the uptake 

mechanism of TAT alone and when 

conjugated with the cargo molecules 

236,237 
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Table 1.4. Summary of techniques used for endosomal escape or bypass in siRNA delivery.  
Technique indicates the possible routes of endosomal escape or bypass by siRNA-delivery systems that 

have been presented in the literature. Example indicates molecules or structures that have been used to 

induce each technique. The hypothesized mechanism for each route of endosomal escape or bypass is 

given.  

Technique Example  Mechanism Refs 

Proton 
Sponge 

PEI 
PAA 
Poly(L-histidine) 
Chloroquine 
PAsp(DET-CDM/DBCO) 

Endosmolysis of vesicle; buffering molecule prevents 
pH drop in late endosome/lysosomes, and induces 
continuous influx of ions and water that eventually 
swells the vesicle for rupture. 

138,139,144,240 

Pore 
Formation 

KALA peptide 
GALA peptide 

Peptides engineered from innate bacterial pore-
forming mechanisms or derived from fusion domains 
of viral proteins; peptides can embed into the cell 
membrane to create gaps in a pH-sensitive manner 
by causing membrane re-orientation to a more 
energetically favorable pore-form  

111,112,238,241-

243 

Membrane 
Fusion 

DOPE:DOTMA 
DMPC:DOTAP:DSPE-PEG 

Fusogenic liposomes are composition-dependent, 
and undergo plasma membrane fusion to directly 
deposit its payload into the cytoplasm. 

117,118,189,244 

Cell 
Penetration 

TAT peptide 
Penetratin peptide 
Pep14 peptide 
P1 peptide 

Theorized to diffuse through the plasma membrane 
either with or without receptor binding. Different 
uptakes are shown by cell type and carrier type. 

62,236-238,245 
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Table 1.5. siRNA formulations that have been, or are currently in clinical trials in the United States.  
Trials are organized by the carrier material (SNALP/LNP, GalNAc-conjugates, Others, and No-carriers), 

then by the year. ‘Formulation’ indicates the generic name of the tested drug, ‘Gene’ indicates the siRNA 

target to be silenced, ‘Disease’ indicates the recruited patient conditions, ‘Status’ indicates the current 

activity of the trials. Phases are indicated (P1: Phase 1; P2: Phase 2; and P3: Phase 3). ID number 

indicated the NCT number designation from clinicaltrials.gov. Trials with active or recruiting status are 

bolded. 

Formulation Gene Disease Phase Status Duration ID Number 

SNALP/LNP 

Patisiran 
(ALN-TTR02) 

TTR 
TTR-mediated 
amyloidosis 

 Approved  NCT02939820 

CALAA-01 M2 Cancer; Solid tumor P1 Terminated 2008-2012 NCT00689065 

PRO-040201 ApoB 
Hyper-
cholesterolemia 

P1 Terminated 2009-2010 NCT00927459 

ALN-VSP02 KSP/VEGF Solid Tumors 
P1 
P1 

Completed 
Completed 

2009-2011 
2010-2012 

NCT00882180 
NCT01158079 

TKM 080301 PLK-1 
Cancer with hepatic 
metastases 

P1 
P1, P2 
P1, P2 

Completed 
Completed 
Completed 

2011-2012 
2010-2015 
2014-2016 

NCT01437007 
NCT01262235 
NCT02191878 

ND-L02-s0201 HSP47 Fibrosis 
P1 
P2 

Completed 
Recruiting 

2013-2014 
2018-2021 

NCT01858935 
NCT03538301 

DCR-MYC Myc 
Solid tumors; 
Non-Hodgkins 
lymphoma, etc. 

P1 
P1, P2 

Terminated 
Terminated 

2014-2016 
2015-2016 

NCT02110563 
NCT02314052 

siRNA-EphA2-
DOPC 

EphA2 Advanced cancers P1 Recruiting 2015-2020 NCT01591356 

Fitusiran 
(ALN-AT3SC) 

Antithrombin 
Hemophilia A; 
Hemophilia B 

P3 
P3 

Recruiting 
Recruiting 

2018-2020 
2018-2020 

NCT03417102 
NCT03417245 

GalNAc-Conjugated siRNA 

Revusiran (ALN-
TTRSC) 

TTR 
TTR-mediated 
amyloidosis 

P2 
P2 
P3 

Completed 
Completed 
Completed 

2014-2015 
2014-2017 
2014-2017 

NCT01981837 
NCT02292186 
NCT02319005 

Inclisiran 
(ALN-PCSSC) 

PCSK9 

Hetero/homozygous 
familial hyper-
cholesterolemia, 
etc. 

P1 
P2 
P2 
P3 

Completed 
Completed 
Completed 
Recruiting 

2014-2016 
2016-2017 
2016-2018 
2019-2023 

NCT02227459 
NCT02597127 
NCT02963311 
NCT03814187 

Givosiran (ALN-
AS1) 

ALAS1 
Acute intermittent 
porphyria 

P1 
P1, P2 
P3 
- 

Completed 
Active 
Active 

Terminated 

2015-2017 
2016-2020 
2017-2021 
2018-2019 

NCT02452372 
NCT02949830 
NCT03338816 
NCT03547297 

Lumasiran (ALN-
GO1) 

Glycolate 
oxidase (GO) 

Primary 
hyperoxaluria type 1 

P1, P2 
P3 
P3 

Completed 
Recruiting 
Recruiting 

2016-2019 
2018-2024 
2019-2024 

NCT02706886 
NCT03681184 
NCT03905694 

DCR-PHXC-101 LDHA 
Primary 
hyperoxaluria 

P1 Active 2017-2019 NCT03392896 
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Table 1.5. siRNA formulations that have been, or are currently in clinical trials in the United States 
(continued).  
 

Formulation Gene Disease Phase Status Duration ID Number 

Other Carriers 

siG12D LODER 
(Polymer) 

KRASG12D 
Pancreatic 
cancer 

P1 
P2 

Completed 
Recruiting 

2011-2013 
2018-2020 

NCT01188785 
NCT01676259 

STP705 (Polymer) 
TGF-β1 
COX-2 

Hypertrophic scar P1, P2 Recruiting 2017-2018 NCT02956317 

iExosomes 
(Exosome) 

KrasG12D 
Pancreatic 
cancer 

P1 Active 2019-2019 NCT03608631 

No Carriers 

Bevasiranib 
(Cand5) 

VEGF-A AMD 

P1 
P2 
P2 
P3 

Completed 
Completed 
Completed 
Terminated 

2004-2007 
2006-2007 
2005-2007 
2007-2009 

NCT00722384 
NCT00306904 
NCT00259753 
NCT00499590 

Sirna-027 
(AGN211745) 

VEGFR-1 AMD 
P1, P2 
P2 

Completed 
Terminated 

2004-2007 
2007-2009 

NCT00363714 
NCT00395057 

ALN-RSV01 RSV-N 
Respiratory 
syncytial virus 
infections 

P2 
P2 
P2 

Completed 
Completed 
Completed 

2007-2007 
2008-2009 
2010-2012 

NCT00496821 
NCT00658086 
NCT01065935 

PF-04523655 
(PF-655) 

RTP801 
Diabetes 
complications 

P1 
P2 
P2 
P2 

Completed 
Terminated 
Completed 
Completed 

2007-2010 
2008-2011 
2009-2011 
2012-2013 

NCT00725686 
NCT00701181 
NCT00713518 
NCT01445899 

I5NP p53 Acute renal failure 
P1 
P1 
P1, P2 

Completed 
Terminated 
Completed 

2007-2010 
2008-2010 
2008-2014 

NCT00554359 
NCT00683553 
NCT00802347 

TD101 K6a 
Pachyonychia 
congenita 

P1 Completed 2008-2008 NCT00716014 

QPI-1007 CASP2 
Optic neuropathy; 
glaucoma 

P1 
P2 
P2, P3 

Completed 
Completed 
Recruiting 

2010-2013 
2013-2015 
2015-2020 

NCT01064505 
NCT01965106 
NCT02341560 

Bamosiran 
(SYL040012) 

β2-AR 
Glaucoma; 
Ocular hypertension 

P2 Completed 2014-2016 NCT02250612 
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Chapter 1, in full, has been submitted for publication of the material as it may appear in 

Kim, B., Park, J., Sailor, M.J., Rekindling RNAi Therapy: Materials Design Requirements for In 

Vivo siRNA Delivery. Adv Mater. Submitted. The author of this dissertation was the primary 

author of the material. 
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Chapter 2:  

Synthesis of Fusogenic Porous Silicon Nanoparticles  
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2.1 Abstract  

 With the advent of gene therapy, the development of an effective in vivo nucleotide-

payload delivery system has become of parallel import. Fusogenic porous silicon nanoparticles 

(F-pSiNPs) have recently demonstrated high in vivo gene silencing efficacy due to its high 

oligonucleotide loading capacity and unique cellular uptake pathway that avoids endocytosis. 

The synthesis of F-pSiNPs is a multi-step process that includes: (1) loading and sealing of 

oligonucleotide payloads in the silicon pores; (2) simultaneous coating and sizing of fusogenic 

lipids around the porous silicon cores; and (3) conjugation of targeting peptides and washing to 

remove excess oligonucleotide, silicon debris, and peptide. The particle’s size uniformity is 

characterized by dynamic light scattering, and its core-shell structure may be verified by 

transmission electron microscopy. The fusogenic uptake is validated by loading a lipophilic dye, 

1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI), into the fusogenic lipid 

bilayer and treating it to cells in vitro to observe for plasma membrane staining versus endocytic 

localizations. The targeting and in vivo gene silencing efficacies were previously quantified in a 

mouse model of Staphylococcus aureus pneumonia, in which the targeting peptide is expected 

to help the F-pSiNPs to home to the site of infection. Beyond its application in S. aureus 

infection, the F-pSiNP system may be used to deliver any oligonucleotide for gene therapy of a 

wide range of diseases, including viral infections, cancer, and autoimmune diseases. 

 

2.2 Introduction 

Gene therapy modulates specific gene expression to obtain a therapeutic outcome. 

Numerous tools for gene modulation have been discovered and studied, including ribonucleic 

acid interference (RNAi) using oligonucleotides (e.g., short interfering RNA (siRNA)1,2, 

microRNA (miRNA)3,4), DNA plasmids5,6, nucleases (e.g., zinc finger, TALENS)7,8, and 
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CRISPR/Cas9 systems9,10. While each tool’s mechanism of action differs, all of the tools must 

reach the cell’s cytoplasm or the nucleus to be active. As such, while these tools have proven to 

induce significant effect in modulating gene expression in vitro, the in vivo efficacy suffers from 

extracellular and intracellular obstacles. Due to the fact that the tools are of biological origin, 

many enzymes and clearance systems exist in our body that have the ability to degrade or 

remove the foreign molecules11. Even in the case that the tools reach the target cell, they suffer 

from endocytosis; a mode of cellular uptake that encapsulates and traps the tools in acidic 

stomach-like vesicles that degrade or expel the tools out of the cell. In fact, studies have shown 

that lipid nanoparticles are endocytosed via macropinocytosis, from which approximately 70% of 

the siRNA are exocytosed from the cells within 24h of uptake12,13. The majority of the remaining 

siRNA are degraded through the lysosomal pathway, and ultimately only 1-2% of the siRNA that 

initially enters the cell with the nanoparticles achieve endosomal escape to potentially undergo 

RNAi13,14.  

We have recently developed fusogenic porous silicon nanoparticles (F-pSiNPs) that 

have an siRNA-loaded core composed of porous silicon nanoparticles, and a fusogenic lipid 

shell15. The F-pSiNPs present three major advantages over other conventional oligonucleotide 

delivery systems: (1) a fusogenic lipid coating which enables the particles to bypass endocytosis 

and deliver the entire payload directly in the cell cytoplasm (versus the 1-2% achieved by 

endocytosed particles13,14) (Fig 2.1); (2) high mass loading of siRNA in the pSiNPs (>20 wt% 

compared to 1-15 wt% by conventional systems)15, which rapidly degrade in the cytoplasm 

(once the core particles shed the lipid coating via fusogenic uptake) to release the siRNA; and 

(3) targeting peptide conjugation for selective homing to desired cell types in vivo.   

The F-pSiNP system has demonstrated significant gene silencing efficacy (>95% in vitro; 

>80% in vivo) and subsequent therapeutic effect in a fatal mouse model of S. aureus 

pneumonia; the results of which were published previously15. However, the complex structure of 
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the F-pSiNP system requires delicate handling and fine-tuned optimization to generate uniform 

and stable nanoparticles. Thus, the purpose of this work is to present a thorough protocol, as 

well as optimization strategies for the synthesis, functionalization, and characterization of F-

pSiNPs to be used in targeted delivery of siRNAs for potent gene silencing effect.   

 

2.3 Synthesis of porous silicon nanoparticles 

Always use caution when working with hydrofluoric acid (HF). Follow all safety guides 

according to its safety data sheet (SDS), handle any HF-containing chemicals in a fume hood, 

and wear appropriate personal protective equipment (PPE; double gloves with butyl gloves on 

the outside, butyl apron with lab coat underneath, face shield with safety goggles underneath). 

All universities and R&D labs require specific training on HF safety prior to usage. Do not 

attempt to work with HF without pre-approval of your local lab safety coordinator, as additional 

safety measures not described here are required. 

 

2.3.1. Preparation of the etching solutions 

To make the 3:1 HF solution for etching, fill a plastic graduated cylinder with 30 mL of 

aqueous 48% HF and 10 mL of absolute ethanol (EtOH). The solution must be contained in high 

density plastics (e.g., HDPE), as the HF dissolves glass. To make a 1:29 HF solution for lift-off, 

fill a plastic graduated cylinder with 1 mL of aqueous 48% HF and 29 mL of absolute ethanol. 

The solution must be contained in high density plastics (e.g., HDPE), as the HF dissolves glass. 

Make the 1 M KOH solution in 10% EtOH for excess pSi. 

 

2.3.2. Setting up the etch cell  

In a Teflon etch cell with a 8.6 cm2 etch well (area is calculated by measuring the 
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diameter of the silicon surface available for etching within the O-ring, and calculating the area by 

A = πr2), place in descending order (Fig 2.2a): (1) the Teflon cell top; (2) an O-ring; (3) a quarter 

piece of the single crystal (1 0 0)-oriented p++-type silicon wafer cut into quarters (using a 

diamond cutter); (4) aluminum foil; and (5) the Teflon cell base with screws gently tightened to 

prevent leakage. Fill the well with EtOH. Take a wipe and insert into the crevice between the 

Teflon cell top and base. If the wipe is dry upon removal, the etch cell is sealed. If wet, the cell is 

leaking, and tighten the screws further until sealed.   

 

2.3.3. Electropolishing the silicon wafer 

Bring the assembled etch cell into a fume hood. Fill the well with 10 mL of 3:1 HF 

solution. Connect the positive lead to the aluminum foil (electrode) from the etch cell and 

connect the negative lead to the platinum coil (counter-electrode) immersed in the 3:1 HF 

solution of the etch cell to complete the circuit (Fig 2.2b). Run a constant current at 50 mA cm-2 

for 60 s. Once etch is finished, remove the cell from the circuit, and rinse out the 3:1 HF 

carefully using a syringe. Rinse with EtOH three times. Dissolve away the etched layer by filling 

the well slowly with 10 mL of 1 M KOH. Wait until the bubbling subsides. Finally, rinse out the 

KOH with water three times, and then with EtOH three times. 

 

2.3.4. Electrochemically etching porous layers into silicon wafer 

Run an alternating current of a square waveform, with lower current density of 50 

mA/cm2 for 0.6 s and high current density of 400 mA/cm2 for 0.36 s repeated for 500 cycles. 

Once etch is finished, remove the cell from the circuit, and rinse out the 3:1 HF carefully using a 

syringe. Rinse with EtOH three times. 

 

2.3.5. Lifting-off the porous layer from the silicon wafer 
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Fill the well with 10 mL of 1:29 HF solution. Run a constant of 3.7 mA/cm2 for 250 s. 

Once etch is finished, remove the cell from the circuit. The pSi layer may have visible ripples 

indicating detachment from the crystalline silicon wafer. Gently wash out the 1:29 HF solution 

and rinse with EtOH three times, then with water three times. Using a pipette tip, firmly crack the 

circumference of the pSi layer for complete detachment. Using EtOH, collect the pSi fragments 

(chips) from the Teflon etch cell into a weighing boat. Transfer the chips to a glass vial. The pSi 

chips may be kept at room temperature in EtOH for over 6 months for storage. Dissolve away 

any remaining porous silicon on the wafer by filling the well slowly with 10 mL of 1 M KOH. Wait 

until the bubbling subsides. Rinse out the KOH with water three times, and then with EtOH three 

times. Repeat until the entire wafer thickness has been etched. 

 

2.3.6. Sonicating porous layers for nanoparticle formation  

Replace the solvent of the glass vial containing pSi chips from EtOH to 2 mL of DI water. 

Firmly close the cap, and seal using parafilm. Place the glass vial in a sonicator bath and 

suspended such that the volume of pSi chips is completely submerged below the surface. 

Sonicate for 12 h at 35 kHz and RF power of 48W. To prevent significant water loss during 

sonication, place a volumetric flask filled with water, inverted so that the opening of the flask 

touches the surface of the water bath. Place the glass vial on a flat surface for 1 h to allow 

larger particles to settle at the bottom. Collect the supernatant using a pipette; the suspension 

contains sub-100 nm pSiNPs. 

 

2.4 Preparation of fusogenic lipid film 

In a fume hood, make 10 mg/mL stocks of lipids by hydrating DMPC, DSPE-PEG-MAL 

and DOTAP lipids in chloroform. These stock solutions may be kept at -20 °C for up to 6 months 

under tight parafilm seal. 
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The fusogenic composition is made of the lipids, DMPC, DSPE-PEG, and DOTAP, at the 

molar ratio of 76.2:3.8:20 and 96.2:3.8:0, respectively. In a glass vial, mix 72.55 μL of DMPC, 

15.16 μL of DSPE-PEG, and 19.63 μL of DOTAP by pipetting. Optionally for fluorescent 

labelling of the lipid coating, additionally add 20 µL of DiI dissolved in EtOH at a concentration of 

1 mg/mL. Place the vial in a fume hood with a loose cap to allow the chloroform to evaporate 

overnight. The dried film will be a cloudy hard gel-like substance at the bottom of the vial. 

 

2.5 Loading and sealing of siRNA in pSiNPs 

To prepare the calcium chloride stock, dissolve 1.11 g of CaCl2 in 10 mL of RNAse-free 

water to make a 2 M CaCl2 solution. Centrifuge the solution at > 10,000 x g for 1 min to settle 

the aggregates and collect the supernatant using a pipette. Alternatively, filter the solution 

through a 0.22 µm filter. Hydrate or dilute the siRNA to 150 µM in RNAse-free water to make the 

siRNA loading stock. This stock solution may be aliquoted and kept frozen at -20 °C for at least 

30 days given that it does not undergo frequent freeze-thaw cycles. 

Prepare an iced sonication bath. Under 15 min ultrasonication, gently pipette 150 µL of 

siRNA and 700 µL of 2 M CaCl2 into 150 µL of pSiNP. Make sure to leave the lid of the 

microcentrifuge tube open for gas generation. Remove the tube containing 1 mL of siRNA-

loaded calcium coated pSiNPs from the sonicator.  

 

2.6 Coating siRNA-loaded pSiNPs with fusogenic lipids 

Fill a wide beaker with DI water. Soak 1 polycarbonate membrane (200 nm pores), and 4 

filter supports by floating them on water surface. Assemble the liposome extrusion kit by 

following manufacturer’s instructions. Hydrate the dried lipid film in the glass vial with 1 mL of of 

siRNA-loaded calcium coated pSiNPs obtained from step 3.3.3. Pipette until all lipids film have 



 
 

78 
 

lifted from the bottom of the vial and have mixed into a cloudy homogenous solution. Place a 

magnetic stirring bar in the glass vial, and place the vial onto a hot plate to heat the particles to 

40 °C (or high enough above the lipids’ phase transformation temperature to maintain the lipids 

in the more fluidic liquid crystal phase) while magnetically stirring the solution for 20 min. 

Aspirate the 1 mL of lipid-coated pSiNP-siRNA solution in the extrusion syringe. Insert 

an empty syringe on one side of the extruder, and the filled syringe on the other end. Begin 

extrusion by pushing the piston in slowly to push the particles from one syringe, through the 

polycarbonate membrane, and into the other. Repeat 20 times. If the piston is stuck, the filter 

and membrane may be clogged. Disassemble the extruder and replace the membrane and filter 

supports. If the problem persists, dilute the particles until clogging is manageable. Collect the 

extruded particles into a microcentrifuge tube. 

 

2.7 Conjugation of targeting peptides 

Prepare the peptide stock with a 1 mg/mL peptide concentration in RNAse-free water. In 

the microcentrifuge tube containing fusogenic lipid-coated pSiNPs, add 100 µL of the 1 mg/mL 

peptide stock and pipet gently. Keep the tube static at room temperature for 20 min 

(alternatively, > 2 h at 4 °C). To remove excess peptide or siRNA and other excipients, wash in 

a 30 kDa centrifugal filter by spinning at 5,000 x g at 25 °C for 1 h. Centrifuge twice more with 1 

mL of PBS under the same setting. Resuspend the final peptide-conjugated fusogenic lipid-

coated pSiNPs in PBS at the desired concentration. The particles can now be aliquoted and 

frozen at -80 °C for storage of at least 30 days. 

 

2.8 Representative Results 
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 A successful synthesis of fusogenic pSiNPs should produce a homogenous, slightly 

opaque solution (Fig 2.3a). Failure to optimize the ratio and concentration of pSiNPs : siRNA : 

CaCl2 may lead to aggregation upon loading (Fig 2.3b). As the particles are extruded through 

200 nm membranes, the average hydrodynamic diameter of the fusogenic pSiNPs measured by 

DLS should be approximately 200 nm, and the average zeta-potential approximately +7 mV as 

shown in Figure 2.4. After surface modification with targeting peptides, the overall diameter 

should be increased to be under 230 nm, and the average zeta-potential decreased down to -

3.4 mV15. Any extensive deviation from the extrusion size is indicative of failed extrusion (dparticle 

>> dextrusion), or failed loading (dparticle << dextrusion). Aggregations may also be quantified using 

DLS. Moreover, the frozen aliquots must be thawed only once, as repeated freeze-thaw cycles 

disrupt the lipid membrane and intraparticular fusion and aggregation (Fig 2.4). As Figure 2.4a 

shows, fusogenic pSiNPs may be stored for 30 days and thawed without causing structural 

changes. However, repeated freeze-thaw cycles of a single aliquot cause severe aggregation (d 

>> 1,000 nm) and within 4 days of the daily cycle (Fig 2.4b), thus it is advised that the particles 

be aliquoted to single-use volumes.   

Fusion may be confirmed by labelling the fusogenic lipids with the lipophilic DiI (Step 

2.2.2), and observing the in vitro localization using confocal microscopy. Figure 2.1d shows 

successful fusion, where the fusogenic pSiNP’s lipids transfer the DiI to the plasma membrane 

and are localized independent of lysosomes. Unsuccessful fusion will show the DiI localization 

within the cell’s cytoplasm and colocalization with lysosomes (Fig 2.1c).  

 

2.9 Discussion and Conclusions 

 Synthesis of porous silicon nanoparticles is shown in Figure 2.5. The critical step in the 

synthesis of fusogenic pSiNPs is in the loading step (step 3). If the fusogenic nanoparticles are 

aggregating post-synthesis (Fig 2.3), the reason may be due to the following: (1) calcium 
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chloride stock was not homogenously prepared, thus step 3.1.2 must be carefully followed or 

refined; or (2) the ratio of pSiNP : siRNA : CaCl2 or the concentration of one or more of the three 

components may not be optimal. Re-optimization starting from the CaCl2 concentration is 

suggested (e.g., altering from 2 M to 1 M or 3 M). Moreover, it is important to make sure that the 

CaCl2 is from the same vendor, as we found that the same chemical from different vendors 

resulted in lower pH at the loading step, and subsequent failure to load the siRNA. The pSiNPs 

may also be concentrated, diluted, or further degraded prior to the loading process by leaving 

the particles suspended in the RNAse-free water for 2 days after step 1.6.6.  

Post-loading, the lipid coating often leads to difficulty in extrusion due to the 

concentration or density of the particles. If the extrusion membrane is clogged, forcing the 

extrusion may rip the membrane. Upon clogging, disassemble the extruder, and replace the 

membrane and the supports with a new set if the loss from clogging is small. If the loss is great, 

then dilute the particle suspension, and sonicate for 30 s prior to extrusion. If the problem 

persists, re-optimization of pSiNP size and loading ratio to minimize aggregates is advised. 

Lastly, we suggest filtering the particle suspension through a 0.22 µm-pore filter to eliminate any 

contaminants or aggregates prior to cell or animal treatment. Filtering is especially advised if the 

particles were synthesized in a non-sterile environment, or after thawing a frozen aliquot of the 

particles.  

The fusogenicity of the particles may be validated by confocal microscopy (as shown in 

Fig 2.1c, d), and by transmission electron microscopy of the cells treated with the particles to 

observe for lipid-shed porous silicon cores in the cytoplasm15. 

The fusogenic pSiNPs and its synthesis protocol have a few limitations. For in vitro gene 

silencing applications, the presented fusogenic pSiNPs have proven to induce >90% 

knockdown efficiency in a range of cell lines at the 100 nM dose; including the Neuro-2a mouse 

neuroblastoma cell line, the CAOV-3 human ovarian cancer cell line, and the notoriously 
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difficult-to-transfect RAW 264.7 mouse macrophage cell line. However, we have observed 

>50% knockdown efficiency at as low as 25 nM dose, which was comparable to that of 

Lipofectamine. While cationic lipids must be used minimally to reduce cytotoxic effect, we have 

previously demonstrated its safety at a lipid dose of as high as 1 mg15. For in vivo gene 

silencing applications, the fusogenic pSiNPs are limited by selectivity. As the cationic lipids 

electrostatically attract to any cell membrane, the particles must be used as a local therapeutic, 

or be surface modified with a targeting moiety (e.g., peptides, antibodies, etc.). The synthesis 

protocol for fusogenic pSiNPs is currently optimized and limited for siRNA delivery only. The 

same method has been verified to successfully load miRNA, and is hypothesized to be able to 

load mRNA, cDNA, and other larger nucleotide payloads, but these have yet to be optimized.  

The presented work makes a significant contribution to the field of gene therapy. The 

standard benchmark for in vitro gene silencing is the Lipofectamine 2000. We have 

demonstrated that the fusogenic pSiNPs can induce knockdown effect of comparable, if not 

higher, efficiencies15. The major advantage of the fusogenic pSiNPs over Lipofectamine 2000 is 

its ability to be used for in vivo applications with systemic injections. While other agents, such as 

Invivofectamine 3.0, have been commercialized for in vivo uses, they are only suitable for liver 

delivery, and require chemically modified siRNAs (with or without overhangs, or in locked 

nucleic acid (LNA) structure) to increase stability and specificity.16-18 However, the fusogenic 

pSiNPs can be modified post-synthesis to conjugate targeting moieties with simple thiol-

maleimide chemistry, wherein a thiol group in the targeting peptide (which carries an extra 

cysteine for this purpose) binds a double-bonded carbon in the maleimide ring at the end of 

PEGylated lipids in the fusogenic coating. Moreover, the high mass loading and delivery efficacy 

to the cell cytoplasm minimizes the necessity for intracellular specificity and attains strong gene 

silencing effect with non-modified siRNAs15. One drawback of the fusogenic pSiNPs is that the 

synthesis protocol is a multi-day process that is more complex than the commercially available 
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transfection agents. However, while the benchmark products must be freshly prepared prior to 

transfection to obtain the best results, the fusogenic pSiNPs may be aliquoted and frozen for at 

least 30 days without diminishing the knockdown efficiency.  

Future applications for this method include optimization for loading and delivery of larger 

nucleic acid payloads, such as mRNAs and cDNAs. Additionally, delivery of the CRISPR/Cas9 

protein-sgRNA complex, or a cocktail of the Cas9 mRNA and sgRNA, is also a development 

option, as the system is optimal for loading anionic payloads. Overall, the F-pSiNP system is a 

modular nanoplatform for gene therapy to treat diseases beyond infections, including viral 

infections, cancer, and autoimmune diseases.  
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2.11 Figures and Tables 

 

 

 

 

  

 
 
Figure 2.1. Fusogenic porous silicon nanoparticle system (F-pSiNP). 
(a) Schematic showing endocytic uptake of conventional nanoparticles and subsequent endosomal 
entrapment. (b) Schematic showing fusogenic uptake of the F-pSiNPs and subsequent cytosolic 
delivery of the siRNA payload. (c) Confocal microscopic image of a CAOV-3 cell that has endocytosed 
non-fusogenic pSiNPs that were loaded with DiI lipophilic dye. CAOV-3 cells were grown to 80% 
confluence in a 6 well-plate, and treated with 10 µL of nanoparticles, and incubated at 37 °C in 5% CO2 
for 15 min. The cells were fixed in 1% paraformaldehyde to be mounted on glass slides with DAPI, 
dried and kept in the dark until examined by confocal microscopy. (D) Confocal microscopic image of a 
CAOV-3 cell that has taken up fusogenic pSiNPs that were loaded with DiI lipophilic dye. Cells were 
pre-stained with LysoTracker Green for 1 h at 37 °C in 5% CO2 according to manufacturer’s 
instructions. The cells were then washed PBS three times, and were treated with 10 μL of DiI-loaded 
particles for 15 min. The cells were washed with PBS three times to remove any particles that were not 
taken up, and the wells were filled with 1 mL of PBS and immediately taken for live-cell imaging by 
confocal microscopy; DAPI represents nuclear stain and Lysosome represents lysosomal staining by 
LysoTracker Green; scale bar represents 10 µm.  
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Figure 2.2. Etch cell setup.  
(a) Schematic showing etch cell components and assembly order; and (b) diagram of setup for 
electrochemical etching of silicon. 
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Figure 2.3. Photograph of final F-pSiNP product.  
(a) Successful synthesis showing homogenous and cloudy solution; (b) unsuccessful synthesis showing 
aggregation of particles (yellow). 
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Figure 2.4. Repeated freeze-thaw cycle of fusogenic pSiNPs cause aggregation.  
(a) Average size and zeta-potential of fusogenic pSiNPs remains steady for 30 days when thawed once 
post-freezing; (b) Average size and zeta-potential of the fusogenic pSiNPs shows signs of aggregation 
and loss of structural integrity within 4 days after undergoing daily freeze-thaw cycles. Error bars 
represent standard deviation (n = 5). 
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Figure 2.5. Diagram of porous silicon nanoparticle synthesis.  
Schematic showing electrochemical etching of silicon wafe, lift-off of the porous layer, sonication of the 
porous layer into particles, and collection of porous silicon nanoparticles. 

 

 

  



 
 

90 
 

Chapter two is, in full, a reprint (with co-author permission) of the material as it appears 

in the following publication: Kim, B., Sailor, M.J. Synthesis, Functionalization, and 

Characterization of Fusogenic Porous Silicon Nanoparticles for Oligonucleotide Delivery. J. Vis. 

Exp. (146), e59440, doi:10.3791/59440 (2019). The author of this dissertation is the primary 

author of this manuscript. 
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Chapter 3:  

Properties and Mechanism of Fusogenic Porous Silicon Nanoparticles  
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3.1 Materials and Methods 

Materials. Highly boron-doped p-type silicon wafers (∼1 mΩ-cm resistivity, polished on 

the (100) face) were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric 

acid (48% aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium 

chloride was obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mΩ) water was 

used for all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], 

(DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (DSPE-PEG-maleimide), and 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) were purchased from Avanti Polar Lipids (Alabaster, AL) and stored at -4ºC. The 

fluorescent lipophilic dyes 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

(DiI) and 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) were obtained from Life 

Technologies, and Lipofectamine® 2000 transfection reagent was obtained from Thermo Fisher 

Scientific. Custom siRNA against luciferase (siLuc) was purchased from Dharmacon (Lafayette, 

CO), and primers were purchased from IDT DNA (San Diego, CA). Silencer ® Pre-designed 

siRNA encoding for PI3Kγ (siPI3Kγ; sequence: GGACCACGAGAGUGUGUUCtt) was 

purchased from Life Technologies, and siGENOME Human REV3L siRNA (siREV3L; sequence: 

CUGCAGAGAGAAUAACCCUGAdTdT) was purchased from Dharmacon. The siRNAs against 

Cav1 (10297), Cltc (107565), Rac1 (120601), Rab11 (122729), Rab5a (120371), Stx6 (121571), 

T-snare (127901), Rab27b (120374) were purchased from Thermo Fisher Scientific (Waltham, 

MA). Targeting peptides (LyP-1 and iRGD) were custom synthesized by CTC Scientific 

(Sunnyvale, CA). For in vitro studies, J774a.1 cells were purchased from ATCC (Manassas, VA) 

within 6 months prior to all experiments. DMEM cell media was purchased from GE Healthcare 

Life Sciences (HyClone, Pittsburg, PA), with supplemental fetal bovine serum (HyClone, 

Pittsburg, PA) and penicillin/streptomycin (HyClone, Pittsburg, PA). The Cell counting kit-8 
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(CCK-8) was purchased from Dojindo Molecular Technologies, Inc. (Rockville, MD). Corning 

Matrigel Membrane Matrix was purchased from Fisher Scientific. Six week-old female athymic 

nu/nu mice were purchased from Envigo (Placentia, CA). 

Preparation of porous silicon nanoparticles. Porous silicon (pSi) samples were 

prepared by electrochemical etching of silicon wafers in an electrolyte consisting of 3:1 (v:v) of 

48% aqueous HF:ethanol (CAUTION: HF is highly toxic and proper care should be exerted to 

avoid contact with skin or lungs). A silicon working electrode with an exposed area of 8.6 cm2 

was contacted on the back side with aluminum foil and mounted in a Teflon cell. The silicon 

wafer was then anodized in a two-electrode configuration with a platinum counter electrode, by 

applying an alternating current of square waveform, with lower current density of 50 mA/cm2 for 

0.6s and high current density of 400 mA/cm2 for 0.36s, repeated for 500 cycles. The resulting 

porous layer was lifted off by application of a constant current density of 3.7 mA/cm2 for 250s in 

a 1:20 (v:v) of 48% aqueous HF:ethanol solution. The porous layer (0.8 mg) was immersed in 

RNAse-free water (2 mL) and subjected to ultrasonic fracture (50T ultrasonic bath, VWR 

International) for 12h to generate the porous silicon (pSi) nanoparticles. Fluorescent dye and 

siRNA payloads were loaded into the pSi nanoparticles by calcium ion-induced precipitation of 

calcium silicate as described previously.1 The oligonucleotide payload was hydrated in RNAse-

free water to generate a 20 µM solution. 150 µL of siRNA was pipetted gently into a solution 

prepared from 150 µL of the pSiNP dispersion and 700 µL of 2M calcium chloride and the 

mixture was subjected to ultrasonication for 15 min. We used siREV3L (GAG AGU ACC UCC 

AGA UUU A), siPI3Kg (GGA CCA CGA GAG UGU GUU Ctt) and siLuc (CUU ACG CUG AGU 

ACU UCG A) for all relevant experiments. 

Fusogenic coating. Fusogenic (FNP) and non-fusogenic (NNP) coatings were prepared 

from DMPC, DSPE-PEG, and DOTAP at molar ratios of 76.2:3.8:20 and 96.2:3.8:20, 

respectively. The lipid films were prepared by evaporating the organic solvent, with 725.5 μg of 
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DMPC, 151.6 μg of DSPE-PEG (methoxy or maleimide terminated), and 196.3 μg of DOTAP 

(fusogenic coating, F, used to prepare fusogenic nanoparticles, or FNPs) or 916.0 μg of DMPC 

and 151.6 μg of DSPE-PEG (methoxy or maleimide terminated) (non-fusogenic coating, NF, 

used to prepare non-fusogenic nanoparticles, or NNPs). To incorporate lipophilic DiI into the 

films, we added 26.3 μg of DiI (1.25 mg/ml in 100% ethanol) to the preparation. The films were 

then hydrated with the payload-containing pSiNP solution and prepared by film 

hydration/extrusion: the pSi-hydrated lipid was heated to 40ºC with constant magnetic stirring 

for 20 min. Then the mixture was extruded through a 200 nm polycarbonate membrane 20 

times.  Targeting peptides (iRGD and LyP-1) was conjugated to maleimide-terminated PEG by 

mixing 100 µL of 1 mg/mL of the peptide (in deionized water) in 1 mL of 1 mg/mL (by lipid mass) 

of the liposomal pSi construct overnight at 4ºC. Particles were washed three times at each step 

by centrifugation in a Microcon-30kDa Centrifugal Filter Unit (EMD Millipore) by spinning at 

5,000g at 25ºC. The loaded siRNA concentration was quantified by NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, ND-2000).  

The alternative formulations to the fusogenic nanoparticles were synthesized in the 

exact same manner as the fusogenic nanoparticles, albeit with different lipid compositions in the 

coating. In the DSPC particle, the composition was DSPC:DOTAP:DSPE-PEG at molar ratio of 

76.2:3.8:20; in the DLPC particle, the composition was DLPC:DOTAP:DSPE-PEG at molar ratio 

of 76.2:3.8:20; in the DOTMA particle, the composition was DMPC:DOTMA:DSPE-PEG at 

molar ratio of 76.2:3.8:20; and in the non-PEGylated particle, the composition was 

DMPC:DOTAP at molar ratio of 76.2:20. Again, we added 26.3 μg of DiI (1.25 mg/mL in 100% 

ethanol) to incorporate lipophilic DiI into the films. All lipids were mixed at concentration of 10 

mg/mL and the organic solvent was evaporated. The films were then hydrated with a solution of 

the payload-containing pSiNPs and prepared by the same abovementioned film 

hydration/extrusion method. 



 
 

95 
 

Nanoparticle size and zeta-potential were measured by dynamic light scattering (DLS, 

Zetasizer ZS90, Malvern Instruments), and structural morphology was visualized with a JEOL 

1200 EX II TEM. Samples were prepared by dropping 5 uL of the sample on the TEM grid, 

drying off excess solvent after 1 min, and dropping 5 µL of uranyl acetate for negative staining.  

In vitro siRNA release. Porous silicon core nanoparticles without lipid coating (pSiNPs), 

FNPs, and NNPs containing 11.9 µg of siPI3Kγ were incubated at 37˚C in 400 µL of PBS. The 

particles were removed from incubation and centrifuged in a Microcon-30kDa Centrifugal Filter 

Unit (EMD Millipore) by spinning at 5,000g at 25ºC for 30 min. The released siRNA 

concentration was quantified by measuring the supernatant in NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, ND-2000). Upon removal of the supernatant, 400 

µL of fresh PBS was used to resuspend the particle pellets. The particles were kept in the 

incubator until each time point when the above measurement steps were repeated. The total 

siRNA release was summed up and averaged over six independent trials.   

Cell culture. CAOV-3 human ovarian adenocarcinoma and J774a.1 murine macrophage 

lines were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, and 

were incubated at 37ºC in 5% CO2.  

Confocal microscopy. All confocal microscopy images are representative of at least 

three independent trials and of at least 1 x 106 cells per slide. Fusion of DiI-loaded or siRNA-

loaded particles was observed by seeding 0.3 x 106 cells on top of 22 mm round coverslips (BD 

Biocoat Collagen Coverslip, 22 mm) in a 6-well plate, growing to 80% confluence, and treating 

the cells with 10 µL of nanoparticles. The particle-treated CAOV-3 cells were incubated at 37℃ 

in 5% CO2 for 15 min, whereas the particle-treated J774a.1 cells were incubated for 5 min. After 

incubation, the cells were washed in PBS three times to remove any particles that were not 

taken up. The cells were fixed in 1% paraformaldehyde (PFA, Santa Cruz Biotechnology) for 10 
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min at 4˚C, then washed with PBS three times. The coverslips were mounted on glass slides 

with ProLong® Diamond Antifade Mountant with DAPI (Life Technologies), dried and kept in the 

dark until examined by confocal microscopy (Zeiss LSM 710 NLO).  

For studies involving lysosome staining, 0.3 x 106 cells were seeded on 35 mm petri 

dishes, and grown to 80% confluence. The cells were pre-stained with LysoTracker Green 

(Thermo Fisher Scientific) for 1h at 37ºC in 5% CO2 according to manufacturer’s instructions. 

The cells were then washed with PBS three times, and then treated with 10 µL of DiI-loaded 

particles for 15 min (CAOV-3) or 5 min (J774a.1) at 37℃ in 5% CO2. The cells were washed 

with PBS three times to remove any particles that were not taken up, and the wells were filled 

with 1 mL of PBS and immediately subjected to live-cell imaging by confocal microscopy (Zeiss 

LSM 710 NLO). Pearson’s correlation coefficient (PCC) for co-localization was calculated using 

the Coloc2 plugin from the ImageJ software package (NIH). At least ten representative images 

were analyzed to obtain the average coefficient. 

For imaging porous silicon core nanoparticles or Cy3-tagged siIRF5 as a model siRNA, 

0.3 x 106 cells were seeded on 35 mm petri dishes, and grown to 80% confluence. The cells 

were treated with 10 µL of DiO-loaded fusogenic or non-fusogenic particles with either Cy3-

tagged or non-tagged siIRF5-loaded pSiNP cores for 15 min at 37℃ in 5% CO2. The cells were 

washed with PBS three times to remove any particles that were not taken up, then fixed in 1% 

paraformaldehyde (PFA, Santa Cruz Biotechnology) for 10 min at 4˚C, then washed with PBS 

three times. The coverslips were mounted on glass slides with ProLong® Diamond Antifade 

Mountant with DAPI (Life Technologies), dried and kept in the dark until examined by confocal 

microscopy (Zeiss LSM 710 NLO). For Cy3 imaging, λex = 550 nm and λem = 580-630 nm band-

pass was used, and for pSiNP imaging, λex = 370 nm and λem = 650 nm long-pass was used. 
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In vitro biomarker studies. For the mechanistic studies involving cellular uptake and 

intracellular trafficking of the DiI-stained lipids on the fusogenic nanoparticles, we seeded 6-well 

plates with 0.3 x 106 CAOV-3 cells on top of coverslips. At 70% confluence, we transfected the 

cells with 100 pmol of siRNAs (against Cav1, Cltc, Rac1, Rab11, Rab5a, Stx6, T-snare, or 

Rab27b) and 5 µL of Lipofectamine 2000 transfection agent per well, as per the manufacturer’s 

instructions. The cells were incubated with the transfectant for 4h at 37˚C in 5% CO2, then 

washed three times with PBS. The wells were replaced with 2 mL of fresh DMEM supplemented 

with 10% FBS and 1% penicillin/streptomycin, and further incubated for 48h. The cells were 

then treated with 10 µL of nanoparticles and incubated at 37°C in 5% CO2 for 15 min, then 

washed with PBS three times, then fixed, dried, and mounted with DAPI as described above. 

For experiments with lysosome staining, the cells were stained with LysoTracker Green for 1h at 

37ºC in 5% CO2 according to the manufacturer’s instructions, prior to particle treatment and live-

cell imaging by confocal microscopy.  

To determine the exocytosis pathway for fusogenic nanoparticles, we used a transwell 

culture system. We seeded 0.1 x 106 CAOV-3 cells in the top well, and placed them on top of an 

empty 6-well plate, and 0.3 x 106 CAOV-3 cells on coverslips were seeded in another 6-well 

plate to serve as the lower well post-inhibition. At 60% confluence, we treated the cells in the 

top wells with 10 µM of Bisindolymaleimide I (BIM I), or 10 µM of GW4869 for 24h at 37ºC in 5% 

CO2, or 100 pmol of siRNA against Rab27b with 5 µL of Lipofectamine 2000 for 4h at 37ºC in 

5% CO2, then washed with PBS three times to be further incubated for 48h. Post-inhibition of 

exocytosis, the cells were treated with particles (10 µL) for 30 min at 37ºC in 5% CO2, then 

washed with PBS three times. The top wells were then transferred to the lower wells in the 6-

well plate with CAOV-3 cultured on the coverslips with fresh DMEM supplemented with 10% 

FBS and 1% penicillin/streptomycin, and further incubated for 48h. The lower well cells were 
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washed with PBS three times, fixed and mounted with DAPI and analyzed by confocal 

microscopy as described above. 

For all particle uptake quantifications, we used Image J software to quantify the 

brightness and area taken up by the DiI signals for each condition. The values were averaged 

over 12 measurements per 10 representative images taken per well. Statistics were performed 

using Student’s paired t-test with α-level of 0.05. 

Statistics. All statistical analyses were performed using single way ANOVA and post 

hoc comparisons using Tukey’s HSD test at p < 0.05, unless otherwise stated. Power analysis 

was performed to estimate the total mouse sample size required for the tumor growth and 

survival studies using the GPower 3.1 software. The analysis was performed using a priori, 

ANOVA: repeated measures, between factors, as the study looks at tumor growth by each 

therapeutic formulation over time. Based on a published study2 (N=32), where the fusogenic 

nanoparticles were intravenously injected for siRNA knockdown in Balb/C mice with bacterial 

infection, the effect size (ES) was calculated to be 11.5, thus set to ‘large’ (0.40) in the 

software’s parameter settings. With α error probability of 0.05 and Power of 0.80, 5 test groups, 

15 measurements (for tumor size), and correlation of 0.3, we determined that a sample size of 

35 mice was adequate for the experiments investigating the therapeutic efficacy of the 

formulations.  

 

 

3.2 Structure and composition of fusogenic nanoparticles (FNPs) 

 The FNPs (Fig 3.1a) consisted of a porous silicon nanoparticle core loaded with siRNA 

(pSiNP), and a fusogenic lipid coating decorated with pendant targeting peptides. The porous 

silicon nanoparticle cores were prepared by electrochemical etch of silicon wafers, and the 
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siRNA payload was loaded into the nanoparticle with the assistance of calcium ion as previously 

described13,14. The calcium ion serves two functions in this preparation. First, it acts to neutralize 

the negative charge of the silicon oxide surface of the pSiNP and the negative charge of the 

nucleic acid15, in a role similar to that played by the cationic polymers or lipids commonly 

deployed in nucleic acid delivery systems9,16-23. Second, partial dissolution of the silicon skeleton 

during the loading procedure generates silicic acid that then forms a precipitate with Ca (II) ions, 

generating a calcium silicate phase that effectively seals the nanostructure and traps the nucleic 

acid payload. This sealing chemistry is remarkably efficient in that it can load up to 25% nucleic 

acid by mass; in the present case the mass loading of siRNA was 10% (defined as mass of 

siRNA loaded relative to mass of siRNA-containing nanoparticle). The nanoparticle was then 

coated with the fusogenic lipid coating and the targeting peptide of interest was coupled to the 

PEG component of this coat via a terminal maleimide group; for non-targeted particles we used 

PEG with a methoxy terminus (mPEG). The overall hydrodynamic diameter of the resulting 

FNPs was 170 nm, and the zeta potential was +9 mV when mPEG was used. For the 

formulations that contained a peptide targeting group, the zeta potential was closer to neutral 

(Table 3.1). The siRNA-loaded particles were stable when stored at -80˚C for > 1 month with no 

loss of functionality14. 

 

3.3 Factors favoring cellular membrane fusion vs. endocytosis 

 The lipids that comprised the fusogenic coating were selected based on the known 

ability of liposomes with the composition used to fuse with the cellular membrane and avoid 

endocytosis9,10,24,25; we assumed that the composition would behave similarly if the final 

liposomal construct contained a core of solid nanoparticles.  Each lipid component plays a role 

in plasma membrane fusion (Table 3.2)10. First, DMPC is the major structural component, with a 
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phase transition temperature (24˚C) below the physiological temperature (37˚C). This property 

allows the lipids to be in a fluidic liquid crystal phase (Lα) in vivo, which is the phase to which 

endogenous extracellular vesicles transition when fusing26. We selected DSPC (Tph= 55˚C) and 

DLPC (Tph= -2˚C) as alternative lipids to test for the importance of lipid phase in the fusion 

process. Second, cationic DOTAP serves to attract the negatively charged plasma membrane; 

another widely used cationic lipid, DOTMA, was selected as an alternative. The key difference is 

that, while DOTAP becomes completely protonated and more cationic at the physiologic pH of 

7.4, DOTMA does not26. Finally, polyethylene glycol (PEG) is hypothesized to interact with 

cellular surface proteins in a manner akin to the endogenous SNARE proteins27,28. To test the 

influence of the PEG component, one alternative test formulation contained no PEGylated lipid.  

The above formulations were used to probe the mechanism of cellular uptake in vitro, 

using CAOV-3 human ovarian adenocarcinoma cells. For these tests we used a methoxy group 

rather than a specific targeting peptide conjugated to the PEGylated lipid component. Figures 

3.1b-f show confocal images of CAOV-3 cells treated with FNPs or with the alternative lipid 

compositions. When loaded with the lipophilic DiI fluorophore as a stain for the lipid membrane, 

FNPs demonstrated fusion and transfer of DiI into the plasma membrane (Fig 3.1b). When the 

cells were stained with LysoTracker Green, we observed minimal co-localization between the 

DiI lipid stain and the lysosomes (Pearson’s correlation coefficient, or PCC = 0.08), indicating 

that the FNPs did not undergo endocytosis. However, when we replaced the DMPC component 

with DSPC (which has a higher Tph and is in the Lβ gel phase at 37°C), we observed 

endocytosis and co-localization between the lysosomes and the lipid stain (PCC= 0.51; Fig 

3.1c). On the other hand, when DLPC (which has lower Tph and is in the Lα liquid crystalline 

phase at 37°C) was used, we observed an overall lower level of DiI loading into the particle 

coating (data not shown). This result can be ascribed to the lower stability of the particles, as 

the DLPC lipids are expected to remain in a more fluidic state at during particle synthesis and at 
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physiologic temperature due to their low phase transition temperature (Tph= -2˚C). Despite the 

lower degree of dye loading, membrane fusion was still observed, although the formulation 

showed substantial co-localization between the lysosomes and the lipid stain compared with the 

FNP formulation (PCC=0.20; Fig 3.1d). Taken together, the data indicate that the fluidity of the 

lipid is important for effective membrane fusion; if the lipid is in the more rigid gel phase it is 

readily endocytosed and if it is in a more fluid state the entire construct is less stable during 

synthesis.  

Next, we observed the uptake of particles where DOTAP was replaced by DOTMA. Due 

to the decrease in degree of protonation of the lipid, the overall zeta potential of the final particle 

was less positive. As a result, there was a marked reduction in particle uptake, although the 

particles that were taken up underwent fusion, as determined by the relatively low degree of co-

localization observed between the lysosomes and the lipid stain (PCC= 0.14; Fig 3.1e). Thus, 

consistent with much prior work, the higher positive charge facilitates uptake and fusion due to 

the electrostatic attraction between the cationic FNPs and the anionic plasma membrane29,30.  

Finally, the formulation lacking DSPE-PEG was observed to have a high degree of co-

localization between the lysosomes and the lipid stain suggesting extensive endocytosis 

(PCC=0.46; Fig 3.1f). As has been described previously for PEGylated nanoparticles and akin 

to the endogenous SNARE mechanism27,28, the data are consistent with the hypothesis that 

PEG assists in dehydrating the gap between the fusogenic lipid coating on the nanoparticle and 

the plasma membrane on the cell, making lipid fusion energetically and structurally favorable.  

From the above studies we can conclude that there are at least three factors favoring 

fusion of the FNPs with the plasma membrane: (1) a substantial portion (>70% molar ratio) of 

the composition must have a moderately low phase transition point near room temperature; (2) 
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the overall zeta potential of the lipid composition must be cationic (~10 mV); and (3) PEG or an 

equivalent dehydrating agent must be present in the lipid formulation.  

 

3.4 Cellular uptake of FNPs 

We next investigated the impact of inhibition of the major endocytic pathway mediators3,4 

— caveolin (Cav1), clathrin (Cltc), and macropinocytosis (Rac1) — on cellular uptake of FNPs 

(Fig 3.2, pathway #1). The degree of uptake of the FNPs was compared to a non-fusogenic 

nanoparticle construct (NNPs; identical structure as FNPs, but with a lipid coating that is not 

fusogenic, see Methods section). The data are shown in Fig 3.3a and the corresponding 

confocal images are shown in Fig 3.4. For all three markers, we found that while non-fusogenic 

nanoparticles showed a significant decrease in uptake, the fusogenic nanoparticles were taken 

up at levels equivalent to the non-transfected control, and at significantly higher quantities than 

the NNPs (paired t-test; p= 0.024 (Cav1); = 0.031 (Cltc); and = 0.002 (Rac1)). Thus, we 

conclude that fusogenic FNPs are taken up via pathways that are independent of endocytosis.  

In order to determine whether specific biological markers and pathways exert influence 

on the fusogenic uptake of the FNPs, other major markers of cellular uptake and metabolism of 

lipids were studied (Fig 3.2). A summary of the pathways investigated is given in the table 

shown in Fig 3.2.  

After validating that FNPs are taken up through fusogenic uptake in CAOV-3 cells in a 

manner that is independent of the major endocytosis pathways (clathrin-, caveolin-mediated 

uptake, or macropinocytosis), we next asked whether fusogenic uptake of FNPs is dependent 

on other major markers of cellular traffic of lipids.  
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We studied Rab11 and Rab5A markers, which regulate intracellular vesicle traffic (Fig 

3.2, pathway #2), and investigated their impact on the uptake pathway of DiI-loaded FNPs (Fig 

3.5a) and quantified the uptake (Fig 3.5b). While Rab5A is often found on early endosomes, 

Rab11 is primarily found in recycling endosomes.1-3 When we silenced Rab5A or Rab11, we 

observed fusogenic uptake of FNPs, as evidenced by the lack of co-localization between the DiI 

and the lysosomes. As Rab5A silencing depletes early endosomes and decreases endocytosis4, 

and Rab11 silencing prevents accumulation of recycling endosomes within the cell1-3; thus we 

confirmed that fusogenic delivery is independent of endocytic pathways and that it does not 

share the same intracellular fate as endocytosed materials.  

On the other hand, we observed strong differences when we silenced Stx6, T-snare, and 

Rab27b to deplete intracellular vesicle fusion (Fig 3.2, pathway #3). Inhibition of these markers 

induced colocalization between DiI and lysosomes, although the reason for the endocytosis of 

FNPs remains unclear. One conjecture is that inhibition of endogenous fusion mechanisms 

locks the plasma membrane in the rigid Lβ gel phase, preventing fusion with intra- and 

extracellular vesicles and particles. One common observation across all vesicle traffic and 

fusion markers was that their silencing reduced the overall particle uptake (Fig 3.5b), which is 

consistent with the literature on these markers.5,6  

Lastly, we studied the exocytosis markers (Fig 3.2, pathway #4) using a transwell 

system. Based on literature reports, fusogenic liposomes may be recycled into microvesicles or 

exosomes.7 Therefore, we inhibited exocytosis using chemical inhibitors (bisindolymaleimide I, 

GW4869) or siRNA against Rab27b in the top well of cells, then treated the inhibited cells with 

DiI-loaded FNPs or NNPs. We quantified the amount of DiI transferred from the top well of cells 

to the lower well of naïve cells (Fig 3.6a) using confocal microscopic images (Fig 3.6b).  
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Rab27b regulates trafficking of multivesicular endosomes (MVEs; intracellular vesicles 

that are excreted as exosomes).8,9 When Rab27b was silenced, we observed decrease in the 

transfer of lipophilic DiI from the top to lower well of cells in both fusogenic and non-fusogenic 

particle treatments. This observation correlates with literature, which found that Rab27b 

silencing directs MVEs to the perinuclear region, and away from the plasma membrane and 

excretion.9 The second inhibitor, bisindolymaleimide I (BIM I), is a protein kinase C inhibitor that 

prevents phosphorylation of t-SNARE and suppresses intracellular vesicle fusion to the plasma 

membrane for excretion.10-13 When this excretion pathway was blocked, both FNPs and NNPs 

decreased transfer of the lipophilic payload from the top to lower well of cells. Lastly, GW4869 

blocks neutral sphingomyelinase from activating the inward budding and excretion of MVEs; 

although the specific role of sphingomyelinase in exosomal secretion remains unclear.14-16 

When cells were treated with GW4869, NNPs showed decrease in the lipophilic DiI transfer to 

the lower wells. However, FNPs maintained the DiI transfer level compared to the control, and 

attained significantly higher transfer rate than the NNPs (paired t-test; p= 0.005). Thus, we 

conclude that payloads from fusogenic particles are likely excreted in protein kinase C- and 

Rab27b-dependent, but sphingomyelinase-independent manner (Fig 3.2, pathway #4).  

Particles loaded with calcein as a model payload for siRNA were also treated to cells in 

the transwell, and while the lower chamber cells of NNP-treated transwell showed no signal, 

that of the FNP-treated transwell showed highly diluted calcein signal in the cytoplasm (data not 

shown), which correlates with literature.21 Fig 3.7 shows that targeting peptides are transferred 

with the lipophilic DiI payload regardless of the particle uptake pathway (fusogenic vs. non-

fusogenic) in the upper chamber of cells, as the the FAM-conjugated peptide and DiI signals 

were found to co-localize in the cytoplasm of the cells cultured in the lower chamber of the 

transwell.  
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Overall, we observed that FNPs were able to undergo fusogenic uptake in a manner 

independent of the major known endocytosis or vesicle traffic pathways, but their uptake was 

highly dependent on mediators of intracellular vesicle fusion. It should be stressed that these 

results remain primarily phenomenological, because while the biological mechanism of these 

proteins on a molecular scale are elucidated (e.g. SNARE protein interaction), the interactions 

between the selected pathways and lipid dynamics are not known at this time, and there may be 

additional cellular uptake pathways as yet unidentified. However the data clearly show that the 

FNPs enter the cell in a manner that bypasses endocytosis.         

 

3.5 Intracellular fate of FNP components  

 We evaluated the fate of the three major components of the FNP platform: (1) the 

fusogenic lipid coating; (2) the porous silicon nanoparticles in the core; and (3) the siRNA 

payload.  We started with the hypothesis that the particles dissolve and release their siRNA 

payload upon shedding their lipid coats. Porous silicon nanoparticles that lacked a lipid coating 

(pSiNPs) dissolved and released 70% of their siRNA payload within the first 30 min of 

incubation in PBS at 37°C, and 90% was released within 6 h (Figure 3.3b). In contrast, the lipid-

coated nanoparticles (either FNPs or NNPs) released very little (5%) siRNA in the first 30 min, 

and only 25% was released in 24 h. The particles released ~75% of their total siRNA payload 

after 168 h (7 days) of incubation, a factor of >300 fold slower than what was observed for the 

particles without a lipid coat.  Complete release from the lipid-coated nanoparticles was 

achieved by 336 h (14 days). Thus, the lipid coating substantially impedes porous silicon 

dissolution and siRNA release under physiological conditions. This is a striking result 

considering the substantial leakage that is typically observed from conventional liposomal 

formulations that contain an aqueous core31-34, and illustrates the advantage of locking the 

otherwise highly soluble siRNA payload into a solid core35-37.  
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We next tracked the intracellular fate of the components, using CAOV-3 cells in a series 

of in vitro experiments.  Cells were treated with DiO-loaded fusogenic (FNP; Fig 3.3c) or non-

fusogenic (NNP; Fig 3.3d) lipid-coated pSiNPs that contained an siRNA payload. DiO is a 

lipophilic green fluorescent dye, used here to track the lipid component of the FNPs, and the 

siRNA was tracked with a pendant red Cy3 tag. The pSiNPs were tracked using their intrinsic 

red to NIR photoluminescence, which derives from quantum-confined silicon38.  This provided a 

direct measure of the extent of dissolution of the silicon nano-carrier, as the photoluminescence 

disappears when the nanoparticles dissolve39. The FNPs showed clear dispersion of the Cy3-

tagged siRNA in the cell cytosol post-fusion, whereas the DiO affiliated with the lipid 

components was retained in the cell membrane (Fig 3.3c). A similar experiment was performed 

using an siRNA payload without the red Cy3 tag and monitoring the red emission from the 

pSiNPs. Signals from the pSiNPs, readily observable in cell-free media, were not visible after 

fusion with the cells (Fig 3.3d). This indicates that the nano-carrier was rapidly degraded upon 

encounter with the cells, presumably a result of shedding of its fusogenic lipid coating. In 

contrast, signals from the pSiNPs were prominent in cells treated with non-fusogenic NNPs (Fig 

3.3d), which enter the cell via endocytosis. The non-fusogenic NNPs showed strong co-

localization of the red pSiNP signal with the DiO signal from the lipid, indicating that the lipid 

coat around the pSiNPs was retained upon endocytosis (Fig 3.3d). In separate experiments the 

DiO signal was found to co-localize with the Cy3 signal from a suitably labeled siRNA payload, 

showing that the endocytosed NNPs were not able to release the siRNA payload into the 

cytosol. These data support the mechanism given in Fig 3.1a, in which the fusogenic coating is 

shed upon encounter with the cell membrane, and the pSiNPs carrying their siRNA payload are 

delivered directly into the cellular cytoplasm.  Once they lose their protective lipid coating, the 

pSiNPs dissolve rapidly, releasing their siRNA payload. When a non-fusogenic coating is used, 

the particles become endocytosed, which permits the lipid coat to remain intact and prevents 
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pSiNP degradation and siRNA release. Thus, the conditional shedding of the lipid coating 

around the pSiNP core via fusogenic uptake is critical to cytosolic release of siRNA. 

 

3.6 Discussion and Conclusions  

 A primary goal of this study was to understand the mechanism by which the FNPs 

operate. We showed that the lipid composition has a direct influence on its behavior, and that a 

combination of properties (fluidity, cationic charge, and PEGylation) allows for plasma 

membrane fusion and endocytic bypass. Biological inhibitor studies showed that FNPs behave 

independent of typical endocytic pathways and intracellular vesicle traffic markers. However, 

vesicle fusion and certain exocytosis pathways were found to influence the fate of FNPs. The 

exact mechanism by which the fusogenic coating interacts with these markers remains to be 

seen, as the extent of existing knowledge regarding these cellular pathways is limited.  
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3.8 Figures and Tables  

 
 
Figure 3.1. Fusogenic nanoparticles (FNPs) are able to deliver payloads directly into the 
cytoplasm by fusion with the cellular plasma membrane.  
(a) Schematic of FNP structure and hypothesized uptake pathway in cells. pSiNP stands for porous 
silicon nanoparticles, siRNA represents a double stranded RNA construct, RNAi stands for ribonucleic 
acid interference, and PEG is a polyethylene glycol oligomer. Inset shows transmission electron 
microscope image of FNPs with 2% uranyl acetate negative staining. Scale bar represents 100 nm; 
(b-f) confocal microscope images showing the effect of replacing various lipid constituents on the 
ability of the nano-constructs to infiltrate CAOV-3 cells: (b) FNPs, the optimized lipid formulation used 
in this study; (c) DMPC replaced with DSPC; (d) DMPC replaced with DLPC; (e) DOTAP replaced 
with DOTMA; and (f) elimination of DSPE-PEG. For these experiments no targeting peptide was used; 
instead, the terminus of the PEGylated lipid component was methoxy (mPEG) rather than a peptide. 
All formulations contained the DiI membrane dye in the lipid coat, and cells were stained with either 
DAPI nuclear stain or the LysoTracker Green lysosomal compartment stain ("Lyso"). Scale bar 
represents 10 µm. 
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Figure 3.2. Schematic showing the summary of cellular pathways and markers, and their 
influence on uptake of FNPs.  
For each pathway 1-4, the relevant genes that were inhibited are listed in red, as well as in the table. 
The resulting effect the marker downregulation had on the FNPs is listed as Y (fusogenic uptake) or N 
(endocytic uptake), and the extent of the effect is listed in the Uptake column. Thus in Pathway 1 
(Endocytosis), when expression of the endocytosis marker "Clathrin (cltc)" was inhibited, the FNPs 
were still observed to fuse ("Y"), and the cellular uptake was the same as for control cells where 
clathrin expression was not inhibited ("Normal"). The Transfer column indicates the extent of dye 
uptake in the cells of the lower chamber in a transwell system, when the exocytosis from cells in the 
upper chamber was inhibited. 
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Figure 3.3. Lipid coating of FNPs protect siRNAs from leakage, and allow for cytosolic release 
upon fusion and pSiNP degradation.  
(a) Uptake quantification of DiI-loaded FNPs and NNPs administered to CAOV-3 cells that were 
depleted of major markers of endocytosis (cav1, cltc, rac1); (b) in vitro cumulative release over time of 
siPI3Kγ from pSiNPs (porous silicon nanoparticles loaded with siPI3Kγ without lipid coating), NNPs 
(non-fusogenic nanoparticles loaded with siPI3Kγ), and FNPs (fusogenic nanoparticles loaded with 
siPI3Kγ). Cumulative release measured by siRNA absorbance measured in the supernatant after 
centrifugal separation of nanoparticles. Error bars represent n=6; (c) confocal microscope images of 
CAOV-3 cells treated with FNPs. Left panel shows cells treated with FNPs loaded with lipophilic DiO 
(green) in the lipid shell and cy3-siIRF5 (red) in the porous silicon core. Right panel shows cells 
treated with FNPs loaded with lipophilic DiO (green) and (non-labeled) siIRF5-loaded porous silicon 
core (red indicates intrinsic photoluminescence from the Si core); (d) confocal microscope images of 
CAOV-3 cells treated with NNPs. Left panel shows cells treated with NNPs loaded with lipophilic DiO 
(green) in the lipid shell and cy3-siGFP (red) in the porous silicon core, and right panel shows cells 
treated with NNPs loaded with lipophilic DiO (green) and siGFP-loaded porous silicon core (red 
indicates intrinsic photoluminescence from the Si core). Error bars represent standard deviation of 
n=6; Scale bar represents 5 µm. 
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Figure 3.4. Confocal microscope images of CAOV-3 cells that were depleted of major markers of 
endocytosis (cav1, cltc, rac1) 
Post depletion, cells were treated with DiI-loaded FNPs and NNPs. FNPs are full fusogenic 
nanoparticles, consisting of porous Si nanoparticles loaded with an irrelevant siRNA via calcium silicate 
chemistry and coated with the fusogenic lipid (DMPC:DSPE-PEG:DOTAP, molar ratio 76.2:3.8:20).  
The PEGylated lipid component contained a methoxy terminus rather than a specific targeting peptide.  
NNPs are non-fusogenic nanoparticles, prepared identically to the FNPs except using a "conventional" 
lipid formula of DMPC and DSPE-PEG in the mole ratio 96.2:3.8. Cells were stained with DAPI nuclear 
stain. Scale bar represents 10 µm. 
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Figure 3.5. CAOV-3 cells that were depleted of major markers of vesicle traffic markers (rab11, 
rab5a) or vesicle fusion markers (stx6, t-snare, rab27b). 
(a) Confocal microscope images of CAOV-3 cells depleted of vesicle traffic markers (rab11, rab5a) or 
vesicle fusion markers (stx6, t-snare, rab27b). Cells were treated with DiI-loaded FNPs and stained 
with either DAPI nuclear stain (top row) or the LysoTracker Green lysosomal compartment stain 
(bottom row). Scale bar represents 10 µm; (b) Image J quantification of DiI fluorescence signal found in 
CAOV-3 cells that were treated with DiI-loaded FNPs. The cells were depleted of vesicle traffic markers 
(rab11, rab5a) or vesicle fusion markers (stx6, t-snare, rab27b) prior to particle treatment. Bars 
represent standard deviation with n=6. * represents significant difference of p<0.05 based on One-way 
ANOVA with Tukey's HSD test. 
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Figure 3.6. Analysis of particle intercellular transfer by exocytosis. 
(a) Quantification of transfer of the DiI signal into the lower chamber of a transwell system from the 
upper chamber containing CAOV-3 cells. Exocytosis was inhibited in the cells in the upper chamber by 
depletion of rab27b or by treatment with bisindolylmaleimide  I (BIM I) or with GW4869. Bars represent 
standard deviation with n=10. *** represents paired t-test with p<0.05; (b) Confocal microscopic images 
of CAOV-3 cells in the lower chamber of transwell system. Exocytosis was inhibited in the upper 
chamber cells by depletion of rab27b or treatment of bisindolymaleimide I (BIM I) or GW4869. The 
upper chamber cells were then treated with DiI-loaded NNPs (top row) or FNPs (bottom row). Red DiI 
signals represent transfer of the dye delivered in the upper chamber to the lower chamber through 
exocytosis. Cells were stained with DAPI nuclear stain. Scale bar represents 10 µm. 
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Figure 3.7. Confocal microscopic images of CAOV-3 cells (left and center columns) and J774a.1 
macrophage cells (right column) in the lower chamber of transwell system. 
The upper chamber cells were treated with DiI-loaded NNPs (top row) or FNPs (bottom row) that were 
conjugated with FAM-tagged iRGD or LyP-1 targeting peptides. Red DiI and green FAM signals 
represent transfer of the dyes delivered in the upper chamber to the lower chamber through exocytosis. 
Cells were stained with DAPI nuclear stain. Scale bar represents 10 µm. 
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Table 3.1. Hydrodynamic diameter and zeta potential of the particle formulations measured by 
dynamic light scattering (DLS).  
Data is representative of n=8. pSiNP represents the nanoparticle consisting of a porous silicon 

nanoparticle framework that was then loaded with the siRNA payload through the agency of calcium ion-

silicate precipitation.  The resulting pSiNP consisted of a porous silicon framework with a silicon oxide 

skin, and the siRNA (approximately 10% by mass) was resident in the pores along with a calcium silicate 

binder.  The synthesis of this particle is described in the methods section.  FNP represents the above 

pSiNP nanoparticles coated with the fusogenic lipid, but with no targeting peptide attached to the 

PEGylated lipid component of the lipid (PEGylated lipid in the FNP construct contained a methoxy group 

on the distal end of the PEG). The fusogenic lipid composition is given in Table 3. The T-FNP and C-FNP 

constructs contained iRGD or Lyp-1 peptides, respectively, grafted to the distal end of the PEG via 

maleimide coupling chemistry.   

Particle Size (nm) Zeta-potential (mV) 

pSiNP 57.9 ± 14.3 -23.2 ± 3.7 

FNP 171.9 ± 12.3 9.1 ± 0.8 

T-FNP 207.9 ±18.7 -3.6 ± 1.2 

C-FNP 208.5 ± 17.1 -1.7 ± 0.6 
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Table 3.2. Composition of nanoparticles and hypothesized roles of lipid components. 
Composition of the fusogenic and non-fusogenic nanoparticles in terms of molar ratio. Hypothesized role 

of each lipid and the alternative lipid used as a replacement in the mechanistic studies is indicated. 

Lipid Composition (Molar Ratio) 

 DMPC DOTAP DSPE-PEG 

Fusogenic 76.2 20 3.8 

Non-

fusogenic 
96.2 0 3.8 

Hypothesized 

Role 

 Low phase transition 

temperature (Tph= 24˚C) 

 Allows for liquid crystal 

phase in physiological 

conditions 

 Cationic lipid for 

attraction to plasma 

membrane 

 For dispersion and 

stealth 

 Hypothesized to act as 

a bridge linker akin to 

v-SNARE 

Alternative 

Lipid 

 DSPC  (Tph= 55˚C) 

 DLPC (Tph= -2˚C) 
 DOTMA  No PEG 
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Chapter three, in full, has been submitted for publication of the material as it may appear 

in Kim, B., Varner, J.A., Howell, S.B., Ruoslahti, E., Sailor, M.J. Securing the Payload, Finding 

the Cell, Avoiding the Endosome: Peptide-Targeted, Fusogenic Porous Silicon Nanoparticles for 

More Effective Delivery of siRNA Therapies. Adv Mater. Submitted. The author of this 

dissertation was the primary author of the material. 
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Fusogenic Porous Silicon Nanoparticles for Combination Therapy in 

Peritoneal Carcinomatosis of Ovarian Cancer 
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4.1 Abstract  

Despite the promise of RNAi therapeutics, the delivery of oligonucleotides selectively to 

diseased tissues in the body, and specifically to the cellular location in the tissues needed to 

provide optimal therapeutic outcome, remains a significant challenge. Here we identify key 

material properties and biological mechanisms for delivery of siRNAs to effectively silence 

target-specific cells in vivo.  Using porous silicon nanoparticles as the siRNA host, tumor-

targeting peptides for selective tissue homing, and fusogenic lipid coatings to induce fusion with 

the plasma membrane, we show that the uptake mechanism can be engineered to be 

independent of common receptor-mediated endocytosis pathways. We provide two examples 

demonstrating the potential broad clinical applicability of this concept in a mouse model of 

peritoneal carcinomatosis of ovarian cancer: silencing of cancer chemoresistance by inhibition 

of the Rev3l subunit of the DNA repair polymerase Pol ζ; and suppressing cancer immunity by 

reprogramming tumor-associated macrophages into a pro-inflammatory state. 

 

4.2 Introduction  

Of the ~100 FDA-approved anticancer drugs,1 about 40% are cytotoxic agents and 60% 

are inhibitors of oncogenic pathways.1  As the discovery of key oncogenic markers and 

pathways has progressed, siRNAs have emerged as a promising class of drugs to transiently 

silence oncogenic mutations. Despite the tremendous worldwide effort expended in the 

development of siRNA-based therapeutics over more than 15 years, substantial challenges 

have limited their clinical translation. The first siRNA-based drug was approved only in the last 

year, and that only for treatment of a rare hereditary disease2; there is currently no approved 

cancer therapeutic based on siRNA. A primary obstacle in this endeavor has been the lack of 



 
 

124 
 

delivery vehicles that can overcome in vivo clearance and cellular degradation via endocytosis3-

5.  

One of the early proposed solutions to the problem of endocytosis and subsequent 

lysosomal degradation of siRNA was delivery via fusogenic liposomes6. Fusogenic liposomes 

directly fuse with the cell membrane, bypassing endocytotic uptake pathways7,8. While they 

have shown promise as delivery vehicles for RNAi therapeutics9, liposomes suffer from a 

generally low capacity for nucleic acid therapeutics10 and leakage of their payloads either in 

storage or in vivo11. We recently demonstrated a delivery system that harnessed a fusogenic 

lipid, which employed a solid porous silicon nanoparticle (pSiNP) core. The system capitalized 

on the relatively high loading of siRNA12 into pSiNPs that can be accomplished via a calcium ion 

precipitation strategy13, which stabilized the siRNA payload and minimized leakage. When 

grafted with the appropriate homing peptide, the fusogenic nanoparticles (FNPs) showed a 

strong in vivo gene silencing effect specific to macrophages10. While it showed good efficacy 

against a S. aureus lung infection model, the mechanism of cellular penetration and trafficking 

was not established, and the applicability of this approach to other cell types and diseases 

remained unclear. Here, we evaluate the mechanism of action of the FNPs, and conclude that it 

is generalizable to other cell types, provided the targeting peptide is sufficiently specific. We 

then validate its clinical applicability as a platform technology by demonstrating two separate 

siRNA therapeutics against peritoneal carcinomatosis of ovarian cancer, intercepting two very 

different oncogenic pathways: (1) a cancer cell-targeting fusogenic nanoparticle (C-FNP) that 

sensitizes cells to platinum (Pt)-based chemotherapy by suppressing their DNA repair 

machinery; and (2) a tumor-associated macrophage (TAM)-targeting fusogenic nanoparticle (T-

FNP) that reprograms the immune system to enhance T-cell infiltration and downregulate 

immunosuppression.  
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4.3 Materials and Methods 

Materials. Highly boron-doped p-type silicon wafers (∼1 mΩ-cm resistivity, polished on 

the (100) face) were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric 

acid (48% aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium 

chloride was obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mΩ) water was 

used for all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], 

(DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (DSPE-PEG-maleimide), and 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) were purchased from Avanti Polar Lipids (Alabaster, AL) and stored at -4ºC. The 

fluorescent lipophilic dyes 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

(DiI) was obtained from Life Technologies, and Lipofectamine® 2000 transfection reagent was 

obtained from Thermo Fisher Scientific. Custom siRNA against luciferase (siLuc) was 

purchased from Dharmacon (Lafayette, CO), and primers were purchased from IDT DNA (San 

Diego, CA). Silencer ® Pre-designed siRNA encoding for PI3Kγ (siPI3Kγ; sequence: 

GGACCACGAGAGUGUGUUCtt) was purchased from Life Technologies, and siGENOME 

Human REV3L siRNA (siREV3L; sequence: CUGCAGAGAGAAUAACCCUGAdTdT) was 

purchased from Dharmacon. Targeting peptides (LyP-1 and iRGD) were custom synthesized by 

CTC Scientific (Sunnyvale, CA). For in vitro studies, J774a.1 cells were purchased from ATCC 

(Manassas, VA) within 6 months prior to all experiments. DMEM cell media was purchased from 

GE Healthcare Life Sciences (HyClone, Pittsburg, PA), with supplemental fetal bovine serum 

(HyClone, Pittsburg, PA) and penicillin/streptomycin (HyClone, Pittsburg, PA). The Cell counting 

kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies, Inc. (Rockville, MD). 

Corning Matrigel Membrane Matrix was purchased from Fisher Scientific. Six week-old female 

athymic nu/nu mice were purchased from Envigo (Placentia, CA). 
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Preparation of porous silicon nanoparticles. Porous silicon (pSi) samples were 

prepared by electrochemical etching of silicon wafers in an electrolyte consisting of 3:1 (v:v) of 

48% aqueous HF:ethanol (CAUTION: HF is highly toxic and proper care should be exerted to 

avoid contact with skin or lungs). A silicon working electrode with an exposed area of 8.6 cm2 

was contacted on the back side with aluminum foil and mounted in a Teflon cell. The silicon 

wafer was then anodized in a two-electrode configuration with a platinum counter electrode, by 

applying an alternating current of square waveform, with lower current density of 50 mA/cm2 for 

0.6s and high current density of 400 mA/cm2 for 0.36s, repeated for 500 cycles. The resulting 

porous layer was lifted off by application of a constant current density of 3.7 mA/cm2 for 250s in 

a 1:20 (v:v) of 48% aqueous HF:ethanol solution. The porous layer (0.8 mg) was immersed in 

RNAse-free water (2 mL) and subjected to ultrasonic fracture (50T ultrasonic bath, VWR 

International) for 12h to generate the porous silicon (pSi) nanoparticles. Fluorescent dye and 

siRNA payloads were loaded into the pSi nanoparticles by calcium ion-induced precipitation of 

calcium silicate as described previously.1 The oligonucleotide payload was hydrated in RNAse-

free water to generate a 20 µM solution. 150 µL of siRNA was pipetted gently into a solution 

prepared from 150 µL of the pSiNP dispersion and 700 µL of 2M calcium chloride and the 

mixture was subjected to ultrasonication for 15 min. We used siREV3L (GAG AGU ACC UCC 

AGA UUU A), siPI3Kg (GGA CCA CGA GAG UGU GUU Ctt) and siLuc (CUU ACG CUG AGU 

ACU UCG A) for all relevant experiments. 

Fusogenic coating. Fusogenic (FNP) and non-fusogenic (NNP) coatings were prepared 

from DMPC, DSPE-PEG, and DOTAP at molar ratios of 76.2:3.8:20 and 96.2:3.8:20, 

respectively. The lipid films were prepared by evaporating the organic solvent, with 725.5 μg of 

DMPC, 151.6 μg of DSPE-PEG (methoxy or maleimide terminated), and 196.3 μg of DOTAP 

(fusogenic coating, F, used to prepare fusogenic nanoparticles, or FNPs) or 916.0 μg of DMPC 

and 151.6 μg of DSPE-PEG (methoxy or maleimide terminated) (non-fusogenic coating, NF, 
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used to prepare non-fusogenic nanoparticles, or NNPs). To incorporate lipophilic DiI into the 

films, we added 26.3 μg of DiI (1.25 mg/ml in 100% ethanol) to the preparation. The films were 

then hydrated with the payload-containing pSiNP solution and prepared by film 

hydration/extrusion: the pSi-hydrated lipid was heated to 40ºC with constant magnetic stirring 

for 20 min. Then the mixture was extruded through a 200 nm polycarbonate membrane 20 

times.  Targeting peptides (iRGD and LyP-1) was conjugated to maleimide-terminated PEG by 

mixing 100 µL of 1 mg/mL of the peptide (in deionized water) in 1 mL of 1 mg/mL (by lipid mass) 

of the liposomal pSi construct overnight at 4ºC. Particles were washed three times at each step 

by centrifugation in a Microcon-30kDa Centrifugal Filter Unit (EMD Millipore) by spinning at 

5,000g at 25ºC. The loaded siRNA concentration was quantified by NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, ND-2000).  

Cell culture. CAOV-3 human ovarian adenocarcinoma and J774a.1 murine macrophage 

lines were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, and 

were incubated at 37ºC in 5% CO2.  

Confocal microscopy. All confocal microscopy images are representative of at least 

three independent trials and of at least 1 x 106 cells per slide. Fusion of DiI-loaded or siRNA-

loaded particles was observed by seeding 0.3 x 106 cells on top of 22 mm round coverslips (BD 

Biocoat Collagen Coverslip, 22 mm) in a 6-well plate, growing to 80% confluence, and treating 

the cells with 10 µL of nanoparticles. The particle-treated CAOV-3 cells were incubated at 37℃ 

in 5% CO2 for 15 min, whereas the particle-treated J774a.1 cells were incubated for 5 min. After 

incubation, the cells were washed in PBS three times to remove any particles that were not 

taken up. The cells were fixed in 1% paraformaldehyde (PFA, Santa Cruz Biotechnology) for 10 

min at 4˚C, then washed with PBS three times. The coverslips were mounted on glass slides 

with ProLong® Diamond Antifade Mountant with DAPI (Life Technologies), dried and kept in the 

dark until examined by confocal microscopy (Zeiss LSM 710 NLO).  
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In vitro siRNA silencing. In vitro knockdown efficiencies of the nanoformulations were 

quantified using two-step quantitative real-time reverse transcription polymerase chain reaction 

(qRT-PCR, Roche LightCycler 96). 

For the dose-response of the siRNA against Rev3l (siREV3L), we seeded 0.25 x 106 

CAOV-3 cells per well in a 24 well-plate. At 50% confluence, we treated the cells at 0, 0.5, 2.5, 

5, 12.5, 25, 50, and 100 nM siREV3L doses of Lipofectamine, fusogenic nanoparticles (FNPs) 

and non-fusogenic nanoparticle (NNPs). While the Lipofectamine formulations were incubated 

for 4h, the FNPs and NNPs were treated for 1h, then washed with PBS three times. The wells 

were replaced with fresh DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, 

and further incubated for 48h. Post-incubation, the cell media was removed, and RNA was 

purified using the QIAshredder and RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was 

transcribed from the purified RNA using the BIORAD iScript cDNA Synthesis Kit and heat-

treated in the Eppendorf Vapo.protect Mastercycler thermal cycler. cDNA was mixed with 

REV3L primers, or the control HPRT primers (REV3L forward: 

AGGACTCGAAGTCACCTATGC; REV3L reverse: AGAGGTAACCCCAGGAATGC; HPRT 

forward: GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATT-CTTTCCA) 

and iQ SYBR Green Supermix according to the manufacturer's instructions. RT-PCR analysis 

was performed in BIORAD 96-well white Multiplate PCR Plates using the Roche LightCycler 96. 

The quantification was performed at n=8 and in RNAse- and DNAse-free laminar flow hood 

dedicated to RNA work.  

For quantification of in vitro knockdown efficiency of siRNA against PI3Kγ (siPI3Kγ), we 

seeded 0.25 x 106 J774a.1 cells per well in a 24-well plate. At 50% confluence, we treated the 

cells at 50 and 100 nM siPI3Kγ doses of Lipofectamine, fusogenic nanoparticles (FNPs) and 

non-fusogenic nanoparticle (NNPs). The transfection and qRT-PCR protocol were identical to 
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the dose-response study described above, with primers for PI3Kγ (PI3Kγ forward: 

GGCTCAAAGAAAAATCCCCTA; PI3Kγ reverse: AGCCTGCACAGGAATAAACAA).  

Cell viability assay. Cell viability was determined by seeding 96 well-plates with 0.01 x 

106 CAOV-3 or J774a.1 cells per well. At 50% confluence, we treated each well at the 50 nM 

siRNA dose of Lipofectamine (0.25 µL per well), FNPs, FNPs loaded with siLuc, NFPs, or PBS 

as the control group. The formulations were incubated for 1h (4h for Lipofectamine group) at 

37ºC in 5% CO2, then washed with PBS three times and further incubated for 48h. The CCK-8 

cytotoxicity assay was performed according to manufacturer’s instructions. In brief, the CAOV-3 

cells were treated with 10 µL of the CCK-8 solution per well, and incubated for 2h. The 

absorbance at 450 nm was measured using the UV-Vis microplate reader for quantification of 

cell viability. The cell viability was averaged over 10 wells per group, and normalized to the 

viability of the PBS control treatment group. Single-way ANOVA was used with α-level of 0.01 to 

determine significant differences between the formulations.  

For the in vitro cDDP-siREV3L interaction study, we seeded a 96 well-plate with 0.01 x 

106 CAOV-3 cells per well. At 50% confluence, we treated each well at the 50 nM siRNA dose of 

Lipofectamine (0.25 µL per well), FNPs, FNPs loaded with siLuc, NFPs, or PBS as the control 

group. The formulations were incubated for 1h (4h for Lipofectamine group) at 37ºC in 5% CO2, 

then washed with PBS three times and further incubated for 48h. Post-transfection, the media 

was removed, and the cells were treated with increasing doses of cDDP (0, 0.01, 0.1, 1, 10, 25, 

50, and 100 µg/mL in PBS) per treatment group. The cells were incubated with cDDP for 24h at 

37ºC in 5% CO2, then washed with PBS three times. The CCK-8 cytotoxicity was assay was 

used as described above to quantify the cell viability of each treatment group at the treated 

cDDP doses. Cell viability for the 0 µg/mL cDDP treatment in the PBS control group was used 

as the normalization control, and each result was averaged over 10 independent trials. The IC50 

of each treatment was extrapolated from the results.  
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Mouse Model. Ovarian cancer xenografts were established in athymic nude mice (6-8 

week old, female) by subcutaneously injecting 5 x 106 CAOV-3 cells in PBS and Matrigel media 

mixed at 1:1 ratio. For the peritoneal carcinomatosis model, we performed intraperitoneal 

injection of 3 x 106 CAOV-3 cells in PBS. All animals for the in vivo studies were handled, 

anesthetized, and euthanized according to the Institutional Animal Care and Use Committee 

(IACUC) guidelines. All animal experiments were performed independent of each other with 

different cohorts of mice. 

Statistics. All statistical analyses were performed using single way ANOVA and post 

hoc comparisons using Tukey’s HSD test at p < 0.05, unless otherwise stated. Power analysis 

was performed to estimate the total mouse sample size required for the tumor growth and 

survival studies using the GPower 3.1 software. The analysis was performed using a priori, 

ANOVA: repeated measures, between factors, as the study looks at tumor growth by each 

therapeutic formulation over time. Based on a published study2 (N=32), where the fusogenic 

nanoparticles were intravenously injected for siRNA knockdown in Balb/C mice with bacterial 

infection, the effect size (ES) was calculated to be 11.5, thus set to ‘large’ (0.40) in the 

software’s parameter settings. With α error probability of 0.05 and Power of 0.80, 5 test groups, 

15 measurements (for tumor size), and correlation of 0.3, we determined that a sample size of 

35 mice was adequate for the experiments investigating the therapeutic efficacy of the 

formulations.  

Biosafety of fusogenic nanoparticles. For in vivo biosafety evaluation, healthy 

athymic nu/nu mice were intravenously injected with T-FNP or C-FNP at 100 µmol/kg lipid, 

corresponding to 62.5 µg/kg siRNA, and 641 µg/kg pSi in 100 L PBS. After 24h circulation, the 

mice were sacrificed under deep isofluorane anesthesia (no response to toe pinch) by cardiac 

perfusion, and brain, heart, lungs, liver, kidneys, and spleen were harvested. Organs were fixed 

immediately in 4% PFA, and sent to the University of California, San Diego (UCSD)’s histology 
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core to be paraffinized and sectioned for hematoxylin and eosin (H&E) staining. The stained 

slides were histopathologically evaluated by Dr. Kent Osborn (Associate Director, Animal Care 

Program, UCSD). 

Nanoparticle biodistribution. After establishment of the tumor mouse model, the tumor 

nodules were allowed to grow for 3 weeks. The mice were then IP injected with PBS, FNP, T-

FNP, or C-FNP formulations loaded with DiI at 100 µmol/kg lipid corresponding to 641 µg/kg pSi 

in 100 µL PBS. After 1h or 24h, the mice were sacrificed by perfusion, and the major organs 

(heart, lungs, liver, spleen, kidneys) and the tumor nodules were harvested and immediately 

fixed in 4% PFA. The organs were imaged for DiI fluorescence using an IVIS 200 imaging 

system (Perkin-Elmer) with 0.1s exposure time and excitation/emission filters set at 500/520 

nm. The DiI accumulation was quantified based on five mouse images per formulation and time 

group using Image J analysis. The quantified uptake was statistically analyzed using one-way 

ANOVA with Tukey’s post hoc analysis. The same experiment was performed with xenograft 

mice by intravenous injection of the particles. 

Flow Cytometry. After establishment of the mouse tumor model, the tumor nodules 

were allowed to grow for 3 weeks. The mice were then IP injected with PBS, FNP, T-FNP, C-

FNP, or a 50:50 cocktail mix of T-FNP and C-FNP formulations loaded with DiI (peptides were 

tagged with FAM) at 100 µmol/kg lipid corresponding to 641 µg/kg pSi in 100 µL PBS. After 24h, 

the mice were sacrificed for macrophage and tumor collection. First, we performed 

intraperitoneal lavage using 3-5 mL of 4% PFA in a 20G syringe. After aspirating cells from the 

peritoneal cavity, we opened up the cavity for tumor nodule collection. We then homogenized 

the tumor nodules for further cell separation. Both the lavage and tumor homogenates were 

treated with Dead Cell Removal MicroBeads (Miltenyi Biotec) for magnetic separation on an LS 

column according to the manufacturer's instructions. The collected cells were then treated with 

Anti-F4/80 microbeads (Miltenyi Biotec) for magnetic separation on an LS column according to 
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the manufacturer's instructions to collect only the macrophages. The macrophages from the 

lavage and tumor homogenates, as well as the tumor cells were run through a LSRFortessa 

flow cytometer (BD Biosciences) to analyze the number of cells containing either the particles’ 

DiI signals (ex: 561 nm/50 mW; em: 582/15 nm) or the peptides’ FAM signals (ex: 488 nm/50 

mW; em: 510/25 nm). The results were analyzed and presented using FlowJo v10 software 

(FlowJo, LLC).  

In vivo siRNA silencing. After establishment of the mouse tumor model, the tumor 

nodules were allowed to grow for 3 weeks. The mice were then IP injected with PBS, T-FNP or 

C-FNP at 100 µmol/kg lipid, corresponding to 62.5 µg/kg siRNA, and 641 µg/kg pSi in 100 µL 

PBS. After 48h, the mice were sacrificed for macrophage and tumor collection. First, we 

performed intraperitoneal lavage using 3-5 mL of 4% PFA in a 20G syringe. After aspirating 

cells from the peritoneal cavity, we opened up the cavity for tumor nodule collection. We then 

homogenized the tumor nodules for further cell separation. Both the lavage and tumor 

homogenates were treated with Dead Cell Removal MicroBeads (Miltenyi Biotec) for magnetic 

separation on an LS column according to the manufacturer's instructions. The collected cells 

were then treated with Anti-F4/80 microbeads (Miltenyi Biotec) for magnetic separation on an 

LS column according to the manufacturer's instructions to collect only the macrophages. The 

macrophages from the lavage and tumor homogenates, as well as the tumor cells were 

collected by centrifugation post-magnetic separation by centrifugation at 300g for 5 min at 4˚C.  

The degree of knockdown of Pi3kγ in the macrophages and of Rev3l in the tumor cells 

was quantified using two-step qRT-PCR (Roche LightCycler 96). The cells were lysed for RNA 

purification using QIAshredder and RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was 

transcribed from the purified RNA using the BIORAD iScript cDNA Synthesis Kit and heat-

treated in the Eppendorf Vapo.protect Mastercycler thermal cycler. cDNA was mixed with PI3Kγ 

primers for macrophages and REV3L primers for the tumor cells, with HPRT primers as control 
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for both cells (PI3Kγ forward: GGCTCAAAGAAAAATCCCCTA; PI3Kγ reverse: 

AGCCTGCACAGGAATAAACAA; REV3L forward: TGAGTTCAAATTTGGCTGTACCT; REV3L 

reverse: TCTAGTCTTCAAAATTTCTTCAAGCA; HPRT forward: 

GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATTCTTTCCA) and iQ 

SYBR Green Supermix according to the manufacturer's instructions. qRT-PCR analysis was 

performed in BIORAD 96-well white Multiplate PCR Plates using the Roche LightCycler 96. The 

quantification was performed at n=6 and in a RNAse- and DNAse-free laminar flow hood 

dedicated to RNA work. Relative knockdown was statistically evaluated using one-way ANOVA 

with Tukey’s HSD post-hoc analysis. 

In vivo therapeutic efficacy of fusogenic nanoparticles. After establishment of the 

mouse tumor model, the tumor nodules were allowed to grow for 1 week. The mice were then IP 

injected with PBS, cDDP (2 mg/kg), 1:1 cocktail of cDDP (2 mg/kg) with T-FNP, 1:1 cocktail of 

cDDP (2 mg/kg) with C-FNP, or a 1:1:1 cocktail of cDDP (2 mg/kg) with T-FNP and C-FNP at 

70.2 µmol/kg lipid, corresponding to 36.1 µg/kg siRNA, and 451 µg/kg pSi in 100 µL PBS. The 

mice were IP injected with 2 mg/kg of cDDP every 3 days, and the T- and C-FNP formulations 

every 7 days. After 30 days, the mice were sacrificed and opened for tumor nodule collection. 

The number of tumor nodules were counted and the size of tumor nodules were measured on 

the longest dimension using a caliper. The results were analyzed by one-way ANOVA with 

Tukey’s HSD post-hoc analysis. 

 

4.4 In vitro validation of FNPs for therapeutic applications 

In order to evaluate whether or not the FNPs offer a generalizable solution for siRNA 

therapies, we evaluated two different approaches (Fig 4.1a): a chemosensitizing siRNA (C-

FNPs) that inhibits the DNA repair mechanism in cancer cells, and an immunosuppressing 
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siRNA (T-FNPs) that reprograms tumor-associated macrophages to enhance the immune 

system's ability to clear these aberrant cells. We selected the first therapeutic (C-FNPs) to 

sensitize cancer cells to cisplatin, as Pt-resistant or Pt-refractory ovarian cancer is seen in over 

70% of patients at advanced stages; chemoresistant tumors cause high morbidity, and has 

been an unsolved problem for over two decades40-42. Cisplatin crosslinks cellular DNA which 

trigger apoptosis in the absence of adequate DNA repair43. Cancer cells that can repair the 

modified DNA well exhibit chemoresistance42,44. While key predictors of Pt-drug response have 

been identified42,44, there is no preventative measure against the development of resistance, or 

reliable strategy to induce chemosensitivity. To this end, we chose to deliver siRNA against 

Rev3l (subunit of DNA repair polymerase, Pol ζ) to disable a component of the DNA repair 

pathway known to enhance chemosensitivity in the CAOV-3 human ovarian adenocarcinoma45-

48. For this model we specifically targeted the FNPs to ovarian cancer cells using the iRGD 

peptide (Table 1.1)49.  

The second therapeutic tested (T-FNPs) was designed to reprogram tumor-associated 

macrophages (TAMs) to inhibit their oncogenic pathways50-56. PI3kγ is a key regulator of 

immunosuppression, and its downregulation has shown benefits in increasing both CD8+ T-cell 

recruitment to the tumor and sensitivity of immunosuppressive myeloid cells to checkpoint 

inhibitors57-60. In order to target TAMs selectively, we used the LyP-1 peptide (Table 1.1), which 

homes to TAMs and tumor-associated lymphatic vessels61-64. The LyP-1-conjugated FNPs were 

loaded with siRNA against Pi3kγ, with the goal of eliciting tumoricidal behavior in TAMs. 

First, we verified that FNPs retained their fusogenic nature after conjugation with 

targeting peptides (Fig 4.1b). For both CAOV-3 cancer cells and J774a.1 macrophages, FNPs 

without targeting peptides successfully fused with the plasma membrane. In CAOV-3 cells 

treated with iRGD-conjugated, DiI-loaded nanoparticles (C-FNPs), we saw uniform distribution 

of the DiI signals on the cell plasma membrane indicating successful fusion, and the FAM-
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tagged iRGD peptides segregated into the cytoplasm. We saw the same trend in J774a.1 cells 

when the Lyp-1-conjugated, DiI-loaded nanoparticles (T-FNPs) were used, indicative of 

successful fusion to this macrophage cell line. The insertion of the iRGD or Lyp-1 targeting 

peptides into the cytosol of their respectively targeted cells is consistent with the established 

CendR mechanism65 where the peptide initially binds to the target receptor to undergo peptide 

cleavage, then transfers to a secondary receptor to undergo receptor-mediated endocytosis 

(Table 1.1)63-68. In some of the cells, co-localization between the DiI and the FAM-LyP-1 

peptides on the plasma membrane was observed, suggestive of the intermediate stage prior to 

migration of the peptide to its secondary receptor. Based on these results, we believe that 

fusion occurs immediately after the peptide binds to its primary cellular receptor, and that by the 

time the peptide transfers to its secondary receptor, fusogenic uptake has occurred. This 

hypothesis is further supported by experiments with non-fusogenic constructs; in that case both 

C-NNPs and T-NNPs were endocytosed, and their DiI and FAM-peptide signals were strongly 

co-localized within the cell cytoplasm. Thus, the FNPs retain their ability to fuse with cellular 

membranes even when a cell-specific targeting peptide is deployed on the exterior of the 

nanoparticle's lipid membrane.  

Next, we determined the efficiency of knockdown of the Rev3l gene target in CAOV-3 

cancer cells (Fig 4.1c) that could be achieved using the cancer cell-targeting iRGD peptide. 

Both fusogenic and non-fusogenic nanoparticles (C-FNPs and C-NNPs) were compared. We 

serially diluted the siRNA dose starting from a maximum dose of 100 nM, based on previous 

work (FNPs attained >95% relative knockdown efficiency in RAW264.7 macrophages at this 

concentration of siRNA)10. The dose-response curve for C-FNPs was similar to that of 

Lipofectamine (Lf), and over 90% knockdown efficiency was attained with a dose of 50 nM 

siRNA. In contrast, C-NNPs reached a plateau of only ~50% knockdown efficiency under similar 

conditions.  
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We next compared the efficiency of silencing of Pi3kγ in J774a.1 cells (Fig 4.1d), using 

the macrophage-targeting LyP-1 peptide on the fusogenic or non-fusogenic nanoparticles (T-

FNPs or T-NNPs). Based on the above results from the cancer cell studies, we selected 50 and 

100 nM siRNA doses. When the fusogenic T-FNPs were used, both 50 nM and 100 nM doses 

were able to induce significantly higher knockdown of Pi3kγ compared with the non-fusogenic T-

NNPs (p <0.01) or with Lipofectamine (p<0.05), based on One-way ANOVA ([F(6, 36)=113.6, 

p=1.9x10-21]) and Tukey HSD test. Although J774a.1 is a difficult cell line to transfect69,70, T-

FNPs were able to attain approximately 75% knockdown efficiency at 50 nM of siRNA, and 85% 

at 100 nM of siRNA.   

The chemosensitizing effect of the Rev3l siRNA payload was evaluated using the C-

FNPs. We pre-transfected the CAOV-3 tumor cells with siREV3L formulations, then treated the 

cells with increasing concentrations of cisplatin (cDDP; 0-100 µg/mL). Fig 4.1e shows the dose-

response curve of cDDP in transfected cells, and Fig 4.2 shows the IC50 values quantified from 

the dose-response data. While the IC50 of cDDP in cells treated with PBS or sham siRNA-loaded 

C-FNP (C-FNP/siLuc) were 72.1 µg/mL and 74.9 µg/mL, respectively, the IC50 in non-fusogenic 

C-NNP and Lipofectamine (Lf) treatments decreased to 54 µg/mL and 50.6 µg/mL, respectively. 

However, C-FNPs induced a greater increase in cDDP-sensitivity, with IC50 of only 29.9 µg/mL, 

which was significantly lower than all other transfectant groups (p<0.004). Thus, transfection 

with 50 nM siREV3L using C-FNPs was able to increase the susceptibility of CAOV-3 cells to a 

dose of cDDP that was more than two-fold lower than what was needed in the absence of Rev3l 

silencing.  

 

4.5 Biosafety, biodistribution, and selective targeting of FNPs 
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Prior to therapeutic application, we verified the biosafety of C- and T-FNPs. Figures 

4.3a and b show cytotoxicity assays of the formulations in CAOV-3 and J774a.1 cells, 

respectively. At an siRNA dose of 50 nM, neither the targeting peptide-conjugated FNPs nor the 

siRNA against Rev3l and Pi3kγ induced any in vitro cytotoxicity. Moreover, hematoxylin and 

eosin (H&E) stains of the major organs in healthy mice intravenously injected with T-FNPs or C-

FNPs showed normal morphology and no lesions (Fig 4.4).  

Next, we looked at biodistribution of the FNPs in a mouse model of peritoneal 

carcinomatosis, established by intraperitoneal (IP) injection of CAOV-3 human ovarian 

adenocarcinoma cells. We allowed the tumor nodules grow for 3 weeks, then IP injected PBS, 

non-conjugated FNPs, T-FNPs, or C-FNPs loaded with lipophilic DiI. We harvested the major 

organs and the largest tumor nodules at 1h and 24h post-injection and assayed for DiI signal 

localizations. Fluorescence imaging revealed that the DiI-loaded particles were localized 

primarily in the tumor nodules regardless of the accumulation time (Fig 4.5a, b). Both T-FNPs 

and C-FNPs showed significant increase in tumor accumulation from 1h to 24h (p<0.01 for T-

FNPs; p<0.05 for C-FNPs), and both formulations accumulated in the tumor more effectively 

than the PBS and non-targeted FNP groups (p<0.05 for T-FNPs; p<0.01 for C-FNPs). 

A second mouse model was established as a xenograft tumor model by subcutaneously 

injecting CAOV-3 cells with matrigel. As the CAOV-3 line has difficulty forming xenografts, tumor 

masses were <5 mm3 in size71. When the therapeutic formulations were intravenously injected, 

a similar biodistribution trend was seen in the xenograft model as was seen with the local IP 

injection in peritoneal carcinomatosis model: primary accumulation in tumors, increased DiI 

accumulation from 1h to 24h of circulation, and superior tumor homing by T- and C-FNPs 

compared to non-targeted FNPs (Fig 4.6).   

Flow cytometry was used to quantify cell-specificity of T- and C-FNPs. We IP injected 

PBS, non-targeted FNPs, T-FNPs, C-FNPs, and a 50:50 cocktail of C- and T-FNPs, and waited 
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24h prior to sample collection. Immune cells were collected by intraperitoneal lavage and the 

tumor nodules were harvested and homogenized. Macrophages from both the lavage and 

homogenized tumor nodules were eluted by magnetic separation using Anti-F4/80 beads. The 

purified macrophages (Fig 4.5c-f) and the homogenized tumor nodules (after extraction of 

macrophages, Fig 4.5g-j) were subjected to flow cytometry analysis, detecting the DiI signal 

channel. The non-targeted FNPs showed minimal homing to either macrophages (4.19%; Fig 

4.5c) or tumor cells (1.13%; Fig 4.5g). In contrast, the T-FNPs (which deployed the TAM-

homing LyP-1 peptide) successfully homed to macrophages (21.40%; Fig 4.5d) and not to the 

macrophage-free tumor nodule cells (0.01%; Fig 4.5h). Conversely, C-FNPs (which deployed 

the tumor cell-homing iRGD peptide) did not bind to macrophages (0.00%; Fig 4.5e) while it 

strongly accumulated in tumor cells (6.79%; Fig 4.5i). When co-injected, the T-FNPs and C-

FNPs homed to both macrophages (29.6%; Fig 4.5f) and tumor nodules (11.2%; Fig 4.5j). 

Observing the FAM signal channel on FAM-conjugated targeting peptides showed a similar 

trend of selective targeting (Fig 4.7), and the accumulation ratios are reported in Table 4.1. 

Thus, we confirmed that pendant homing peptides can effectively target FNPs to their intended 

cells. 

 

4.6 In vivo therapeutic efficacy of FNPs 

 With the ability of the peptide-conjugated FNPs to selectively target cells in vivo 

established, we next evaluated if FNPs could induce significant gene silencing in vivo. After 3 

weeks of tumor growth, we IP injected PBS, T-FNPs, or C-FNPs. After 24h, we quantified gene 

expression using the quantitative reverse transcription polymerase chain reaction (qRT-PCR) on 

macrophages and tumor cells (Figs 4.8a and b). 
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The TAM-targeting T-FNPs loaded with siRNA against Pi3kγ were able to induce 81% 

knockdown efficiency in the macrophages, while the chemo-sensitizing C-FNPs loaded with 

siRNA against Rev3l had no effect (Fig 4.8a). Conversely, in tumor cells the C-FNPs induced a 

silencing efficiency for Rev3l expression by 76%, while T-FNPs showed no effect (Fig 4.8b). 

Thus, only targeted FNPs with siRNA appropriate for the cell type were able to induce a potent 

in vivo gene silencing effect, and there were no detectable off-target effects.  

Lastly, we conducted combination therapy experiments, using cisplatin (cDDP) with: (1) 

immunotherapy by reprogramming macrophages to their tumoricidal phenotype (using T-FNPs); 

and (2) gene therapy by sensitizing cancer cells to cDDP (using C-FNPs). A week after tumor 

model establishment, we IP injected PBS, cDDP at 2 mg/kg, a cocktail of cDDP and T-FNPs, a 

co-injection of cDDP and C-FNPs, or a co-injection of cDDP, T-FNPs, and C-FNPs. Cisplatin 

was injected once every three days at the 2 mg/kg dose, and the T- and C-FNP formulations 

were injected once a week, based on literature protocols72.  

After 30 days of treatment, Fig 4.8c shows that while cDDP treatment alone was able to 

reduce the tumor nodule count by half, the difference was not statistically significant from the 

PBS control. However, combination treatment of cDDP with T-FNPs, cDDP with C-FNPs, and 

all three together (cDDP with T-FNPs and C-FNPs) significantly reduced the total number of 

tumor nodules (One-way ANOVA, [F (4,30)=64.7, p=2.5x10-14], Tukey's HSD p<0.05). In 

particular, the group given cDDP with both T-FNPs and C-FNPs was significantly more effective 

than cDDP with only C-FNPs (p=0.019), and showed a notable trend compared with the cDDP 

and T-FNP group (p=0.051). Size distribution of tumor nodules showed similar findings (Fig 

4.8d). While the PBS control group had a wide size distribution range of nodules from 1.3-9.4 

mm, we saw a small decrease with the cDDP-only treatment group (2.2-7.4 mm), and a greater 

decrease in the groups given either cDDP + T-FNP (1.3-4.4 mm), or cDDP + C-FNP (1.4-6.2 

mm). Remarkably, the triple combination (cDDP + T-FNP + C-FNP) showed complete 
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elimination of detectable tumors in 6 of the 7 members of the treatment group; the seventh 

member of this group presented with only a single nodule with a size of 2.8 mm. 

The above results demonstrated the utility of the FNP platform for siRNA-based 

treatment--in the form of immunotherapy and gene therapy. They further showed that 

combination therapy to target multiple aspects of cancer can yield an improved therapeutic 

outcome relative to singular chemotherapy. 

 

4.7 Discussion and Conclusions 

 The fusogenic porous silicon nanoparticles (FNPs) demonstrated three materials 

aspects that are crucial for effective siRNA-mediated gene therapy. First, peptide targeting 

moieties enabled the FNPs to selectively home to and transfect the desired cell target; in this 

work we focused on cancer cell types (tumor associated macrophages and tumor cells) and we 

previously demonstrated that another peptide can home FNPs to and transfect macrophages10, 

establishing this as a relatively general approach.  Second, effective delivery of the gene 

payload to the interior of the cell was afforded by the fusogenic lipid coating, which allowed the 

nanoparticles to avoid the endocytosis pathway. The fusogenic nature of these lipid coatings 

enabled a third crucial aspect: the specific, triggered release of the nucleic acid payload. The 

lipid stabilized the calcium silicate nanoparticle chemistry until cellular fusion had stripped the 

lipids, at which point rapid dissolution of the porous silicon nanoparticle ensued such that free 

siRNA was released into the cytosol. A strong gene silencing effect was observed both in vitro 

(> 90%) and  in vivo (> 80%), which compares favorably to the average of 57.4 ± 21% in vitro 

(N=54) and 55.0 ± 17% in vivo (N=13) for gene therapy found across the literature73.  

A primary goal of this study was to understand the mechanism by which the FNPs 

operate. We showed that the lipid composition has a direct influence on its behavior, and that a 
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combination of properties (fluidity, cationic charge, and PEGylation) allows for plasma 

membrane fusion and endocytic bypass. Biological inhibitor studies showed that FNPs enter 

cells independently of typical endocytic pathways and intracellular vesicle traffic routes. 

However, vesicle fusion and certain exocytosis pathways were found to influence the fate of 

FNPs. The exact mechanism by which the fusogenic coating interacts with these pathways 

remains to be studied, as the extent of existing knowledge regarding these cellular pathways is 

limited.  

The general nature of this approach was established and exemplified using two 

therapeutic formulations: (1) gene therapy (C-FNPs) to sensitize cancer cells to chemotherapy; 

and (2) immunotherapy (T-FNPs) to polarize macrophages toward the tumorigenic M2 

phenotype.  Each used a different targeting peptide for cell specificity and a different siRNA to 

program the desired genetic outcome. Combining homing specificity with high in vivo gene 

knockdown capabilities, the system showed a strong synergy in combination with a first-line 

chemotherapeutic, cisplatin, that showed significant reduction (and in some cases, complete 

elimination) of tumors in an ovarian cancer mouse model. 
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4.9 Figures and Tables  

 
 
Figure 4.1. FNPs induce potent gene silencing effect in vitro and can sensitize cancer cells to 
chemotherapy.  
(a) Intended mode of action of two model therapeutics; (b) confocal microscope images of CAOV-3 
cancer cells (top row) and J774a.1 macrophages (bottom row) treated with DiI-loaded particles that 
were non-targeted (FNPs), targeted with iRGD (C-FNPs and C-NNPs) or with LyP-1 (T-FNPs and T-
NNPs). The peptides were tagged with FAM (green) and nuclei were stained with DAPI (blue).  Red 
channel is the DiI. Scale bar represents 10 µm; (c) dose-response curve of CAOV-3 cells treated with 
increasing doses of siRNA against Rev3l using Lipofectamine (Lf), C-NNPs, or C-FNPs. Bars represent 
standard deviation with n=8; (d) Pi3kγ knockdown quantification in J774a.1 macrophages treated 50 or 
100 nM of siRNA against Pi3kγ using Lipofectamine (Lf), T-NNPs, or T-FNPs. Bars represent standard 
deviation with n=8. *represents p<0.05 using One-way ANOVA with Tukey HSD test; (e) chemo-
sensitivity test in CAOV-3 cells with Rev3l silencing. Cells were treated with increasing doses of 
cisplatin (cDDP) as indicated. Bars represent standard deviation with n=10. 
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Figure 4.2. Quantified IC50 values of cDDP when treated to CAOV-3 cells that were pre-
transfected 
CAOV-3 cells were transfected with PBS, Lipofectamine 2000 with siREV3L (Lf/siREV3L), iRGD-
conjugated non-fusogenic particles loaded with siRNA against Rev3l (C-NNPs), iRGD-conjugated 
fusogenic particles loaded with sham siRNA against luciferase (C-FNP/siLuc), or iRGD-conjugated 
fusogenic particles loaded with siRNA against Rev3l (C-FNP), with all formulations treated at 50 nM 
siRNA dose. Right table shows the average IC50 value with standard deviation in n=10. Bars also 
represent standard deviation with n=10; N.S. represents no significant difference, and *** represents 
p< 0.01 based on One-way ANOVA with Tukey’s HSD post hoc analysis. 
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Figure 4.3. Cell viability assay of cells based on CCK-8 assay 
(a) CAOV-3 cancer cells treated with PBS, iRGD-conjugated non-fusogenic particles loaded with 
siRNA against Rev3l (C-NNPs), iRGD-conjugated fusogenic particles loaded with sham siRNA against 
luciferase (C-FNP/siLuc), C-FNPs, and Lipofectamine treated with siRNA against Rev3l with all 
formulations treated at 50 nM siRNA dose; (b) J774a.1 macrophages treated with PBS, LyP-1-
conjugated non-fusogenic particles loaded with siRNA against Pi3kγ (T-NNPs), LyP-1-conjugated 
fusogenic particles loaded with sham siRNA against luciferase (T-FNP/siLuc), T-FNPs, and 
Lipofectamine treated with siRNA against Pi3kγ with all formulations treated at 50 nM siRNA dose. 
Bars represent standard deviation with n=6. N.S. represents no significance based on One-way 
ANOVA. 
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Figure 4.4. H&E stain of major organs harvested from healthy mice that were intravenously 
injected with formulations. 
Mice was IV injected with PBS, LyP-1-conjugated fusogenic nanoparticles loaded with siRNA against 
Pi3kγ (T-FNPs), and iRGD-conjugated fusogenic nanoparticles loaded with siRNA against Rev3l (C-
FNPs). Scale bar represents 200 µm. 
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Figure 4.5. T- and C-FNPs selectively home to their target cells in vivo with minimal off-target 
accumulation.  
(a) ex vivo IVIS 200 fluorescence images of organs harvested from mice bearing peritoneal 
carcinomatosis of CAOV-3 cells. Mice were IP-injected with PBS, DiI-loaded non-targeted FNPs, DiI 
loaded LyP-1 conjugated T-FNPs (fusogenic nanoparticles targeted to tumor associated 
macrophages, or TAMs, via the LyP-1 peptide), and DiI-loaded iRGD-conjugated C-FNPs 
(chemosensitizing fusogenic nanoparticles, targeted to tumor cells via the iRGD peptide) for 1h or 24h 
accumulation time. Image representative of n=5; (b) Image J quantification of DiI fluorescence signals 
from IVIS 200 images. Bars represent standard deviation with n=5. * represents One-way ANOVA 
with Tukey's HSD test with p<0.05, *** represents the same with p <0.01, and N.S. represents no 
significance; (c-j) DiI signal quantification using flow cytometry of macrophages purified from IP lavage 
fluid and tumor nodule homogenates (c-f), or tumor cells (g-j) from the nodule homogenates. Samples 
were harvested from mice IP injected with DiI loaded FNPs, T-FNPs, C-FNPs, or a 1:1 cocktail of C- 
and T-FNPs. Data is representative of n=4. 
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Figure 4.6. Biodistribution of formulations in major organs when intravenously injected in tumor 
xenograft models. 
(a) ex vivo IVIS 200 fluorescence images of organs harvested from mice bearing xenograft of CAOV-3 
cells on the flank. Mice were intravenously injected via tail-vein with PBS, DiI-loaded non-targeted 
FNPs, DiI loaded LyP-1 conjugated T-FNPs, and DiI-loaded iRGD-conjugated C-FNPs for 1h or 24h 
accumulation time; (b) Image J quantification of DiI fluorescence signals from IVIS 200. 
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Figure 4.7. FAM signal quantification using flow cytometry. 
Macrophages (top row) were purified from IP lavage fluid and tumor nodule homogenates, and tumor 
cells (bottom row) from the nodule homogenates. Samples were harvested from mice IP injected with 
FNPs, T-FNPs, C-FNPs, or a 1:1 cocktail of C- and T-FNPs, using FAM-tagged targeting peptides. 
Data is representative of n=4. 
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Figure 4.8. T- and C-FNPs are effective as immuno- and gene therapy formulations for 
combination treatment with chemotherapy.  
(a) Pi3kγ expression quantified in macrophages purified from IP lavage fluid and tumor nodule 
homogenates using qRT-PCR. Mice bearing CAOV-3 human ovarian adenocarcinoma tumors were IP 
injected with PBS, LyP-1 conjugated FNPs carrying siRNA against Pi3kγ (T-FNP), or iRGD conjugated 
FNPs carrying siRNA against Rev3l (C-FNP). Bars represent standard deviation with n=6. *** 
represents One-way ANOVA with Tukey’s HSD test with p<0.01; (b) Rev3l expression quantified in 
tumor cells from tumor nodule homogenates using qRT-PCR. Mice were IP injected with PBS, T-FNP, 
or C-FNP. Bars represent standard deviation with n=6. *** represents One-way ANOVA with Tukey’s 
HSD test with p<0.01; (c) number of tumor nodules found in mice peritoneum after 30 days of 
treatment with PBS, cisplatin (cDDP) at 2 mg/kg, 1:1 cocktail of cDDP with T-FNPs, 1:1 cocktail of 
cDDP with C-FNPs, or 1:1:1 cocktail of cDDP, T-FNPs, and C-FNPs. Bars represent standard deviation 
with n=7. * represents One-way ANOVA with Tukey’s HSD test with p<0.05, and *** represents the 
same with p<0.01; (d) size distribution of tumor nodules found mice from (c). Bars and boxes represent 
each quartile and dots represent outliers, with nPBS= 72, ncDDP= 37, ncDDP+T-FNP= 15, ncDDP+C-FNP= 17, and 
ncDDP+T-FNP+C-FNP= 1. 
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Table 4.1. Percentage of cells with fluorophore signals as measured by flow cytometry. 
 

 
FNP T-FNP C-FNP C+T-FNP 

DiI Signal 

Macrophage 4.19% 21.4% 0.00% 29.6% 

Tumor 1.13% 0.01% 6.79 11.2% 

FAM Signal 

Macrophage 0.45% 22.6% 0.14% 7.44% 

Tumor 0.01% 0.00% 4.28% 5.36% 
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Chapter four, in full, has been submitted for publication of the material as it may appear 

in Kim, B., Varner, J.A., Howell, S.B., Ruoslahti, E., Sailor, M.J. Securing the Payload, Finding 

the Cell, Avoiding the Endosome: Peptide-Targeted, Fusogenic Porous Silicon Nanoparticles for 

More Effective Delivery of siRNA Therapies. Adv Mater. Submitted. The author of this 

dissertation was the primary author of the material. 
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Chapter 5:  

Fusogenic Porous Silicon Nanoparticles for Immunotherapy against 

Staphylococcus aureus Infection 
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5.1 Abstract 

 With the increased incidence of side effects and pathogen resistance encountered with 

small molecule antibiotics, there is rising focus on immunogene therapy to augment the immune 

system's own efforts to clear the infection and accelerate healing. A major obstacle to in vivo 

gene delivery is that the primary uptake pathway, cellular endocytosis, results in extracellular 

excretion and lysosomal degradation of genetic material. Herein, we present a nanosystem that 

bypasses endocytosis to achieve potent gene knockdown efficacy. Using a porous silicon 

nanoparticle containing of an outer sheath of homing peptides and fusogenic liposome, an 

oligonucleotide payload is selectively targeted to macrophages and directly introduced into the 

cytosol.  Highly effective knockdown of the pro-inflammatory macrophage marker, IRF5, 

enhances the clearance capability of the macrophages and dramatically improves survival in a 

mouse model of Staphyloccocus aureus-induced pneumonia. 

 

5.2 Introduction 

Deep-tissue Staphyloccocus aureus (Staph. aureus) infection remains one of the most 

difficult therapeutic challenges today. Staph. aureus is a gram positive bacterium that 

predominantly infects the skin, and the respiratory system causing pneumonia; the local 

infections can become systemic in the most serious form of Staphylococcal disease, sepsis1. At 

high levels of bacterial burden in the lungs, Staphyloccocal pneumonia becomes fatal due to 

two major factors: (1) pathogenic activity by Staph. aureus, and (2) prolonged inflammation 

caused by the body’s immune system. The acute inflammatory response at the site of an 

infection involves the secretion of cytokines by alveolar macrophages, recruiting 

polymorphonuclear neutrophils (PMNs) and monocytes from circulation that differentiate into 

macrophages2. Alveolar inflammation causes extensive bleeding and exudation that slow down 
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vascular flow and impede breathing2,3, and prolonged excretion of inflammatory cytokines 

drastically lowers the chances of recovery3. Although the immediate inflammatory response to 

Staphylococcal pneumonia is necessary for rapid elimination of the threat, it must be balanced 

with anti-inflammatory and tissue-reparative actions to maintain lung homeostasis4. 

Due to toxic side effects of small molecule antibiotics such as vancomycin5 and the 

emergence of strains resistant to these therapeutics2, there is increasing emphasis on therapies 

that can harness the immune system to treat bacterial infections6-9. Macrophages are one 

potential target for these therapies due to their dual role as inflammatory, immune stimulatory 

phagocytes (M1 macrophages) and as anti-inflammatory phagocytes (M2 macrophages) 

associated with bacterial phagocytosis and tissue repair functions10-15. Inflammatory M1 

macrophages are marked by the IRF5 gene, which upregulates TNF-α, IL-1, IL-6, IL-15, IL-18, 

IL-23, and downregulates anti-inflammatory cytokines such as IL-1010,12-15. Knockdown of the 

IRF5 gene in the early stages of Staphylococcal pneumonia can curtail prolonged inflammation 

by preventing the excretion of inflammatory cytokines, allowing the immune system to focus on 

bacterial clearance and tissue recovery10,15,16.  

Despite much effort, the in vivo knockdown of genes has seen limited success. Naked 

RNA has a very short half-life in vivo, thus various types of nanoparticle delivery vehicles have 

been employed to protect the oligonucleotide and deliver it intracellularly17-19. The most common 

means of delivery is with lipid nanoparticles20, and these have been observed to be readily 

endocytosed by the cell, leading to extracellular excretion of 70% of the siRNA payload, with the 

remaining siRNA undergoing lysosomal degradation.  Typically only 1-2% of administered 

siRNA escapes early endosomal uptake to potentially undergo RNA interference (RNAi)21-23. In 

order to increase the quantity of RNA delivered, polymeric and related hybrid nanoparticles 

have been engineered with cationic polyethylenimine (PEI) components. While it increases the 

carrying capacity of the nanoparticles, PEI displays undesirable cytotoxicity24,25. Certain lipid 
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constituents, such as dioleoylphosphatidylethanolamine (DOPE) or 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), impart a fusogenic nature to liposomes that allows them 

to fuse with the cellular membrane, mitigating toxicity and enhancing cellular delivery of genes26-

29. With certain PEGylated lipid compositions, fusogenic liposomes have been shown to bypass 

endocytosis altogether, much like the endogenous SNARE-mediated vesicular uptake 

mechanism30,31.  

Although cellular penetration is important, gene therapeutics must also reach the 

appropriate cell to be effective18,19,32-34. Here we present a solution to these problems that uses 

nanoparticles containing a targeting peptide specific for activated macrophages and a fusogenic 

liposomal coating (F-pSi). Membrane fusion allows for the direct release of hydrophilic payloads 

from the core of the nanoparticle directly into the cell cytoplasm, the transfer of hydrophobic 

molecules from the liposomal bilayer to the cell membrane bilayer, and the transfer of moieties 

conjugated on the outer surface of lipid coat (antibodies, small molecules, peptides, etc.) to the 

cell membrane. By avoiding endocytosis entirely, the fusogenic coating allows for much higher 

probability of siRNAs to reach the perinuclear region to undergo RNAi. More details are 

presented in the Discussion. In addition, in place of conventional peptide-based and polymeric 

nanoparticles (ie. protamine, poly-L-lysine, and PEI) we use porous silicon nanoparticles 

(pSiNPs), which have been shown to be an effective gene delivery vehicle35. The pSiNPs are 

with a calcium silicate trapping chemistry36 that can load and protect high quantities of siRNA 

without the use of cytotoxic polymer stabilizers. We employ siRNA against the IRF5 gene in 

order to inhibit the inflammatory phenotype of macrophages and favor phagocytotic function. 

We find that these macrophage-targeting F-pSi hybrid nanoparticles yield high siRNA 

knockdown efficiency in vitro and provide exceptionally strong therapeutic efficacy against a 

Staph. aureus pneumonia infection model in mice, affording full recovery from a lethal dose. 

This study represents the first successful in vivo demonstration of gene silencing for 
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immunotherapy of deep-tissue infection, with strong implications for treatment of increasingly 

antibiotic-resistant bacterial infections.  

 

5.3 Materials and Methods 

Materials. Highly boron-doped p-type silicon wafers (∼1 mΩ-cm resistivity, polished on 

the (100) face) were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric 

acid (48% aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium 

chloride was obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mΩ) water was 

used for all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000, Avanti 

Polar Lipids] (DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (DSPE-PEG-maleimide), and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) were purchased from Avanti Polar Lipids (Alabaster, AL) 

and stored at -4ºC. Fluorescent dyes Calcein (Sigma-Aldrich) and hydrophobic 1,1’-Dioctadecyl-

3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI, Life Technologies) were used, and 

Lipofectamine® 2000 Transfection Reagent was obtained from Thermo Fisher Scientific. 

Custom siRNAs were purchased from Dharmacon (Lafayette, CO), and primers were purchased 

from IDT DNA (San Diego, CA). Macrophage-targeting peptide (CRV) was identified by Dr. 

Erkki Ruoslahti’s group at Sanford-Burnham-Prebys Medical Discovery Center (SBPMDI, CA) 

and custom synthesized by CTC Scientific (Sunnyvale, CA). For in vitro studies, Raw 264.7 and 

J774a.1 cells were purchased from ATCC (Manassas, VA) within 6 months prior to all 

experiments. DMEM cell media was purchased from GE Healthcare Life Sciences (HyClone, 

Pittsburg, PA), with supplemental fetal bovine serum (HyClone, Pittsburg, PA) and 

penicillin/streptomycin (HyClone, Pittsburg, PA). Staphylococcus aureus subsp. aureus 
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Rosenbach (ATCC® 25923™) was purchased from ATCC (Manassas, VA) within 6 months 

prior to all experiments, and 6 week-old male Balb/C were purchased from Envigo (Placentia, 

CA). 

Preparation of porous silicon nanoparticles. Porous silicon (pSi) samples were 

prepared by electrochemical etching of silicon wafers in an electrolyte consisting of 3:1 (v:v) of 

48% aqueous HF:ethanol (CAUTION: HF is highly toxic and proper care should be exerted to 

avoid contact with skin or lungs). A silicon working electrode with an exposed area of 8.6 cm2 

was contacted on the back side with aluminum foil and mounted in a Teflon cell. The silicon 

wafer was then anodized in a two-electrode configuration with a platinum counter electrode, by 

applying an alternating current of square waveform, with lower current density of 50 mA/cm2 for 

0.6s and high current density of 400 mA/cm2 for 0.36s repeated for 500 cycles. Then the porous 

layer is lifted off by etching at a constant current density of 3.7 mA/cm2 for 250s in a 1:20 (v:v) of 

48% aqueous HF:ethanol solution, to be sonicated in deionized water for 12h into nanoparticles. 

Fluorescent dye and siRNA payloads were loaded into the pSi nanoparticles by pore sealing by 

calcium silicate formation; the calcium silicate sealing chemistry has demonstrated high 

efficiency in loading anionic payloads previously36. Calcein was dissolved in PBS at 100 mM. 

150 uL of calcein was pipetted gently with 150 uL of pSiNP and 700 uL of 3M calcium chloride 

under ultrasonication for 15 min. For siRNA loading, we used siIRF5 (IRF5, sense 5’-dTdT-CUG 

CAG AGA AUA ACC CUG A-dTdT-3’ and antisense 5’-dTdT UCA GGG UUA UUC UCU GCA G 

dTdT-3’) and siLuc (luciferase, 5′-CUU ACG CUG AGU ACU UCG A dTdT-3′ and antisense 5′-

UCG AAG UAC UCA GCG UAA G dTdT-3′). siRNA was dissolved in RNAse-free water to 150 

µM and loaded into pSi at the same volume ratio and process as calcein loading with only 

RNAse-free water used as solvent.  

Liposomal coating. Fusogenic coating (F) and non-fusogenic coating (NF) were 

prepared from DMPC, DSPE-PEG, and DOTAP at the molar ratio of 76.2:3.8:20 and 96.2:3.8:0, 
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respectively. The lipid films were prepared by evaporating the organic solvent, with 725.5 μg of 

DMPC, 151.6 μg of DSPE-PEG (methoxy or maleimide terminated), and 196.3 μg of DOTAP (F) 

or 916.0 μg of DMPC and 151.6 μg of DSPE-PEG (methoxy or maleimide terminated) (NF). The 

DiI-incorporated films were added with 26.3 μg of DiI (1.25 mg/ml in 100% ethanol). The films 

were then hydrated with payload-pSi solution and prepared by film hydration/extrusion; the pSi-

hydrated lipid was heated to 40ºC with constant magnetic stirring for 10 min. Then the mixture 

was extruded through 200 nm polycarbonate membrane 20 times.  CRV was conjugated to 

maleimide-terminated PEG by mixing 100 uL of 1 mg/mL CRV (in deionized water) in 1 mg/ml of 

the liposomal pSi (by lipid mass) overnight at 4ºC. Particles were washed three times at each 

step by centrifugation in Microcon-30kDa Centrifugal Filter Unit (EMD Millipore) by spinning at 

5000g at 25ºC. The loaded siRNA concentration was quantified by NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, ND-2000) after each step of particle formation by 

checking the ultraviolet absorption of the supernatant and pellet of each wash. Nanoparticle size 

and zeta-potential were measured by dynamic light scattering (DLS, Zetasizer ZS90, Malvern 

Instruments), and structural morphology were visualized by JEOL 1200 EX II TEM and FEI 

Tecnai Spirit G2 BioTWIN TEM. Samples were prepared by dropping 5 uL of the sample on the 

TEM grid, drying off excess solvent after 1 min, and dropping 5 uL of uranyl acetate for negative 

staining. Particle physiostability was observed by storing the formulations in PBS, refrigerated at 

4ºC and measuring the hydrodynamic diameter every day for the first week, then every 7 days 

for a total of 4 weeks. The experiment was replicated 3 times and averaged.  

Macrophage-targeting peptide (CRV) identification. Phage display screening was 

carried out as previously described54. Briefly, the macrophage cell line used here was J774A.1, 

a mouse monocyte/macrophage cell line isolated from ascites of female animals bearing 

reticulum cell sarcoma. A T7 phage library displaying 9-residue cyclic peptides (CX7C, two 

terminal Cysteine residues form a disulfide bond to render peptide cyclic; X being random amino 
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acid) was used for screening. J774A.1 cells (2.5X105) were first incubated with 5X1010 pfu 

(plaque-forming unit) inactivated phages displaying the sequence, RPARPAR, for one hour at 

4°C. RPARPAR is a prototypic CendR (C-end Rule) peptide that will bind to a known receptor, 

neuropilin-1 (NRP1)55. Here, RPARPAR phages were inactivated for their infection ability by UV 

exposure before incubation with cells, and the pre-incubation of RPARPAR phage was to 

exclude all NRP1-binding peptide sequences. Next, 5X109 pfu CX7C library was incubated with 

cells for another hour at 4°C. Phage tittering and subsequent rounds of enrichment were carried 

out according to our established protocol54. After three rounds of biopannings, the peptide 

sequences between two terminal Cysteine were determined using next generation sequencing 

performed by the DNA analysis core facility at Sanford Burnham Prebys Medical Discovery 

Institute.    

Peptide binding to cells. FAM-X-CRV (X being one copy of 6-aminohexanoic acid 

linker) and biotin-X-CRV were synthesized by Lifetein, LLC (Hillsborough, NJ). The control 

peptides used here included GGSGGSKG and ARA peptide56. Cells were incubated on rotator 

with indicated peptides at a final concentration of 10 µM in the solution of DMEM plus 1% BSA. 

For competition study, biotin-X-CRV was added to a final concentration of 500 µM together with 

FAM-X-CRV (10 µM final). After 1 h at 4°C, cells were washed 3 times with PBS followed by 

flow cytometry analysis.  

Affinity Chromatography. The membrane proteins of Raw264.7 cells were isolated 

using Mem-PER Plus membrane protein extraction kit (Thermo Fisher Scientific) according to 

the manufacturer’s instruction. Affinity chromatography was then performed with a protocol 

adapted from our previous report54. Briefly, biotin-X-CRV was first immobilized onto streptavidin 

coated magnetic beads (Thermo Fisher Scientific), then incubated with the membrane protein 

extracts of Raw264.7 cells at 4°C overnight. After two times of washing with PBS, beads were 

first incubated with GGSGGSKG peptide (a final concentration of 1 mM) at 4°C for 3 h, to elute 
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those nonspecifically bound proteins. Lastly, beads were incubated twice with FAM-CRV (a final 

concentration of 2 mM) at 4°C (2 h each time), to elute those proteins specially bound to CRV. 

The elutes from GGSGGSKG (control peptide) and FAM-CRV were collected and subjected to 

mass spectrometry analysis by the mass spectrometry core facility at Sanford Burnham Prebys 

Medical Discovery Institute.  

Bacterial culture. All bacterial work was performed in an approved BSL-2 facility with a 

clean hood. Staphylococcus aureus was cultured by incubating 50 uL of bacteria in 10 mL of the 

brain heart infusion broth (Fisher Scientific) for 16h in a shaking incubator at 37ºC and shaking 

at 200 RPM with the cap loose. The culture was re-introduced to the lag phase from the 

stationary phase by sub-culturing 10 uL of bacteria in fresh 5 mL of brain heart infusion broth for 

2h in a shaking incubator at 37ºC and shaking at 200 RPM with the cap loose. 

Cell culture. Raw 264.7 and J774a.1 macrophage cell lines were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were incubated at 37ºC in 

5% CO2.  

Fusion of DiI-loaded or calcein-loaded nanoformulations were tested by seeding 6-well 

plates with 0.3 x 106 cells on top of 22 mm round coverslips (BD Biocoat Collagen Coverslip, 22 

mm), growing to 80% confluence overnight, and treating the cells with the nanoparticles at 1 mg 

lipid dose. The formulations without CRV-conjugations were incubated at 37℃ in 5% CO2 for 10 

min, whereas the formulations with CRV-conjugation were incubated for 5 min. Calcein-loaded 

particles were incubated for 10 min after cells were pre-treated with 500 nM of LysoTracker Red 

DND-99 (Thermo Fisher Scientific) for 1h at 37ºC in 5% CO2. The non-fusogenic particles 

generally demonstrate higher uptake (approximately 3x) into cells relative to the fusogenic 

particles. For clearer visualization of the LysoTracker, the dose of F-pSi-Cal NF-pSi-Cal was 

decreased to 0.3 mg lipid dose. After incubation, the cells were washed in PBS three times to 

remove any particles that were not taken up. The cells were fixed in 1% paraformaldehyde 
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(PFA, Santa Cruz Biotechnology) for 10 min, then washed with PBS three times. The coverslips 

were mounted on glass slides with ProLong® Diamond Antifade Mountant with DAPI (Life 

Technologies), dried and kept in the dark until examined by confocal microscopy (Zeiss LSM 

710 NLO). Pearson’s correlation coefficient for co-localization was calculated using the Coloc2 

plugin from ImageJ. At least ten representative images were analyzed to obtain the average 

coefficient.  

For transmission electron microscopy of cells, particles were introduced to the Raw 

264.7 and J774a.1 cells under the same conditions as above, and cells were fixed with 

glutaraldehyde overnight before being stained with osmium and uranyl acetate during 

embedding, and with lead on the TEM grids. The samples were viewed using a JEOL 1200 EX 

II TEM instrument. 

In vitro knockdown. In vitro knockdown efficiencies of the nanoformulations were 

quantified using two-step quantitative real-time reverse transcription polymerase chain reaction 

(qRT-PCR, Roche LightCycler 96). Raw 264.7 cells were seeded on a 6-well plate at 3 x 105 

cells per well and grown to 80% confluency overnight. The cells were incubated with the desired 

nanoformulations at 0.2 nmol of siRNA in 2 mL of media (100 nM siRNA). 48h post-incubation, 

the cell media was removed, and RNA was purified using the QIAshredder and RNeasy Mini Kit 

(Qiagen, Valencia, Ca). cDNA was transcribed from the purified RNA using the BIORAD iScript 

cDNA Synthesis Kit and heat-treated in the Eppendorf Vapo.protect Mastercycler thermal 

cycler. cDNA was mixed with IRF5 primers, or the control HPRT primers (IRF5 forward: 

AATACCCCACCACCTTTTGA; IRF5 reverse: TTGAGATCCGGGTTTGAGAT; HPRT forward: 

GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATT-CTTTCCA) and iQ 

SYBR Green Supermix according to the manufacturer's instructions. RT-PCR analysis was 

performed in the BIORAD 96-well white Multiplate PCR Plates using the Roche LightCycler 96. 

The quantification was performed at n=6 and in RNAse- and DNAse-free laminar flow hood 
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dedicated to RNA work. Relative knockdown was statistically evaluated using one-way ANOVA 

with Tukey’s HSD post-hoc analysis. 

Cell viability assay. Raw 264.7 and J774a.1 macrophages were cultured in 6-well 

plates on top of 22 mm round coverslips (BD Biocoat) to 80% confluency from seeding density 

of 3 x 105 cells/well. The cells were incubated for 1h with nanoparticle formulations containing 

0.5 mg and 1 mg total lipid mass. After incubation, cells were washed three times with PBS. 

Molecular Probes LIVE/DEAD Cell Viability/Cytotoxicity Kit (Thermo Fisher Scientific) uses 

calcein AM for live cell uptake (λex/λem = 494/517 nm), and ethidium homodimer-1 (EthD-1) for 

dead cell infiltration (λex/λem = 528/617 nm). The probes were treated and incubated with cells 

according to the manufacturer's instructions. Briefly, probe stock was composed of 60 L of 2 

mM EthD-1, and 15 L of 4 mM calcein AM in 30 mL fresh DMEM, and each cell well was 

incubated with 2 mL of the probe stock for 30 min at room temperature in the dark. The cells 

were then washed with PBS three times, fixed with 1% PFA and mounted on glass slides. The 

slides were dried and imaged using confocal microscopy (Zeiss LSM 710 NLO), and the calcein 

AM/EthD-1 fluorescence signals were quantified using ImageJ at n=20. The cell viability was 

statistically evaluated using one-way ANOVA. For fluorescence plate reader validation, the 

same experiment was conducted in a 96-well plate with seeding density of 6,000 cells/well in 

200 L media and probe treatment. After 30 min room-temperature incubation in the dark, the 

fluorescence was read in a Gemini XPS spectrofluorometer (Molecular Devices) at n=8 per 

group. The quantified viability was normalized to the PBS control treatment. 

Biosafety of fusogenic nanoparticles. All animals for all the in vivo studies were 

handled, anesthetized, and euthanized according to the Institutional Animal Care and Use 

Committee (IACUC) guidelines. All animal experiments were performed independent of each 

other with different cohorts of mice. For in vivo biosafety validation, healthy Balb/C mice were 

intravenously injected with F-sIRF5-CRV at 23.2 µmol/kg lipid, corresponding to 69 µg/kg 
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siRNA, and 0.3 mg/kg pSi in 100 L PBS. After 24h circulation, the mice were sacrificed under 

deep isofluorane anesthesia (no response to toe pinch) by cardiac perfusion, and brain, heart, 

lungs, liver, kidneys, and spleen were harvested. Organs were fixed immediately in 4% PFA, 

and sent to the University of California, San Diego (UCSD)’s histology core to be paraffinized 

and sectioned for hematoxylin and eosin (H&E) staining. The stained slides were 

histopathologically evaluated by Dr. Kent Osborn (Associate Director, Animal Care Program, 

UCSD).  

In vivo infection model. After 16h incubation in brain heart infusion broth, 10 uL Staph. 

aureus was sub-cultured in 5 mL of fresh broth for 2h to reach growth phase. The optical density 

at 600 nm was measured using a cuvette spectrometer with the broth set as the blank. Five mL 

of bacterial culture at OD600≈ 0.32 was centrifuged, the bacteria were washed by centrifugation 

in PBS three times, and re-suspended in 200 L of PBS for inoculation. The Staph. aureus 

pneumonia animal model was established in 6-8 week old male Balb/C mice by intratracheal 

catheter injection of approximately 1 x 107 CFU of bacteria in 10 L of PBS. All treatment-

injections were performed 24h after inoculation of the bacteria. 

Biodistribution of CRV. Three healthy and infected (24h post-infection) mice were 

intravenously injected with CRV tagged with 5’6-FAM dye in 100 L PBS at a concentration of 1 

mg/mL. Organs were harvested after 1h circulation and fixed in 4% PFA. Organs were sent to 

the UCSD histology core to be paraffinized, sectioned, and stained with DAPI nuclei stain and 

F4/80-AF555 macrophage marker for immunofluorescence analysis under the Zeiss LSM 710 

NLO confocal microscope with single photon laser (for excitation of DiI, calcein, LysoTracker 

Red) and Mai-Tai Laser HB (690-1020nm) (for two-photon excitation of DAPI). 

Nanoparticle biodistribution. 8-week old male Balb/C mice were intratracheally 

infected as described. 24h post-infection, infected and healthy mice were intravenously injected 
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with siIRF5-loaded fusogenic pSiNPs with or without CRV-conjugation, at 23.2 µmol/kg lipid, 

corresponding to approximately 69 µg/kg siRNA, and 0.3 mg/kg pSi 100 L in PBS. The DiI-

loaded particle localization was visualized using the IVIS 200 (Perkin Elmer) with 0.12s 

exposure time on the DsRed excitation and emission filters. Both healthy and infected animals 

were sacrificed and harvested for organs 24h post-infection, with additional 1h-post treatment 

analyses for infected animals injected with the fusogenic nanoparticle formulations. ImageJ was 

used to quantify the fluorescence of each organ, and averaged over the three mice per group. 

Infected lung homing was further validated using fluorescence activated cell sorting (FACS). 

24h post-infection, mice were intravenously injected with calcein-loaded non-fusogenic particles 

with MPT, fusogenic particles without CRV, and fusogenic particles with CRV at 23.2 µmol/kg 

lipid, corresponding to 69 µg/kg siRNA, and 0.3 mg/kg pSi in 100 L PBS. 1h post-injection, the 

mice were sacrificed by cardiac perfusion with PBS. The harvested lungs were homogenized 

and the homogenates were processed with the LSR Fortessa FACS instrument, and analyzed 

using the FlowJo software (FlowJo, LLC). For immunofluoresce microscopy of infected lungs, 

mice were intravenously injected 24h post-infection with DiI-loaded formulations of non-

fusogenic and fusogenic particles (without siRNA) conjugated with CRV, and were sacrificed for 

lung harvest and fixation in 4% PFA at 24h post-injection. The fixed lungs were paraffinized and 

sectioned and stained with FITC-labelled F4/80 macrophage marker. The sections were 

observed under Zeiss LSM 710 NLO confocal microscope for DiI and FITC localizations.  

In vivo therapeutic efficacy of fusogenic nanoparticles. 8 week-old male Balb/C 

mice were intratracheally infected as described. Twenty-four hours post-infection, infected mice 

were intravenously injected with 100 L of PBS or siIRF5-loaded fusogenic pSiNPs conjugated 

with CRV at 23.2 µmol/kg lipid, corresponding to 69 µg/kg siRNA, and 0.3 mg/kg pSi in 100 L 

PBS. PBS-injected mouse was harvested for the lungs ad mortem (24h post-injection), whereas 

nanoformulation-injected mouse was sacrificed and harvested for the lungs 3 days post-
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injection. Additionally, lungs from healthy mouse and infected mouse with no injection, at 24h 

post-infection, were harvested. All organs were immediately fixed in 4% PFA to be sent to the 

UCSD histology core for paraffinization, sectioning, and H&E staining. The stained sections 

were histopathologically evaluated by Dr. Kent Osborn (Associate Director, Animal Care 

Program, UCSD).  

To confirm clearance of bacteria from lungs, the number of colony-forming units (CFU) 

of Staph. aureus was determined from titering of lung homogenates. 24h post-infection, mice 

were intravenously injected with 100 L of PBS, non-fusogenic particles with siIRF5 and CRV 

conjugation, fusogenic particles with sham siRNA (siLuc, luciferase encoding siRNA) 

conjugated with CRV, or fusogenic particles with siIRF5 and CRV conjugation at 23.2 µmol/kg 

lipid, corresponding to 69 µg/kg siRNA, and 0.3 mg/kg pSi in 100 L PBS. Healthy mice with no 

injection were also observed. At days 2, 3, 4, and 8 post-infection, mice were sacrificed for lung 

harvest. Due to factors that may affect the bacteria count on the day of the therapeutics 

injection, day 1 (ie. variations in before vs. after injection, the number of hours post-injection, 

etc.), we began the count at day 2. In cases where mice succumbed to infection prior to the 

time-points, the lungs were harvested ad mortem. The lungs were weighed, gently washed in 

PBS, and then homogenized. The homogenates were serially diluted to a dilution factor of 107, 

plated on agar-coated petri dishes and incubated at 37ºC overnight. The Staph. aureus colonies 

were counted n=4 for each dilution factor, and divided by the lung mass. The average CFU/g 

was quantified using counts from 4 plates at equivalent dilution factors from 2 mice (n = 4 plates 

x 2 mice = 8).  

Finally, a survival challenge was performed with infected mice, who were intravenously 

injected 24h post-infection with the treatment compounds. Each group had 8 mice, which were 

blindly observed daily for survival. Moribund mice that showed signs of expiring within 5h were 
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sacrificed according to the IACUC guidelines. The resulting data were statistically evaluated 

using single way ANOVA and post hoc comparisons using Tukey’s HSD test at p < 0.05. 

In vivo IRF5 knockdown efficiency. 8 week-old male Balb/C mice were intratracheally 

infected as described above. Twenty-four hours post-infection, infected mice were intravenously 

injected with 100 L of PBS or siIRF5-loaded fusogenic and non-fusogenic pSiNPs with or 

without CRV at 23.2 µmol/kg lipid, corresponding to 69 µg/kg siRNA, and 0.3 mg/kg pSi in 100 

L PBS. Twenty-four hours post-injection and circulation, mice were sacrificed for 

brochoalveolar lavage (BAL). BAL was performed by intratracheal instillation of a mouse 

catheter, with a suture tied around the trachea to prevent leakage. 1 mL of PBS was injected 

into the lungs through the catheter, and aspirated back out. The process was repeated three 

times to collect up to 2.5 mL of the BAL fluid. Lungs were also harvested after completion of the 

BAL procedure.  

Cells from the BAL fluid were collected by centrifugation at 350g for 10 min at room 

temperature. The supernatant was removed, and the cell pellets were washed with PBS once 

by centrifugation at 350g for 10 min at room temperature. Prior to qRT-PCR processing, the cell 

pellets were kept dry at -80ºC. Harvest lungs were weighed and homogenized, 30 mg of the 

homogenates were isolated for qRT-PCR processing and stored at -80ºC. 

The in vivo knockdown of IRF5 was quantified using two-step quantitative real-time 

reverse transcription polymerase chain reaction (qRT-PCR, Roche LightCycler 96). The cell 

pellets or the lung homogenates were lysed and RNA was purified using the QIAshredder and 

RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was transcribed from the purified RNA using the 

BIORAD iScript cDNA Synthesis Kit and heat-treated in the Eppendorf Vapo.protect 

Mastercycler thermal cycler. cDNA was mixed with IRF5 primers, or the control HPRT primers 

(IRF5 forward: AATACCCCACCACCTTTTGA; IRF5 reverse: TTGAGATCCGGGTTTGAGAT; 

HPRT forward: GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATT-
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CTTTCCA) and iQ SYBR Green Supermix according to the manufacturer's instructions. qRT-

PCR analysis was performed in the BIORAD 96-well white Multiplate PCR Plates using the 

Roche LightCycler 96. The quantification was performed at n=6 and in RNAse- and DNAse-free 

laminar flow hood dedicated to RNA work. Relative knockdown was statistically evaluated using 

one-way ANOVA with Tukey’s HSD post-hoc analysis. 

 

5.4 Synthesis of fusogenic liposome-coated pSiNPs  

The siRNA carrier consisted of porous silicon (pSi) nanoparticles, prepared by 

electrochemical etch of single-crystal silicon wafers and ultrasonic fracture of the resulting 

porous layers into nanoparticles. siRNA and hydrophilic fluorescent dye payload were loaded 

into the porous nanoparticles by subjecting the payload and the pSi nanoparticles to ultrasound 

in an aqueous solution of calcium chloride36. Fusogenic liposomes were synthesized using the 

established film hydration method30,31, and were coated around the payload-loaded pSi 

nanoparticles by co-extrusion through 200 nm polycarbonate membranes (Fig 5.1b). The 

fusogenic (F) feature of the liposomes is derived from a controlled ratio of structural, cationic, 

and PEGylated lipid components30,31 (Table 5.1). Control non-fusogenic (NF) nanoparticles 

were prepared using the structural and PEGylated lipids, but without the cationic component—

yielding a more conventional liposome. Dynamic light scattering (DLS) and microscopic data of 

the F-pSi confirmed an average hydrodynamic diameter of approximately 190 nm with a 

distribution range of 100-400 nm, with a cationic surface charge of ~10 mV (Table 5.2). The F-

pSi formulations were physically stable in deionized water for up to 28 days at 4°C (Fig 5.2). 

The loading efficiency of the siRNA payload was approximately 25 wt%, substantially larger 

than the 1-14 wt% achieved with other reported oligonucleotide-loaded nanoplatforms, such as 

lipid-based nanoparticles and mesoporous Si-polymer hybrid systems (Table 5.3). Notably, 
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particles with sizes comparable to those used in the study (200 nm) display oligonucleotide 

loadings of less than 5 wt%. 

 

5.5 Fusion and intracellular delivery of fusogenic pSiNPs in vitro  

Nanoparticles were loaded with the hydrophilic dye calcein in the pSi core or with the 

lipophilic dye DiI in the lipid leaflets to evaluate differences in intracellular localization and to 

infer uptake pathway. Calcein was chosen as the model-siRNA payload (Fig 5.3a), because it 

shares two key characteristics with oligonucleotides: (i) it is anionic, and (ii) it is membrane-

impermeable. The lipophilic DiI was chosen to track fusogenic uptake, because the hydrophobic 

molecule localizes in lipid bilayers (Fig 5.3a)37.  In the event of fusogenic uptake, DiI would be 

expected to diffuse from the liposomal bilayer of the nanoparticle into the plasma membrane, 

whereas non-fusogenic uptake would result in endocytosis and localization in the cytoplasm.  

Confocal microscopy revealed that the F-pSi formulation fused with the plasma 

membrane of cultured J774A.1 murine macrophages and delivered the payload into the 

cytoplasm. The F-pSi formulation that contained DiI in the liposomal coating transferred this 

lipophilic dye to the cell membrane (Fig 5.3b), confirming fusion, whereas the F-pSi formulation 

that contained calcein in the nanoparticle interior dispersed this hydrophilic dye throughout the 

cytoplasm (Fig 5.3c). Control experiments performed using non-fusogenic (NF) nanoparticles 

resulted in an overall lower uptake, and the DiI signal from NF formulation were found to be 

concentrated within the cytoplasm (Fig 5.3e). That these nanoparticles were associated with 

intracellular endosomes/lysosomes was confirmed using LysoTracker Red stain (Fig 5.3c, f). By 

contrast, fusogenic nanoparticles showed dispersed calcein signals that did not co-localize with 

lysosomal compartments. The F-pSi attained an average Pearson’s correlation coefficient 

(PCC) = 0.04 ± 0.03, whereas the NF-pSi attained an average PCC = 0.59 ± 0.18. The two 
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values are significantly different by T-test (p = 2 x 10-6), validating the lysosomal 

compartmentalization of the NF-pSi formulation. 

The ability of the nanoparticles to be selectively targeted to the macrophages was tested 

using a peptide selected in a phage library screen38,39 for cultured J774A.1 murine macrophages 

(Fig 5.4a). This peptide, denoted as CRV, is a 9-amino acid peptide (sequence CRVLRSGSC) 

made cyclic by a disulfide bond between the side chains of the two cysteine residues. CRV 

labeled with a 5-FAM dye (FAM-CRV) showed a higher binding ability than control peptides to 

J774A.1 and Raw 264.7 macrophages (Fig 5.4b). Biotin labeled CRV was able to significantly 

reduce the binding of FAM-CRV to the macrophages (Fig 5.4c). All these results suggest that 

CRV peptide specifically binds to macrophages. 

To permit coupling to the NPs, the peptide was modified by adding a third cysteine 

through a 6-aminohexanoic acid linker and labeled with a 5-FAM dye to track by fluorescence. 

The 3-cysteine peptide was attached to the PEG head of a minor fraction of the lipids via 

maleimide coupling chemistry. A fusogenic formulation containing CRV, the DiI membrane dye, 

and pSi nanoparticles (F-DiI-CRV) showed strong co-localization of the DiI and FAM signals at 

specific points on the cell membrane (Fig 5.3d), suggesting that the CRV anchors the particles 

to its specific macrophage membrane receptors to allow localized fusion. The data are more 

consistent with a membrane fusion mechanism rather than endocytosis; substantial endocytosis 

would be expected to lead to increased DiI signals from the cell cytoplasm.  We note that CRVs 

appeared to expedite the fusion process, as only half the incubation time was needed to 

achieve a comparable level of fusion. In contrast, the non-fusogenic NF-DiI-CRV (Fig 5.3g) 

displayed a cellular distribution similar to NF-DiI-mPEG, a non-fusogenic formulation that 

contained mPEG (methoxy polyethylene glycol) in place of the targeting peptide-conjugated 

PEG (Fig 5.3e). The CRV-FAM and DiI signals co-localized in clusters within the cytoplasm, 
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indicative of endosomal and lysosomal compartmentalization. These results indicate the 

targeting peptide is permissive for either cell entry pathway.  

TEM results (Fig 5.3h-j) verify the different uptake pathways between fusogenic and 

non-fusogenic formulations. While the targeted non-fusogenic particles demonstrated 

macropinocytosis, and were found to be localized in intracellular vesicles (Fig 5.3i), only the 

core pSi of the targeted fusogenic particles were found degrading in the cell cytoplasm (Fig 

5.3j). 

 

5.6 Cytotoxicity and in vitro knockdown efficacy of fusogenic pSiNPs 

To test the hypothesis that the fusogenic pathway for uptake and direct cytoplasmic 

release of siRNA attains higher knockdown efficiency than the endosomal uptake route, we 

delivered siRNA encoding the IRF5 gene to cultured Raw 264.7 macrophage cells, and gene 

expression was analyzed by quantitative real-time PCR (qRT-PCR) (Fig 5.5a). Fusogenic 

nanoparticle formulations (F-siIRF5) delivering 200 nM siRNA demonstrated high knockdown 

efficiencies with or without an added CRV macrophage targeting peptide (96.4% and 96.6% 

respectively). Knockdown was comparable to that of the standard transfection agent, 

Lipofectamine (95.5%). The non-fusogenic formulation (NF-siIRF5-CRV) demonstrated only 

42.9% knockdown with high standard deviation. The relatively high variance in this control is 

attributed to occasional incidences of endosomal escape22. Administration of free-siIRF5 

achieved only 6.3% knockdown under similar conditions, statistically similar to the PBS control. 

The presence of CRVs on the particle surface had no adverse effect on the knockdown ability. 

These experiments established that the fusogenic coatings enable higher knockdown efficiency 

than a conventional liposomal coating, and that active targeting of the fusogenic formulations 

does not enhance gene silencing in the isolated cellular environment of the in vitro experiment, 
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likely because the long incubation period allowed the entry of non-targeted NP to catch up with 

the targeted NPs.  

Assays of cell cytotoxicity and histological evaluations of major organs were performed 

to assess biosafety of the fusogenic nanoparticles and their siRNA payload. The primary 

concern with the fusogenic system is the insertion of the cationic lipid constituents into cell 

membranes, disrupting membrane charge homeostasis of cells. Two macrophage cell lines, 

J774a.1 and Raw 264.7, were incubated for 1h with nanoparticle formulations containing 0.5 mg 

and 1 mg total lipid mass. Calcein AM and ethidium homodimer-1 assays indicated >95% cell 

viability compared to the PBS-treated control for either fusogenic or non-fusogenic CRV-

targeted nanoparticle constructs (Fig 5.5b). To test in vivo biosafety, healthy Balb/C mice were 

intravenously injected with the fusogenic, CRV-targeted nanoparticle construct (F-siIRF5-CRV) 

at doses corresponding to 23.2 µmol/kg lipid, corresponding to 24 µg/kg siRNA. After 24h 

circulation, the major organs were harvested and sectioned for H&E histopathological evaluation 

(Fig 5.5c-h). All major organs were found to be normal, though the liver showed minor 

incidental findings also seen in control mice. 

 

5.7 Biodistribution of fusogenic pSiNPs targeted to infected lungs and macrophages 

We established a Staph. aureus pneumonia animal model involving intratracheal 

injection of bacteria at a dose that was lethal to untreated mice within 2 days. First, we tested 

the homing ability of the CRV macrophage-targeting peptide in this model, using the "free" 

peptide not bound to any nanoparticle, but conjugated to a fluorescein (5-FAM) dye to allow 

tracking. Infected and healthy control mice (n=3 each) were intravenously injected with FAM-

CRV 24h post-infection. Confocal immunofluorescence microscopy of organs harvested from 

the healthy animals showed signs of renal clearance but no selective homing to any of the 



 
 

178 
 

macrophage-heavy organs (Fig. 5.6a). However, the infected animals demonstrated clear 

evidence of selective homing, with CRV-FAM signals co-localizing with the F4/80-AF555 

macrophage signals in the infected lungs. The peptides cleared primarily through the kidneys, 

with minor localizations seen in the spleen and liver. The results demonstrate the ability of the 

CRV peptide to home to macrophages in Staph. aureus-infected lungs.  

Next, we tested the in vivo homing ability of the CRV when attached to the fusogenic 

nanoparticles. Mice were intravenously injected, 24h post-infection, with DiI-loaded F-siIRF5 

nanoparticles coated with conjugated CRV peptide, and the in vivo biodistribution was tracked 

by immunofluorescence microscopy of organs harvested at 1h and 24h post-treatment. The 

quantified DiI fluorescence signal showed strong accumulation in the lungs after 1h, and it was 

still detected 24h post-treatment (Fig. 5.6b; Fig 5.7 shows the representative images of the 

organs). Control experiments using the same nanoparticle construct but replacing the CRV-

conjugated PEG with methoxylated PEG (F-DiI-mPEG) showed minimal accumulation in the 

lungs. The efficacy of lung homing was quantified by fluorescence-activated cell sorting (FACS), 

which showed that the CRV-conjugated fusogenic particles (F-DiI-CRV) homed to infected lungs 

with high selectivity (Fig 5.8). While the free-CRV peptide showed preferential clearance 

through the kidneys, the nanoparticles showed no elevated fluorescence over background 

autofluorescence signals in the kidneys, and substantially increased clearance through the liver. 

These results were similar for both the targeted and the untargeted fusogenic nanoparticle 

constructs, in both healthy and infected animals. The clearance data are consistent with the size 

limitations displayed by the organs of mononuclear phagocytic system (MPS); nanoparticles < 

5.5 nm tend to be cleared by the kidneys, and nanoparticles show preferential clearance 

through the hepatobiliary system40,41. We note the CRV-conjugated nanoparticles showed 

substantially enhanced uptake in the spleen of infected animals relative to controls, which is 
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attributed to the splenic clearance and filtration of targeted macrophages that have 

phagocytosed senesced neutrophils and damaged cells from the infected lung. 

We next studied the efficacy of CRV targeting and fusogenic uptake at the cellular level 

in the lungs using DiI-tagged nanoparticles. The lungs of healthy mice intravenously injected 

with targeted fusogenic nanoparticles (F-DiI-CRV) showed minimal recruitment of macrophages 

marked by F4/80-FITC, and no visible F-DiI-CRV accumulation (Fig 5.6c). Healthy lungs 

possess a baseline number of alveolar macrophages, with no significant recruitment of 

peripheral macrophages. However, the lungs of infected control mice (PBS injection at 24h 

post-infection) recruited a high number of macrophages, as expected of an inflammatory 

process (Fig 5.6d). The group of infected mice injected (24h post-infection) with non-fusogenic 

nanoparticles (NF-DiI-CRV) showed minimal co-localization of macrophages with DiI from these 

nanoparticles (Fig 5.6e). In marked contrast, infected lungs of mice injected with the targeted 

fusogenic nanoparticles (F-DiI-CRV) showed high accumulation of DiI signals, which were 

strongly co-localized with macrophage fluorescence signals (Fig 5.6f). Taken together, the 

results show that the combination of CRV-targeting and fusogenic uptake achieves strong 

homing to circulating macrophages recruited to infected lungs.  

 

5.8 Efficacy of macrophage-targeted fusogenic pSiNPs delivering anti-inflammatory 

siIRF5 for treatment of Staph. aureus-infected mice 

With the cellular fusion and in vivo homing capabilities established, we next evaluated 

the therapeutic efficacy of the fusogenic, siRNA-loaded, CRV-targeted nanosystem (F-siIRF5-

CRV) against a lethal dose of Staph. aureus in the mouse pneumonia model. As discussed 

above, we chose to deliver siRNA against the IRF5 gene of macrophages, in order to suppress 

inflammatory cytokine excretion of macrophages13 and enhance bacterial phagocytosis and 
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tissue repair10,15,16. We initially studied bacterial colonization and titers in the lungs of mice in 3 

treatment groups:  (i) Staph. aureus-infected mice with no treatment (lungs harvested at 

fatality) ; (ii) infected mice treated with PBS (lungs harvested at fatality within 24h post-

treatment); and (iii) infected mice treated with F-siIRF5-CRV via tail vein injection (lungs 

harvested 3 days post-treatment). A section of a healthy lung is shown for comparison in Figure 

5.9a. The infected mice, when untreated (Fig 5.9b) or treated with PBS only (Fig 5.9c), 

displayed overt signs of neutrophilic pneumonia associated with bacteria. Moreover, Staph. 

aureus leakage into the perilaryngeal muscles was observed in these untreated controls (Fig 

5.9b inset), and gram-positive cocci were identified in the lungs of the PBS-injected group by 

Gram staining (Fig 5.9c inset). Three days after injection of the F-siIRF5-CRV therapeutic, the 

lungs of the infected mice displayed an appearance similar to healthy lungs, and no bacteria 

were detected in the Gram stains (Fig 5.9d).  

We also quantified the bacterial population in the various treatment groups by preparing 

lung homogenates and counting the number of bacterial colonies obtained (Fig 5.9e). Healthy 

mice showed an average baseline count of approximately 103 CFU/g. Control groups of infected 

mice treated with PBS, with the non-fusogenic targeted nanoparticle formulation containing 

siIRF5 (NF-siIRF5-CRV), or with the fusogenic targeted nanoparticle containing siRNA against 

luciferase as a negative control for siIRF5 (F-siLuc-CRV), were all observed to carry bacterial 

burdens of >1010 CFU/g and all cohorts perished within 3 days of infection. By contrast, infected 

mice treated with the fusogenic targeted nanoparticle delivering the siIRF5 therapeutic (F-

siIRF5-CRV) demonstrated a notable decrease in titer starting 2 days post-infection, and titers 

reached the baseline count at 8 days post-infection.  

To confirm that the therapeutic effect resulted from IRF5 knockdown, qRT-PCR was 

used to determine the relative in vivo knockdown efficiency in infected mice. Bronchoalveolar 

lavage (BAL) fluid collected from the lungs of infected mice was observed to have significantly 
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lower expression of IRF5 (17%) in mice injected with the CRV-conjugated fusogenic pSi 

nanoparticles relative to the PBS, free siIRF5, CRV-conjugated non-fusogenic pSi 

nanoparticles, and non-targeted fusogenic pSi nanoparticle controls (Fig 5.10a). However, the 

lung homogenates processed after removal of BAL fluid showed no significant difference in 

IRF5 expression between all groups (Fig 5.10b). BAL fluid in healthy mice consists of 98% 

macrophages42, whereas infected mouse BAL fluid accumulates activated macrophages and 

neutrophils that are recruited during the initial stages of inflammation; by seven days post-

infection, the BAL fluid comprises 38% macrophages, 56% neutrophils, and 6% lymphocytes42. 

As the BAL fluid was collected 48h post-infection and 24h post-therapeutic injection, the 

population is expected to be primarily macrophages. On the other hand, the lung homogenate is 

composed of epithelial, endothelial, and interstitial cells43, with a small population of 

macrophages. Thus, we conclude that the CRV-conjugated fusogenic particles successfully 

homed to the activated macrophages of the infected lungs in a selective manner and silenced 

IRF5 gene expression.   

In a separate experiment, mouse survival was dramatically improved with the F-siIRF5-

CRV nanotherapeutic; 100% of the mice administered the formulation survived the lethal 

challenge and showed no apparent sequelae from the infection within a 4-day post-infection 

observation period (Fig 5.9f). Mice administered the NF-siIRF5-CRV, and mice administered 

the F-siLuc-CRV, with siLuc as a sham siRNA, showed limited survival, with a significantly lower 

average number of survival days compared to the F-siIRF5-CRV (one-way ANOVA, post hoc 

comparisons using Tukey’s HSD test, Fig 5.9g). By comparison, the first-line antibiotic 

vancomycin gave only 30% survival rate in the same pneumonia model when intravenously 

administered at a 3 mg/kg (the published ED50 for vancomycin in mice is in the range 0.65-4 

mg/kg44,45) single dose given one day post-infection46.  
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5.9 Discussion and Conclusions 

A primary role of the inflammatory response during bacterial infection is to recruit 

additional macrophages whose function ultimately shifts to bacterial phagocytosis and tissue 

repair 10-15. However, an excessive inflammatory reaction can become septic, generating multi-

organ failure and fatality 2,3. This study harnessed siRNA targeting the IRF5 gene, a 

transcriptional regulator of the inflammatory M1 macrophage phenotype that is a key inductor of 

pro-inflammatory cytokines11. We hypothesized that effective silencing of this gene would 

suppress the inflammatory response and mitigate a lethal bacterial infection. 

Silencing of IRF5 has not previously been tested as a means to slow or eliminate 

bacterial infections. A serious bacterial infection, such as the lethal Staph. aureus model studied 

here, requires an overwhelming and effective immune response. While IRF5 is an attractive 

target, it was not clear that a strong response could be achieved using gene therapy, which can 

be notoriously inefficient in vivo 47. Achieving high in vivo knockdown efficiency has been a 

challenge due to passive clearance in circulation, and endocytic uptake that causes extracellular 

excretion or lysosomal degradation of the oligonucleotides 22,23. In this work, we addressed 

these problem by incorporating three key features into the nanoparticle design: (i) a host pSi 

nanoparticle with high oligonucleotide loading efficiency and low systemic toxicity; (ii) a 

fusogenic lipid coating that effectively avoids endosomal uptake; and (iii) a targeting peptide that 

selectively homes the nanoparticles to macrophages. 

The first new aspect of the present approach was the nanoparticle host for the RNAi 

therapeutic. The carrier was based on porous silicon, a drug delivery vehicle that has shown 

good biocompatibility 48-50 and an ability to load and protect sensitive therapeutics, such as 

proteins 51-53 and oligonucleotides 35,54,55. We used a self-sealing chemistry that trapped the 

oligonucleotide payload within the nanoparticle in a calcium silicate matrix 36, loading a quantity 
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at least 2x greater than has been achieved with typical liposomal or related hybrid carriers 

(Table 5.3). The calcium silicate pSi nanoparticles follow the exact protocol as introduced in 

Kang et al. 56 In brief, large quantities of siRNA are loaded into pSi by precipitating a calcium 

silicate shell that simultaneously traps the payload. As the pSi matrix dissolves, the silicate 

product reacts with calcium (II) ion present in the CaCl2 solvent, and forms Ca2SiO4 at the 

nanoparticle surface. To load siRNA, the oligonucleotide is added to the solvent to trap the 

molecules during the Ca2SiO4 shell formation. Between the presented work and the referenced 

formulation, the pSi chemistry and properties remain identical, with the exception of particle size 

(which was ~180 nm 56). Thus the pore volume in the F-pSi system is also expected to decrease 

by approximately 80% (1.36 ± 0.03 to 0.29 ± 0.04 cm3 g−1) upon shell formation. In contrast to 

the referenced work, the small pSi nanoparticle sizes (68.1 ± 5.8 nm; Table 5.2) in the F-pSi 

system allows it to dissolve at a much accelerated rate under physiological conditions (pH 7.4, 

37 °C). Moreover, the higher mass loading is important in minimizing the injected dose and 

maximizing gene silencing in the cells. Also, unlike the cationic polymer or oligomer stabilizers 

usually employed to increase loading of negatively charged oligonucleotide payloads, Ca2+ is an 

endogenous species that is essential for cellular function.   

Second, we introduced a liposomal coating that protected the nanoparticle from 

premature degradation until cellular fusion.  The coating contained a specific composition of 

lipids that favored fusion with the cellular membrane over endocytosis (Fig 5.3b-g). The 

fusogenic lipid coating was composed of pro-fusogenic lipids and moieties. DMPC is the major 

constitution that acts as the structural backbone of the liposome, with a relatively low phase 

transition temperature (Tm = 24ºC). The low transition temperature gives the Lα liquid crystal 

phase at room temperature and body temperature 57. The Lα phase is the more fluidic, dynamic, 

and permeable structure that allows for the wide size range (100-400 nm) of extruded liposomal 

coatings and an easier fusion potential 58. DOTAP is the cationic lipid essential for the 
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electrostatic attraction toward the anionic plasma membrane 59,60. Lastly, PEGylated lipid was 

also found to be imperative in fusion 61; though the exact mechanistic role of PEG is not yet 

known, it is hypothesized that PEG electrostatically binds water molecules to dehydrate the lipid 

head groups, which leads to structural asymmetry in the lipid alignment and drives double-

leaflet to single-leaflet fusion as the energetically favorable route 62, similar to how SNARE 

proteins anchor and pull vesicles into merging with plasma membranes endogenously; in fact, 

neuronal SNAREs have been observed to promote PEG-mediated fusion 63. The fusion pathway 

peeled off the protective liposomal coating, which enhanced the rate of dissolution of the pSi 

carrier and release of the RNA payload after the bare nanoparticle was inserted into the cytosol, 

giving substantially greater knockdown of IRF5 in vitro (Fig 5.5a).  

Third, we used an activated macrophage-specific targeting peptide, which provided 

strong and selective homing to macrophages in infected lungs. The effectiveness of the 

targeting peptide in enhancing gene silencing was not apparent in vitro due to the high efficacy 

of the fusogenic coatings (Fig 5.5a). However, the targeting peptide was critical for effective 

homing to macrophages in infected lungs in vivo. The CRV-targeted nanoparticle constructs 

localized in infected and not healthy lungs (Fig 5.6b, c, f), whereas nanoparticles containing the 

sham targeting group showed little accumulation in either infected or healthy lungs (Fig 5.6b).  

Furthermore, the CRV-conjugated nanoparticles strongly co-localized with macrophages in 

infected lungs (Fig 5.6f).  

The siRNA therapeutic chosen for this study focused on enhancing the macrophage 

response to an infection by selectively inhibiting a gene associated with inflammatory M1 

macrophages. Macrophages are essential components of the innate immune system that are 

responsible for defense against a wide range of pathogens. On a cellular level, the alveolar 

macrophages respond to a challenge of infectious particles by secreting cytokines, including 

TNF-α, IL-1β, IL-6, IL-8, IL-12, and IL-23 to recruit polymorphonuclear neutrophils (PMNs), 
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which secrete additional cytokines. However, this prolonged excretion of inflammatory cytokines 

results in deleterious effects that drastically lower the chances of recovery 64. In this study, we 

knockdown IRF5, a key pro-inflammatory marker of M1 inflammatory macrophages 11.  

There are two leading hypotheses regarding the role of IRF5 in macrophages. The first 

is that knockdown of IRF5 in the M1 macrophage preserves its polarization, but eliminates pro-

inflammatory factors 12. It is known that knockdown of IRF5 inhibits the expression of TNF-α and 

other inflammatory markers of M1 (e.g. IL12A and IL23A11), lowering recruitment of Th1/Th17 

and impeding inflammation. In addition, a decrease in the TLR-mediated induction of pro-

inflammatory cytokines (including IL-6) leads to further decrease in inflammation 65. The result of 

eliminating the action of IRF5 is an overall reduction in extended and damaging inflammation 

that occurs after initial leukocyte recruitment, preventing destruction of lung infrastructure and 

decreasing survival burden.  

The second hypothesis is that IRF5 knockdown causes M1 macrophages to repolarize 

to the M2 phenotype, and become highly anti-inflammatory, yet strongly tissue-restorative 10. In 

the M2 phenotype, IL-10 is upregulated and IL-12 is downregulated, the combination of which 

increases arginase-1 production to reduce nitrogen monoxide excretion and inflammation 10. 

Moreover, the M2 macrophages are known to induce Th2 cytokine responses to mediate 

immune responses against extracellular bacteria and toxins 66. Thus in the re-polarization 

model, knockdown of IRF5 induces both anti-inflammatory, tissue-regeneration and immune 

effects to reduce infection burden and inhibit sepsis. Either model supports the hypothesis that 

knockdown of IRF5 will improve healing of infections that induce an excessive inflammatory 

response. Indeed, in vivo silencing of IRF5 has been shown to reduce inflammation and 

accelerate tissue regeneration in mouse models of myocardial infarct and skin wounds 10. The 

improved healing response was attributed to attenuation of M1 macrophage polarization, which 
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is typically the dominant macrophage phenotype in wounds shortly after injury. In these studies, 

the siRNA was delivered in a lipidoidal nanoparticle vehicle 67.  

Finally, it should be pointed out that the substantially improved survival afforded by the 

targeted gene nano-therapeutic developed in this work relative to a standardized dose of 

vancomycin represents a significant finding. Vancomycin is a first-line antibiotic, which is 

prescribed at high dosage and prolonged administration when used to treat Staph. aureus 

infections 5. Staph. aureus strains have a history of evolving antibiotic-resistance genes, such 

that we are currently facing vancomycin-intermediate (VISA) and -resistant (VRSA) strains that 

build strong peptidoglycan walls to bind and trap vancomycin, and inhibit its therapeutic action 2. 

The IFR5 knockdown approach used here is unlikely to be susceptible to development of 

resistance.   

Taken together, the combination of high payload capacity, fusogenic uptake, and 

macrophage-specific targeting yielded an IRF5-silencing construct that rescued all mice tested 

from a lethal dose of Staph. aureus, and that gave the immune system time to clear the bacteria 

and return the lungs of the infected animals to their normal, healthy state within seven days. The 

work reported here represents the first example of successful immunogene therapy against fatal 

deep-tissue infection. Because the therapy focuses on changing the host macrophage response 

to suppress excessive inflammatory stimuli and enhance the anti-bacterial macrophage activity 

through IFR5 silencing, rather than attacking a phenotypic characteristic of the pathogen, the 

approach should be applicable to a wide range of infections. 
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5.11 Figures and Tables 

  

 
 
Figure 5.1.  Mode of action, synthesis, and structure of the fusogenic particles  
(a) Schematic showing mode of action of the fusogenic liposome-coated porous silicon NP (F-pSi). (b) 
Schematic showing nanoparticle synthesis, including (1) siRNA loading into the porous silicon 
nanoparticles and sealing by precipitation of calcium silicate; (2) coating of the nanoparticle clusters 
with cationic liposome; and (3) conjugation of targeting peptides to the liposomal exterior. (c) TEM 
image of final F-pSi constructs, showing cloudy liposomal coatings around dark and dense porous 
silicon-based cores. Imaged using JEOL 1200EX TEM. Negative staining by 2% phosphotungstic acid. 
Scale bar indicates 200 nm. 
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Figure 5.2. Nanoparticles demonstrate physical stability for up to 28 days in physiological salt 
solution.  
28-day observation of average hydrodynamic diameter of fusogenic (F-mPEG) and non-fusogenic (NF-
mPEG) porous silicon (pSi) nanoparticles, and CRV-conjugated fusogenic porous silicon nanoparticles 
(F-CRV) in aqueous phosphate-buffered saline (PBS) solution, measured by DLS. Bars indicate 
standard deviation, n=3. 
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Figure 5.3. Fusion and intracellular delivery of Fusogenic particles in vitro.  
(a) Particle schematic.  CRV = macrophage targeting peptide, FAM = fluorescein label attached to 
targeting peptide, DiI = the hydrophobic carbocyanine membrane stain, pSi = porous Si nanoparticles, 
Calcein = anionic calcein fluorescent dye, PEG = polyethylene glycol. (b-g) Confocal microscope 
images of J771A.1 murine macrophage cells; (b) after 10 min incubation with DiI-loaded F-pSi 
nanoparticles; (c) after 1h incubation with Lysotracker Red and 10 min incubation with calcein-loaded 
F-pSi nanoparticles; (d) after 5 min incubation with CRV-FAM-conjugated, DiI-loaded F-pSi 
nanoparticles; (e) after 10 min incubation with DiI-loaded NF-pSi nanoparticles; (f) after 1h incubation 
with Lysotracker Red and 10 min incubation with calcein-loaded NF-pSi nanoparticles; (g) after 5 min 
incubation with CRV-FAM-conjugated, DiI-loaded NF-pSi nanoparticles. Blue is DAPI nuclear stain. (h-
j) Transmission electron microscope (TEM) images of Raw 264.7 murine macrophage cells after 10 
min incubation with nanoparticles. (h), cells treated with PBS (phosphate buffered saline) control show 
no signs of particles; (i) cells treated with nanoparticles containing a non-fusogenic lipid coating, siRNA 
against transcription factor IRF5, and the macrophage targeting peptide (NF-siIRF5-CRV) display 
evidence of pinocytotic uptake (arrowhead). Inset shows particles localized in vesicles 
(endosome/lysosome); (j) cells treated with nanoparticles containing fusogenic lipid coating, siRNA 
against transcription factor IRF5, and the macrophage targeting peptide (F-siIRF5-CRV) become 
localized in the cell cytoplasm. Scale bar represents 20 µm. 
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Figure 5.4. Identification of CRV peptide and in vitro characterization of macrophage binding.  
(a) Phage display using CX7C library was performed on J774A.1 cells as described in Materials and 
Methods. The amino acid sequences between two Cysteine residues of the most abundant phages 
enriched after three rounds of biopannings, and their frequency, are shown here. A consensus motif, 
RVLRS, is highlighted here in red. (b) FAM-CRV, or a FAM labeled control peptide (ARA for J774A.1 
cells; GGSGGSKG for Raw264.7 cells) was mixed with indicated cells for binding as described in 
Materials and Methods. At least three independent experiments were carried out, and the 
representative results are shown here. (c) FAM-CRV was mixed with PBS or biotin-CRV for 
competition of binding to J774A.1 cells as described in Materials and Methods. Error bars, SEM. 
**P<0.01 (Student’s t-test). 
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Figure 5.5. Gene knockdown in vitro and in vivo cytotoxicity of fusogenic porous Si 
nanoparticle constructs. 
(a) siRNA knockdown results (via qRT-PCR) from Raw 264.7 macrophage cells incubated with 
nanoparticles for 24h. Error bars indicate standard deviation (n=6). The fusogenic formulations show 
substantial knockdown, comparable to standard lipofectamine transfection agent. No significant 
difference in knockdown efficiency is observed between the two fusogenic formulations (F-siIRF5-
mPEG, F-siIRF5-CRV) and lipofectamine. * indicates significant difference (One-way ANOVA with 
Tukey’s HSD post hoc test, p level <0.05, F (5, 30) = 28, p = 6.9x10-10). (b) Viability of J774a.1 and 
Raw 264.7 macrophage cells after 1h incubation with NF-siIRF5-CRV and F-siIRF5-CRV nanoparticle 
constructs, containing 0.5 mg and 1 mg total mass of lipid as indicated. Error bar indicates standard 
deviation (n=6). ANOVA test found no statistical significance at p < 0.01; (c-h) H&E staining of major 
organs after 24h circulation of F-siIRF5-CRV via tail-vein injection (23.2 µmol/kg lipid, 24 µg/kg siRNA, 
0.5 mg/kg pSi) in healthy Balb/C mice; (c) brain; (d) heart; (e) lung; (f) liver; (g) kidney; and (h) spleen.   
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Figure 5.6. Targeting peptide and fusogenic uptake enhances homing to infected lungs and 
macrophages.  
(a) Immunofluorescent sections of major organs of healthy and infected Balb/C mice injected with FAM 
CRV.peptide (green). Blue indicates cell nuclei stained with DAPI, red indicates macrophages marked 
by F4/80 antibody stain; (b) Quantified fluorescence signals (IVIS200) from organs of healthy and 
infected Balb/C mice injected with fusogenic nanoparticles containing DiI membrane stain and siIRF5 
payload, with either a non-targeting (F-siIRF5-mPEG) or the CRV targeting group (F-siIRF5-CRV) at 
doses of 23.2 µmol/kg lipid, 24 µg/kg siRNA, 0.5 mg/kg pSi. ‘H-24’ indicates healthy organs harvested 
24h post-treatment, ‘I-1’ indicates Balb/C organs of infected harvested 1h post-treatment, and ‘I-24’ 
indicates infected Balb/C organs 24h post-treatment. Bars indicate standard deviation. Data is 
representative of n=3, quantified by ImageJ analyses. (c-f) Confocal microscope images of DiI-loaded 
fusogenic and non-fusogenic nanoparticles homed to infected lung with CRV targeting peptide. The 
nanoparticles contained no siIRF5 payload; green indicates FITC-tagged rat anti-mouse F4/80 stain, 
red indicates lipophilic DiI; (c) lung of healthy mouse injected with F-DiI-CRV; (d) lung of infected 
mouse injected with PBS; (e) lung of infected mouse injected with NF-DiI-CRV; (f) lung of infected 
mouse injected with F-DiI-CRV. The data show DiI from the fusogenic, CRV-targeted nanoparticles is 
strongly co-localized with macrophages.  
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Figure 5.7. CRV-conjugated fusogenic particles show homing to infected lungs within 1h of 
intravenous injection.  
Representative images of biodistribution of DiI-tagged fusogenic nanoparticles in healthy and infected 
Balb/C mice. (a) Photograph of harvested organs (top to bottom: heart, lungs, liver, kidneys, and 
spleen); (b) IVIS 200 fluorescence image of DiI-labeled fusogenic nanoparticle without CRV 
conjugation (F-siIRF5-mPEG) and fusogenic nanoparticle with CRV conjugation (F-siIRF5-CRV). ‘H-24’ 
indicates healthy Balb/C organs harvested 24h post-treatment, ‘I-1’ indicates organs harvested from 
infested mice 1h post-treatment, and ‘I-24’ indicates infected Balb/C organs 24h post-treatment. Data 
are representative of n=3. The images were quantified using ImageJ software, given in Fig 5.6b. 
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Figure 5.8. CRV-conjugation enhances selective homing to infected lungs.  
FACS analyses of calcein accumulation in homogenized Staph. aureus-infected Balb/C lungs. (a) PBS 
vs. non-fusogenic particles loaded with calcein (Cal) and conjugated to targeting peptide (CRV); (b) 
PBS vs. fusogenic particles loaded with calcein without targeting peptide; (c) PBS vs. fusogenic 
particles loaded with calcein and conjugated to targeting peptide. These data validate the efficacy of 
CRV-conjugation. Infected Balb/C were intravenously injected with the indicated preparations. Lungs 
were harvested 1h post-injection and homogenized. The homogenates were analyzed by FACS for 
cellular accumulation of calcein-loaded particles. NF-Cal-CRV showed no visible difference in calcein 
signal compared to PBS-injected mice. Non-targeted F-Cal-mPEG showed a slight shift in the calcein 
signal toward higher values, but targeted F-Cal-CRV demonstrated a substantial peak shift toward a 
higher degree of fluorescence. The data demonstrate that CRV-conjugation to fusogenic particles 
enables homing to infected lungs. 
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Figure 5.9. Macrophage-targeting fusogenic pSi nanoparticles loaded with anti-inflammatory 
siIRF5 effectively treats and causes recovery of infected mice.  
(a-d) H&E stained sections of lungs subjected to histopathological analyses; (a) Lung of healthy mouse 
with no treatment (inset shows lower magnification); (b) Lung of infected mouse with no treatment 
(inset shows perilaryngeal muscle); (c) Lung of infected mouse ad mortem 24h post-PBS treatment 
(inset shows Gram stain); and (d) Lung of infected mouse treated with F-siIRF5-CRV at 3 days post-
treatment (inset shows lower magnification); (e) Bacterial titer from lungs of mice injected with PBS, 
NF-siIRF5-CRV, F-siLuc-CRV, and F-siIRF5-CRV. Animals were infected on day 0 and therapeutic 
injections were on day 1. The dashed red line indicates the average CFU/g in healthy lungs. Error bars 
indicate standard deviation with n=8. * indicates ad mortem; no measurements due to death of all mice 
in the cohort. (f) Mouse survival post-therapeutic injection (at day 1). Each group has n=8 mice. (g) 
Average days of survival of mice from (f) post-infection (at day 0) and post-therapeutic injection (at day 
1). One-way ANOVA with Tukey’s HSD post hoc test (p level <0.05, F (3, 28) = 17, p = 1.77x10-6) 
revealed significant difference between F-siIRF5-CRV and the three control groups. 
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Figure 5.10. CRV-conjugated fusogenic pSi nanoparticles demonstrate effective knockdown of 
IRF5 in the BAL fluid of infected lungs in vivo.  
(a) in vivo siRNA knockdown efficiency (via qRT-PCR) in BAL fluid collected from Staph. aureus 
infected Balb/C mice injected with formulations for 24h. Error bars indicate standard deviation (n=6). *** 
indicates significant difference (One-way ANOVA with Tukey’s HSD post hoc test, p level <0.05, F (5, 
30) = 26.5, p = 5.9x10-14). (b) in vivo siRNA knockdown efficiency (via qRT-PCR) in lung homogenates 
from Staph. aureus infected Balb/C mice injected with nanoparticles for 24h. Error bars indicate 
standard deviation (n=6). N.S. indicates no significant difference. 
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Table 5.1. Lipid composition of fusogenic and non-fusogenic liposomal coatings expressed in 
molar ratio. 
DMPC is 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DSPE-PEG is 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-mPEG), or 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG-maleimide), and 

DOTAP is 1,2-dioleoyl-3-trimethylammonium-propane. 

 Lipid Composition (Molar Ratio) 

 DMPC DSPE-PEG DOTAP 

Fusogenic 76.2 3.8 20 

Non-
fusogenic 

96.2 3.8 0 

Fusion 
mechanism 

 

 Major structural 
component 

 Low phase transition 
temperature allows for 
liquid crystal phase 
(essential phase for 
fusion) in physiological 
conditions 

 For dispersion and 
stealth 

 Hypothesized to act 
as a bridge linker akin 
to SNARE 

 PEG-methoxy used 
for non-conjugated 

 PEG-maleimide used 
for targeting peptide 
conjugation 

 Cationic lipid for 
fusion and attraction 
to plasma membrane  
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Table 5.2. Table of particle size and zeta-potential measured by DLS (n=3).  
F-mPEG indicates fusogenic liposome-coated pSi nanoparticles without CRV conjugation; NF-mPEG 

indicates non-fusogenic liposome-coated pSi nanoparticles without CRV conjugation; F-CRV indicates 

fusogenic liposome-coated pSi nanoparticles with CRV conjugation; and NF-CRV indicates non-fusogenic 

liposome-coated pSi nanoparticles with CRV conjugation. 

 
Average 
Hydrodynamic 
Diameter (nm) 

Zeta-Potential 
(mV) 

Core pSiNPs 68.1 ± 5.8 -21.3 ± 1.0 

Fusogenic (F-mPEG) 187.4 ± 5.2 9.8 ± 0.4 

Non-fusogenic (NF-mPEG) 190.8 ± 4.7 -9.1 ± 1.8 

Targeted Fusogenic (F-CRV) 225.0 ± 10.2 -3.4 ± 2.3 

Targeted Non-fusogenic (NF-CRV) 229.2 ± 7.8 -10.8 ± 0.8 
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Table 5.3. siRNA loading efficiency by wt.% comparison between Fusogenic pSiNPs and 
conventional platforms compiled based on literature published from 2008-2016. 
 

Particle Size siRNA Loading (wt. %) 

Fusogenic liposome-coated pSiNP 190 nm 20-25% 

Lipid-based Nanoparticles 50-200 nm 1-14%† 

Mesoporous Silica-Polymer Hybrid NPs 60-200 nm 1-10%‡ 

† Comparable 200 nm particles had the lowest loading amounts (< 5 wt. %)16,22,23,68-75 
‡ Comparable 200 nm particles had the lowest loading amounts (< 5 wt. %)76-80 
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Chapter five is, in full, a reprint (with co-author permission) of the material as it appears 

in the following publication: Kim, B.*, Pang, H.*, Kang, J., Park, J., Ruoslahti, E., Sailor, M.J. 

Immunogene therapy with fusogenic nanoparticles modulates macrophage response to 

Staphylococcus aureus. Nat Commun, (2018). The author of this dissertation is the primary 

author of this manuscript. 
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Chapter 6:  

Fusogenic Porous Silicon Nanoparticles as a Wide-Spectrum 

Immunotherapy against Bacterial Infections 
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6.1 Abstract 

 Bacterial infections are reemerging threats due to limited antibiotic options, and 

increasing developments of antibiotic resistance. In order to deter such mutations whilst 

minimizing the need to develop new pathogen-specific antibiotics, immunotherapy offers a wide-

spectrum therapeutic. Herein, we present a fusogenic porous silicon nanoparticle that is 

targeted to activated macrophages and loaded with siRNA against Irf5 to induce >80% gene 

silencing effect in vivo to inhibit excessive inflammatory response for increased therapeutic 

outcome. In order to demonstrate the versatility of the treatment, we use the fusogenic 

formulation to treat mice with: (1) muscle infection of methicillin-resistant Staphylococcus aureus 

(MRSA), which is an antibiotic-resistant Gram positive bacterium; and (2) lung infection of 

Pseudomonas aeruginosa (P. aeruginosa), which is Gram negative. We demonstrate that 

depletion of the Irf5 in macrophages is able to significantly improve the therapeutic outcome of 

infected mice, regardless of the bacteria strain and type. 

 

6.2 Introduction 

Two decades since antibiotics development in the 1940s, antibiotic-resistant strains 

were first identified.1 For the past 60 years, the numbers have been increasing since, while the 

number of effective antibiotics remain static.2 While antibiotics development against Gram 

positive remain relatively diverse and fast-paced, the dual-walled nature of Gram negative 

bacteria make it much more difficult to develop countermeasures; while most existing antibiotics 

are able to penetrate through a single bacterial cell wall to induce its mechanism of action, they 

fail to breach the secondary wall that Gram negative bacteria carry.3,4 While adjuvant therapies 

using peptide-based potentiators are under research, there is as of yet no solution to prevent 



 
 

209 
 

resistance development even in the event that the antibiotics are able to penetrate through to 

the cell body.   

Moreover, the greater problem is that continuous development and exposure of new 

antibiotics will inevitably face resistance over time.1 Thus, in order to minimize the need to 

develop new drugs for each new resistance from microbial evolutions, we are in need of a 

solution that is able to evolve alongside the bacteria. To this end, we decided develop an 

immunotherapy strategy against bacterial infections to harness the body’s immune system, 

which is innately under constant evolution.  

Immunotherapy has primarily been explored for treatments against cancer and 

autoimmune disorder treatments, but not for infections.5 While pre-antibiotic era of treatments 

against bacterial infections involved transient anti-serum or lasting vaccine immunotherapy, 

more recent efforts solely involve monoclonal antibody therapy.6-9 Moreover, the potential 

therapeutics still require pathogen-specific properties, and must be re-designed for different 

bacteria, and none have yet reached clinical trials despite showing promising results in 

research.  

We present fusogenic porous silicon nanoparticles (F-pSiNPs/FNPs) which are (Fig 1a): 

(1) loaded with siRNA against the irf5 gene, which encodes for pro-inflammatory signals in 

macrophages of the M1 phenotype; and (2) surface-conjugated with the CRV peptide 

(sequence: CRVLRSGSC), which targets activated macrophages in the inflammatory site. We 

have previously demonstrated that this therapeutic is able to completely recover mice infected 

with fatal Staphylococcus aureus pneumonia by RNAi-induced inhibition of excessive 

inflammatory response that contributes significantly to mortality.10 Here, we aim to demonstrate 

the wide-spectrum property of this RNAi-mediated immunotherapy, as excessive immune 

response remains consistent regardless of the bacteria type. Among them are methicillin-

resistant Staph. aureus (MRSA) and Pseudomonas aeruginosa, which contribute significantly to 



 
 

210 
 

the morbidity and mortality of hospital-acquired infections.11,12 Thus, we apply the fusogenic 

pSiNPs in muscle infection of MRSA (strain: USA100) as a model antibiotic-resistant strain of 

bacteria, as well as in lung infection of Pseudo. aeruginosa (strain: PA01) as a model Gram 

negative bacteria (Fig 1a). 

 

6.3 Materials and Methods 

Materials. Highly boron-doped p-type silicon wafers (∼1 mΩ-cm resistivity, polished on 

the (100) face) were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric 

acid (48% aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium 

chloride was obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mΩ) water was 

used for all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000, Avanti 

Polar Lipids] (DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (DSPE-PEG-maleimide), and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) were purchased from Avanti Polar Lipids (Alabaster, AL) 

and stored at -4ºC. Fluorescent dyes Calcein (Sigma-Aldrich) and hydrophobic 1,1’-Dioctadecyl-

3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI, Life Technologies) were used, and 

Lipofectamine® 2000 Transfection Reagent was obtained from Thermo Fisher Scientific. 

Custom siRNAs were purchased from Dharmacon (Lafayette, CO), and primers were purchased 

from IDT DNA (San Diego, CA). Macrophage-targeting peptide (CRV) was identified by Dr. 

Erkki Ruoslahti’s group at Sanford-Burnham-Prebys Medical Discovery Center (SBPMDI, CA) 

and custom synthesized by CTC Scientific (Sunnyvale, CA). For in vitro studies, Raw 264.7 and 

J774a.1 cells were purchased from ATCC (Manassas, VA) within 6 months prior to all 

experiments. DMEM cell media was purchased from GE Healthcare Life Sciences (HyClone, 

Pittsburg, PA), with supplemental fetal bovine serum (HyClone, Pittsburg, PA) and 
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penicillin/streptomycin (HyClone, Pittsburg, PA). Staphylococcus aureus subsp. aureus 

Rosenbach (ATCC® 25923™) was purchased from ATCC (Manassas, VA) within 6 months 

prior to all experiments, and 6 week-old male Balb/C were purchased from Envigo (Placentia, 

CA). Tobramycin was purchased from Sigma Aldrich (St. Louis, MO). Vancomycin was 

purchased from Cayman Chemical Company (Ann Arbor, MI). 

Preparation of porous silicon nanoparticles. Porous silicon (pSi) samples were 

prepared by electrochemical etching of silicon wafers in an electrolyte consisting of 3:1 (v:v) of 

48% aqueous HF:ethanol (CAUTION: HF is highly toxic and proper care should be exerted to 

avoid contact with skin or lungs). A silicon working electrode with an exposed area of 8.6 cm2 

was contacted on the back side with aluminum foil and mounted in a Teflon cell. The silicon 

wafer was then anodized in a two-electrode configuration with a platinum counter electrode, by 

applying an alternating current of square waveform, with lower current density of 50 mA/cm2 for 

0.6s and high current density of 400 mA/cm2 for 0.36s repeated for 500 cycles. Then the porous 

layer is lifted off by etching at a constant current density of 3.7 mA/cm2 for 250s in a 1:20 (v:v) of 

48% aqueous HF:ethanol solution, to be sonicated in deionized water for 12h into nanoparticles. 

Fluorescent dye and siRNA payloads were loaded into the pSi nanoparticles by pore sealing by 

calcium silicate formation; the calcium silicate sealing chemistry has demonstrated high 

efficiency in loading anionic payloads previously36. Calcein was dissolved in PBS at 100 mM. 

150 uL of calcein was pipetted gently with 150 uL of pSiNP and 700 uL of 2M calcium chloride 

under ultrasonication for 15 min. For siRNA loading, we used siIRF5 (IRF5, sense 5’-dTdT-CUG 

CAG AGA AUA ACC CUG A-dTdT-3’ and antisense 5’-dTdT UCA GGG UUA UUC UCU GCA G 

dTdT-3’) and siLuc (luciferase, 5′-CUU ACG CUG AGU ACU UCG A dTdT-3′ and antisense 5′-

UCG AAG UAC UCA GCG UAA G dTdT-3′). siRNA was dissolved in RNAse-free water to 150 

µM and loaded into pSi at the same volume ratio and process as calcein loading with only 

RNAse-free water used as solvent.  
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Liposomal coating. Fusogenic coating (F) and non-fusogenic coating (NF) were 

prepared from DMPC, DSPE-PEG, and DOTAP at the molar ratio of 76.2:3.8:20 and 96.2:3.8:0, 

respectively. The lipid films were prepared by evaporating the organic solvent, with 725.5 μg of 

DMPC, 151.6 μg of DSPE-PEG (methoxy or maleimide terminated), and 196.3 μg of DOTAP (F) 

or 916.0 μg of DMPC and 151.6 μg of DSPE-PEG (methoxy or maleimide terminated) (NF). The 

DiI-incorporated films were added with 26.3 μg of DiI (1.25 mg/ml in 100% ethanol). The films 

were then hydrated with payload-pSi solution and prepared by film hydration/extrusion; the pSi-

hydrated lipid was heated to 40ºC with constant magnetic stirring for 10 min. Then the mixture 

was extruded through 200 nm polycarbonate membrane 20 times.  CRV was conjugated to 

maleimide-terminated PEG by mixing 100 uL of 1 mg/mL CRV (in deionized water) in 1 mg/ml of 

the liposomal pSi (by lipid mass) overnight at 4ºC. Particles were washed three times at each 

step by centrifugation in Microcon-30kDa Centrifugal Filter Unit (EMD Millipore) by spinning at 

5000g at 25ºC. The loaded siRNA concentration was quantified by NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, ND-2000) after each step of particle formation by 

checking the ultraviolet absorption of the supernatant and pellet of each wash. Nanoparticle size 

and zeta-potential were measured by dynamic light scattering (DLS, Zetasizer ZS90, Malvern 

Instruments), and structural morphology were visualized by JEOL 1200 EX II TEM. Samples 

were prepared by dropping 5 uL of the sample on the TEM grid, drying off excess solvent after 1 

min, and dropping 5 uL of uranyl acetate for negative staining.  

Bacterial culture. All bacterial work was performed in an approved BSL-2 facility with a 

clean hood. MRSA was cultured by incubating 50 µL of the bacteria in 10 mL of the cation 

adjusted Mueller Hinton Broth (CAMHB), and PA01 was cultured by incubating 50 uL of bacteria 

in 10 mL of the brain heart (BH) infusion broth (Fisher Scientific) for 16h in a shaking incubator 

at 37ºC and shaking at 200 RPM with the cap loose. The culture was re-introduced to the lag 

phase from the stationary phase by sub-culturing at 1:100, 1:250, and 1:400 dilutions in fresh 5 
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mL of the broth for 2h in a shaking incubator at 37ºC and shaking at 200 RPM with the cap 

loose. 

Cell culture and confocal microscopy. J774a.1 macrophage cells were cultured in 

DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. All cells were incubated at 

37ºC in 5% CO2.  

All confocal microscopy images are representative of at least three independent trials 

and of at least 1 x 106 cells per slide. Lysosomal co-localization with DiI-loaded or siRNA-loaded 

particles was observed by seeding 0.3 x 106 cells on top of 22 mm round coverslips (BD Biocoat 

Collagen Coverslip, 22 mm) in a 6-well plate, growing to 80% confluence. The cells were pre-

stained with LysoTracker Green (Thermo Fisher Scientific) for 1h at 37ºC in 5% CO2 according 

to manufacturer’s instructions. The cells were then washed with PBS three times, and then 

treated with 10 µL of DiI-loaded nanoparticles for 10 min incubation at 37℃ in 5% CO2. The 

cells were washed with PBS three times to remove any particles that were not taken up, and the 

wells were filled with 1 mL of PBS and immediately subjected to live-cell imaging by confocal 

microscopy (Zeiss LSM 710 NLO).  

For imaging Cy3-tagged siIRF5 as a model siRNA, 0.3 x 106 cells were seeded on 35 

mm petri dishes, and grown to 80% confluence. The cells were treated with 10 µL of DiO-loaded 

fusogenic or non-fusogenic particles loaded with Cy3-tagged siIRF5 for 10 min at 37℃ in 5% 

CO2. The cells were washed with PBS three times to remove any particles that were not taken 

up, then fixed in 1% paraformaldehyde (PFA, Santa Cruz Biotechnology) for 10 min at 4˚C, then 

washed with PBS three times. The coverslips were mounted on glass slides with ProLong® 

Diamond Antifade Mountant with DAPI (Life Technologies), dried and kept in the dark until 

examined by confocal microscopy (Zeiss LSM 710 NLO). For Cy3 imaging, λex = 550 nm and 

λem = 580-630 nm band-pass was used. 
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In vitro knockdown quantification. In vitro knockdown efficiencies of the 

nanoformulations were quantified using two-step quantitative real-time reverse transcription 

polymerase chain reaction (qRT-PCR, Roche LightCycler 96). J774a.1 cells were seeded on a 

24-well plate at 2 x 104 cells per well and grown to 50% confluency overnight. The cells were 

incubated with the desired nanoformulations or Lipofectamine 2000 at 20 pmol siRNA dose per 

well. 24h or 7 days post-incubation, the cell media was removed, and RNA was purified using 

the QIAshredder and RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was transcribed from the 

purified RNA using the BIORAD iScript cDNA Synthesis Kit and heat-treated in the Eppendorf 

Vapo.protect Mastercycler thermal cycler. cDNA was mixed with IRF5 primers, or the control 

HPRT primers (IRF5 forward: AATACCCCACCACCTTTTGA; IRF5 reverse: 

TTGAGATCCGGGTTTGAGAT; HPRT forward: GTCAACGGGGGACATAAAAG; HPRT 

reverse: CAACAATCAAGACATT-CTTTCCA) and iQ SYBR Green Supermix according to the 

manufacturer's instructions. qRT-PCR analysis was performed in the BIORAD 96-well white 

Multiplate PCR Plates using the Roche LightCycler 96. The quantification was performed at n=6 

and in RNAse- and DNAse-free laminar flow hood dedicated to RNA work. Quantified 

knockdown was statistically evaluated using One-way ANOVA with Tukey’s HSD post-hoc 

analysis. 

In vivo infection model. All animal work was conducted using 6-8 week old male 

Balb/C mice. For MRSA muscle infection model, the bacteria underwent a 16h incubation in 

CAMHB. Then, MRSA was sub-cultured at 1:100, 1:250, and 1:400 dilutions in 5 mL of fresh 

broth for 2h to reach growth phase. The optical density at 600 nm was measured using a 

cuvette spectrometer with the broth set as the blank. Five mL of bacterial culture at OD600≈ 0.5 

was centrifuged, the bacteria were washed by centrifugation in PBS three times, and re-

suspended in 500 L of PBS for inoculation, resulting in OD600≈ 2.25. Each mouse was 

intramuscularly injected in the right hind thigh with 50 L of the MRSA stock (equating to 
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approximately 1.25 x 108 CFU/mouse). For the PA01 pneumonia model, the bacteria underwent 

a 16h incubation in brain heart infusion broth. Then, PA01 was sub-cultured at 1:100, 1:250, 

and 1:400 dilutions in 5 mL of fresh BH broth for 2.5h to reach growth phase. The optical density 

at 600 nm was measured using a cuvette spectrometer with the broth set as the blank. 5 mL of 

bacterial culture at OD600≈ 0.7 was centrifuged, the bacteria were washed by centrifugation in 

PBS three times, and re-suspended in 1 mL of PBS for inoculation. Each mouse was infected 

by intratracheal catheter injection of approximately 1 x 109 CFU of bacteria in 50 L of PBS. All 

treatment-injections were performed 3d (MRSA) or 24h (PA01) after inoculation of the bacteria. 

In vivo IRF5 knockdown efficiency. 8 week-old male Balb/C mice were infected as 

described above. Infected mice were intravenously injected with 100 L of PBS or siLuc- or 

siIRF5-loaded fusogenic and non-fusogenic pSiNPs with or without CRV at 23.2 µmol/kg lipid, 

corresponding to 69 µg/kg siRNA, and 0.3 mg/kg pSi in 100 L PBS. Twenty-four hours post-

injection and circulation, MRSA infected mice were sacrificed for popliteal lymph node and 

muscle harvest, and PA01 infected mice were sacrificed for brochoalveolar lavage (BAL) and 

lung harvest. BAL was performed by intratracheal instillation of a mouse catheter, with a suture 

tied around the trachea to prevent leakage. 1 mL of PBS was injected into the lungs through the 

catheter, and aspirated back out. The process was repeated three times to collect up to 2.5 mL 

of the BAL fluid. Harvested lymph nodes, muscles and lungs were homogenized, and along with 

BAL fluid, the homogenates were separately treated with Dead Cell Removal MicroBeads 

(Miltenyi Biotec) for magnetic separation on an LS column according to the manufacturer's 

instructions. The collected cells were then treated with Anti-F4/80 microbeads (Miltenyi Biotec) 

for magnetic separation on an LS column according to the manufacturer's instructions for 

macrophage purification.  

The in vivo knockdown of IRF5 was quantified using two-step quantitative real-time 

reverse transcription polymerase chain reaction (qRT-PCR, Roche LightCycler 96). The cell 
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pellets or the lung homogenates were lysed and RNA was purified using the QIAshredder and 

RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was transcribed from the purified RNA using the 

BIORAD iScript cDNA Synthesis Kit and heat-treated in the Eppendorf Vapo.protect 

Mastercycler thermal cycler. cDNA was mixed with IRF5 primers, or the control HPRT primers 

(IRF5 forward: AATACCCCACCACCTTTTGA; IRF5 reverse: TTGAGATCCGGGTTTGAGAT; 

HPRT forward: GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATT-

CTTTCCA) and iQ SYBR Green Supermix according to the manufacturer's instructions. qRT-

PCR analysis was performed in the BIORAD 96-well white Multiplate PCR Plates using the 

Roche LightCycler 96. The quantification was performed at n=6 and in RNAse- and DNAse-free 

laminar flow hood dedicated to RNA work. Relative knockdown was statistically evaluated using 

One-way ANOVA with Tukey’s HSD post-hoc analysis. 

Nanoparticle targeting and biodistribution. 6-8 week old male Balb/C mice were 

infected as described above. 3 days (MRSA) or 24h (PA01) post-infection, infected and healthy 

mice were intravenously injected with DiI- and siIRF5-loaded fusogenic pSiNPs with or without 

FAM-CRV conjugation, at 23.2 µmol/kg lipid, corresponding to 24 µg/kg siRNA, and 0.5 mg/kg 

pSi 100 L in PBS. For MRSA infection models, the DiI-loaded particle localization in the 

ipsilateral (right) and contralateral (left) muscles was visualized using the IVIS 200 (Perkin 

Elmer) with 4 s exposure time on the DsRed excitation and emission filters. Both healthy and 

infected animals were sacrificed and harvested for organs 1h and 24h post-injection. ImageJ 

was used to quantify the fluorescence of each muscle, and averaged over the three mice per 

group.  

For the PA10 infection model, homing to infected lungs was validated using flow 

cytometry. 24h post-infection, mice were intravenously injected with DiI- and siIRF5-loaded 

fusogenic pSiNPs with or without FAM-CRV conjugation, at 23.2 µmol/kg lipid, corresponding to 

24 µg/kg siRNA, and 0.5 mg/kg pSi 100 L in PBS. 1h and 24h post-injection, the mice were 
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sacrificed and BAL fluid and lungs were harvested. The BAL fluid and the lung homogenates 

were treated with Dead Cell Removal MicroBeads (Miltenyi Biotec) for magnetic separation on 

an LS column according to the manufacturer's instructions. The collected cells were then 

treated with Anti-F4/80 microbeads (Miltenyi Biotec) for magnetic separation on an LS column 

according to the manufacturer's instructions to collect only the macrophages. The macrophages 

were then processed with the LSRFortessa flow cytometer (BD Biosciences) to analyze the 

number of cells containing the particles’ DiI signals (ex: 561 nm/50 mW; em: 582/15 nm), and 

analyzed using the Flowing Software.  

In vivo therapeutic efficacy in MRSA muscle infection. 8 week-old male Balb/C mice 

were infected as described. 3 days post-infection, infected mice were intravenously injected with 

200 L of PBS, 145 mg/kg of vancomycin, non-fusogenic particles with siIRF5 and CRV 

conjugation, fusogenic particles with sham siRNA (siLuc, luciferase encoding siRNA) 

conjugated with CRV, or fusogenic particles with siIRF5 and CRV conjugation at 23.2 µmol/kg 

lipid, corresponding to 24 µg/kg siRNA, and 0.5 mg/kg pSi in 100 L PBS. To confirm clearance 

of bacteria from the muscles, the number of colony-forming units (CFU) of MRSA was 

determined from titering of muscle homogenates. At days 3, 7, and 14 post-IV injection, mice 

were sacrificed for photographic record of muscle abscess and muscle harvest. The muscles 

were weighed, gently washed in PBS, and then homogenized. The homogenates were serially 

diluted to a dilution factors of 102, 108, 1012, and 1016, and plated on agar-coated petri dishes 

and incubated at 37ºC overnight at n=2 per dilution factor. The colonies were counted n=4 for 

each dilution factor, and divided by the muscle mass. The average CFU/g was quantified using 

counts from 2 plates at equivalent dilution factors from 3 mice (n = 2 plates x 3 mice = 6).  

In vivo therapeutic efficacy in PA01 lung infection. 8 week-old male Balb/C mice 

were infected as described. 24h post-infection, infected mice were intravenously injected with 

200 L of PBS, 100 mg/kg of tobramycin, non-fusogenic particles with siIRF5 and CRV 
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conjugation, fusogenic particles with sham siRNA (siLuc, luciferase encoding siRNA) 

conjugated with CRV, or fusogenic particles with siIRF5 and CRV conjugation at 23.2 µmol/kg 

lipid, corresponding to 24 µg/kg siRNA, and 0.5 mg/kg pSi in 100 L PBS. At 7 days post-

injection (healthy and F-siIRF5-CRV) or at ad mortem (infected and NF-siIRF5-CRV), the lungs 

were inflated and harvested for fixation in 4% paraformaldehyde (PFA). The fixed lungs were 

paraffinized and sectioned for hematoxylin and eosin (H&E) and Gram staining. The stained 

slides were histopathologically evaluated by Dr. Kent Osborn (Associate Director, Animal Care 

Program, UCSD). 

To confirm clearance of bacteria from the muscles, the number of colony-forming units 

(CFU) of PA01 was determined from titering of lung homogenates. At 7 days post-IV injection, 

mice were sacrificed for lung harvest. The lungs were weighed, gently washed in PBS, and then 

homogenized. The homogenates were serially diluted to a dilution factors of 102 and 1012, and 

plated on agar-coated petri dishes and incubated at 37ºC overnight at n=3 per dilution factor. 

The colonies were counted for each dilution factor, and divided by the muscle mass. The 

average CFU/g was quantified using counts from 2 plates at equivalent dilution factors from 2 

mice (n = 3 plates x 2 mice = 6).  

Finally, a survival challenge was performed with infected mice, who were intravenously 

injected 24h post-infection with the treatment compounds. Each group had 7 mice, which were 

tallied daily for survival. Moribund mice that showed signs of expiring within 5h were sacrificed 

according to the IACUC guidelines. The resulting data were statistically evaluated using One-

way ANOVA and post hoc comparisons using Tukey’s HSD test at p < 0.05. 

 

6.4 Fusogenic nanoparticle characterization 
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Lipid-coated porous silicon nanoparticles (pSiNPs) is a core-shell structure, with a dense 

siRNA-loaded porous silicon cluster as the core, and a targeting peptide-conjugated lipid 

coating as the shell (Fig 6.1a).10,13 The core pSiNPs were prepared by electrochemical etch of 

silicon wafers followed by sonication. The siRNA loading and pSiNP cluster formation was 

induced by calcium chloride to form a calcium silicate.14,15 The core particle mixture is then used 

to hydrate the lipid film, and the particles are mechanically extruded through 200 nm 

polycarbonate membrane to form the stable core-shell structure.  

 In order to observe for fusogenic uptake and cytosolic delivery of siRNA, we conducted 

confocal microscopy to visualize the intracellular localization of the particle in J774a.1 

macrophage cell line. The left panel on Figure 6.1b shows a lysosome (green)-stained cell 

treated with lipophilic DiI (red)-loaded fusogenic nanoparticles. The red DiI signal stained the 

cell’s plasma membrane, indicating successful fusion of the particles that allowed the transfer of 

DiI from the particle’s lipid bilayer to the cell’s plasma membrane. This mechanism is further 

supported by the fact that the DiI-labelled particle did not co-localize with the lysosomes, 

indicating a non-endocytic uptake. The right panel on Figure 6.1b shows a cell treated with Cy3 

(red)-labelled siRNA- and lipophilic DiO (green)-loaded fusogenic nanoparticles. The green DiO 

signal stained the plasma membrane as before, and the Cy3-labelled siRNA were found 

dispersed in the cytoplasm, particularly in the perinuclear region.  

 Next, the same experiment was performed using non-fusogenic particles, which maintain 

an identical structure to the fusogenic particles, and differ only in the composition of the lipid 

shell. The non-fusogenic lipid coating is that of a more conventional liposome that typically is 

endocytosed by cells.10,13,16,17 The left panel on Figure 6.1c shows a lysosome (green)-stained 

cell treated with lipophilic DiI (red)-loaded non-fusogenic nanoparticles. The red DiI and green 

lysosome signals co-localized, and there was no visible staining of the plasma membrane, 

which indicates an endocytic uptake. The right panel on Figure 6.1c shows a cell treated with 



 
 

220 
 

Cy3 (red)-labelled siRNA- and lipophilic DiO (green)-loaded non-fusogenic nanoparticles. Again, 

the green DiO and red Cy3-labelled siRNA signals co-localized with no visible plasma 

membrane staining, which indicates an endocytic uptake, and entrapment of the siRNA payload 

within the lysosomes. As literature shows that 70% of the endocytosed siRNA is excreted out of 

the cell with the majority of the remaining 30% degrading within the acidic lysosomal 

compartments18-20, the fusogenic delivery of siRNA is expected to obtain much higher gene 

silencing effect. 

 

6.5 In vitro and in vivo gene silencing efficiency  

With distinct uptake pathways between fusogenic and non-fusogenic particles, we 

conducted in vitro quantifications of gene silencing effect using quantitative real time-

polymerase chain reaction (qRT-PCR). Figure 6.2a shows that fusogenic nanoparticles that 

were loaded with siRNA against the Irf5 gene (siIRF5) and conjugated with the activated 

macrophage-targeting peptide, CRV (F-siIRF5-CRV) attained approximately 86% silencing 

effect, comparable to the 80% obtained by the commercially available Lipofectamine 2000 

loaded with siIRF5 (LF-siIRF5). On the other hand, the non-fusogenic particles with the same 

siIRF5 payload and the CRV homing peptide was only able to obtain approximately 45% gene 

silencing efficiency, which was statistically significantly less effective than its fusogenic 

counterpart (p=0.001).  

 To determine how long the silencing effect lasted, we further incubated the transfected 

J774a.1 macrophages for a week, and conducted another qRT-PCR analysis of the Irf5 gene 

expression (Fig 6.2b). While the NF-siIRF5-CRV particle-treated cells recovered the gene 

expression from 55% to approximately 90%, the F-siIRF5-CRV particle-treated cells were able 

to maintain the expression below 50%, with the level increasing from 14% to approximately only 
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37%. The result was comparable to, yet better than, that of LF-siIRF5, which also recovered the 

gene expression from 20% to 45%. This result indicates that F-siIRF5-CRV formulation as a 

therapeutic may require less frequent dosing than the conventional endocytic formulations. 

 Additionally, we determined the cytotoxicity of the nanoformulations compared to the 

commercial standard, Lipofectamine 2000, which is known to become increasingly cytotoxic 

with incubation time. Figure 6.3 shows that at equivalent doses of siRNA treatment in J774a.1 

macrophages, Lipofectamine 2000 (LF-siIRF5) decreases the cell viability beginning from 4h of 

incubation to a significant 22% viability at 24h of incubation (p<0.03). In contrast, the particle 

formulations maintain >80% cell viability up to 6h of incubation, and retain approximately 60% 

viability even at 24h of incubation (pF-siIRF5-CRV<0.035; pNF-siIRF5-CRV<0.048; pF-siIRF5-mPEG<0.039). 

Thus, the nanoformulations present a more biosafe transfection method compared to the 

benchmark Lipofectamine 2000.  

 Next, we determined the in vivo gene silencing efficiency of the fusogenic nanoparticles 

in mouse models of infection. To establish the MRSA muscle infection as an antibiotic-resistant 

infection model, we intramuscularly injected MRSA colonies in the right hind thigh, and allowed 

the abscess to form over 3 days before intravenously injecting the treatment formulations. After 

24h, we harvested the right popliteal lymph node and the right hind thigh muscles for 

homogenization and macrophage purification. The Irf5 gene expression was quantified in the 

purified macrophages using qRT-PCR. Figure 6.2c shows that while PBS, fusogenic 

formulation with the CRV homing peptide and siRNA against luciferase (siLuc) as negative 

control (F-siLuc-CRV), and the fusogenic formulation with siIRF5 but no homing peptide (F-

siIRF5-mPEG) obtained negligible gene silencing effect, the NF-siIRF5-CRV treatment obtained 

approximately 40% knockdown (p=0.023), while the F-siIRF5-CRV treatment obtained a 

dramatic 89% knockdown (p=0.001) in macrophages of the infection site.  
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 We also established the a P. aeruginosa pneumonia in mice as a Gram negative 

infection model by inserting a catheter in the mouse trachea and allowing the mouse to inhale 

PA01 strain of P. aeruginosa for lung infection. After 24h, we intravenously injected the 

treatment formulations for another 24h circulation. Then we performed bronchoalveolar lavage 

(BAL) to collect the fluid, and harvested the lungs post-BAL for homogenization and 

macrophage purification. Again, the Irf5 gene expression was quantified in the purified 

macrophages using qRT-PCR. Figure 6.2d shows that only the F-siIRF5-CRV formulation 

induced a significant knockdown of approximately 83% (p=0.001) in the macrophages of the 

pneumonia. Thus, we have validated that the fusogenic nanoparticles are able to induce a 

stronger RNAi effect than non-fusogenic particles, as well as non-targeted particles in vivo. 

 

 

6.6 In vivo infection homing to MRSA and PA01 infection  

 While fusogenic particles excelled in inducing strong gene silencing effect, they must 

also home to specific cell types to minimize off-target effects. Thus, we evaluated the targeting 

efficiency of CRV-conjugated particles to infected tissues. The CRV peptide targets the retinoid 

X receptor beta (RXRB), which transports from cytosolic to transmembrane region upon 

macrophage activation21, thus we expect CRV-conjugated particles to be present in not only the 

infected tissue, but also in local lymph nodes.  

 Figure 6.4a shows DiI-loaded particle localization in the MRSA muscular infection 

model. Infected mice were intravenously injected with PBS, fusogenic formulation with siIRF5 

but no homing peptide (F-mPEG), non-fusogenic fusogenic formulation with siIRF5 and the 

CRV peptide (NF-CRV), or the fusogenic fusogenic formulation with siIRF5 and the CRV 

peptide (F-CRV). At 1h and 24h point post-injection, the mice were sacrificed along with a 

healthy control, and the hind thigh muscles (both the contralateral (C) muscle on the opposing 
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side of the infection, and the ipsilateral (I) infected muscle) were harvested for ex vivo imaging 

using the IVIS 200 system. The imaging showed strong accumulation with the F-CRV 

formulation, whereas the NF-CRV and F-mPEG formulations showed moderately low 

accumulation. The ImageJ quantification of the signal (Fig 6.4b) showed the same trend, where 

the F-CRV formulation showed significantly higher accumulation (p=0.001) at both 1h and 24h 

points compared to the other formulations. Additionally, the F-mPEG (p1h= 0.038; p24h=0.032), 

NF-CRV (p1h= 0.046; p24h=0.001), and F-CRV (p1h= 0.001; p24h=0.001) groups showed 

significantly discrete accumulation to the ipsilateral muscle compared to the contralateral 

muscle. 

 For CRV-mediated particle accumulation to PA01 pneumonia, we utilized flow cytometry 

to quantify DiI signal in purified macrophages from the BAL fluid and lung homogenates of 

PA01-infected mice (Fig 6.4c). At 1h post-intravenous injection of PBS, DiI-loaded F-mPEG, 

NF-CRV, and F-CRV formulations, there was no visible difference in DiI signal accumulation in 

macrophages. However, 24h post-injection, F-CRV formulation showed great increase in 

accumulation to 22.55% of macrophages showing positive DiI signals. Meanwhile, the F-mPEG 

and NF-CRV formulations did not show great changes in accumulation.  

We showed similar findings in the previous report regarding Staphylococcus aureus 

pneumonia models, where both the CRV peptide and fusogenic coating were required to obtain 

macrophage targeting and uptake into the cells.10 The lack of notable accumulation in both 

MRSA muscular infection and PA01 pneumonia models using non-fusogenic particles despite 

the CRV-conjugation may be due similar reasons. Both models confirm that CRV-conjugated 

fusogenic nanoparticles are superior in macrophage targeting in infected tissues. 

 

6.7 In vivo therapeutic efficacy in MRSA muscle infection  
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 As the fusogenic particle’s ability to selectively home to target macrophages and silence 

the Irf5 gene have been validated, we next investigated the therapeutic efficacy of its treatment. 

Figure 6.5a shows photographic tracking of MRSA-induced abscess in the hind thigh. Mice 

were intravenously injected with PBS, 145 mg/kg vancomycin, fusogenic formulation with the 

CRV homing peptide and siRNA against luciferase (siLuc) as negative control (F-siLuc-CRV), 

and the non-fusogenic formulation with siIRF5 with the CRV peptide (NF-siIRF5-CRV), or 

fusogenic formulation with siIRF5 with the CRV peptide (F-siIRF5-CRV). At 3, 7, and 14 days 

after the injection, mice were sacrificed for abscess observation. While PBS- and F-siLuc-CRV 

injected mice showed large abscess formation over time, the vancomycin- and NF-siIRF5-CRV 

injected mice showed a marked reduction in the abscess size, although the infection visibly 

persisted for over the 14 days. On the other hand, the F-siIRF5-CRV treatment group showed 

great reduction in the abscess size within 3 days of treatment, and by 7 days, the abscess was 

completely unidentifiable by eye, and showed no visible difference from the healthy control. 

 In order to quantifiably determine the therapeutic effect, we homogenized the thighs at 

each time point and conducted a serial dilution for agar plating. The number of colony forming 

units (CFUs) grown on the agar plate from the homogenate dilutions were counted and the 

thighs were weighed and are reported in Figure 6.5b CFUs per mass. Similar to the 

photographic findings, the PBS and F-siLuc-CRV treatments resulted in over 1 x 1015 CFU/g in 

the thigh throughout the 14 days, while the vancomycin and NF-siIRF5-CRV treatments resulted 

in a moderate decrease in the bacteria titer to over 1 x 109 CFU/g by day 14. In contrast, the F-

siIRF5-CRV treatment resulted in less than 6 x 102 CFU/g by day 14, and was not statistically 

different from the healthy control counts (p>0.9). Thus, the F-siIRF5-CRV therapeutic is able to 

recover the MRSA-infected thigh to a healthy state within one week of injection. 
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6.8 In vivo therapeutic efficacy in PA01 lung infection  

Finally, we tested for similar therapeutic effects of the fusogenic particles in the PA01 

pneumonia model. First, we intravenously injected non-fusogenic formulation with siIRF5 with 

the CRV peptide (NF-siIRF5-CRV), or fusogenic formulation with siIRF5 with the CRV peptide 

(F-siIRF5-CRV) in mice with PA01 pneumonia, with additional healthy and infected mouse 

groups with no injections as positive and negative controls, respectively. At the end-point (7 

days post-injection for healthy and F-siIRF5-CRV groups, and ad mortem (under 7 days) for 

infected and NF-siIRF5-CRV groups), mouse lungs were inflated and harvested for 

histopathological analyses (Fig 6.6a). While the NF-siIRF5-CRV lung showed a similar trend of 

excessive inflammation with neutrophil infiltration, with presence of Gram negative rods in the 

Grams stain (Fig 6.6a NF-siIRF5-CRV inset). On the other hand, the F-siIRF5-CRV treatment 

group showed a normal morphology with expanded alveoli and no presence of Gram negative 

bacteria.  

 Similar trend was found when we quantified for bacteria titer in the lung homogenates at 

the same end-points (ad mortem for mice that were moribund under 7 days post-injection, and 

the 7-day point for surviving mice). While PBS, 100 mg/kg Tobramycin, fusogenic formulation 

with the CRV homing peptide and siRNA against luciferase (siLuc) as negative control (F-siLuc-

CRV), and the non-fusogenic formulation with siIRF5 with the CRV peptide (NF-siIRF5-CRV) 

showed over 1 x 1012 CFU/g, the F-siIRF5-CRV formulation significantly decreased the titer to 

approximately 1 x 102 CFU/g in 7 days (p<0.005), which was not significantly different from the 

healthy control (p=0.9).  

 Lastly, we tallied the survival of PA01 pneumonia-carrying mice that were treated with 

PBS, 100 mg/kg tobramycin, NF-siIRF5-CRV, F-siLuc-CRV, or F-siIRF5-CRV. Mice were 

infected on day 0, and the therapeutics were intravenously injected on day 1, and mice were 

observed for the following 7 days. Figure 6.6c shows that while the PBS, NF-siIRF5-CRV, and 
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F-siLuc-CRV groups yielded less than 20% survival rate, the tobramycin treatment group 

yielded a moderate 30% survival. The mediocre result attained by the standard antibiotic 

benchmark may be due to the fact that tobramycin is clinically administered at 1 mg/kg three 

times daily in humans22, while the literature’s intravenous dosing range of tobramycin in mouse 

models ranges from 10-400 mg/kg/day.23-26 The treatment regimen used in the present study 

used a single administration of 100 mg/kg at 24h post-infection to match the single-dose 

regiment followed by the nanoformulations. In fact, a single administration of the F-siIRF5-CRV 

formulation rescued 6 out of 7 mice in its cohort to complete recovery within 7 days of treatment, 

which was significantly more effective than all other treatment groups (p<0.024). Thus, the F-

siRF5-CRV treatment in mice was found to be an effective immunotherapy against MRSA 

muscular and PA01 lung infection models.   

 

6.9 Discussion and Conclusions  

 Bacterial infection has returned as an increasing threat in the era of antibiotic-resistance, 

and solutions to reduce its threat have become a high priority globally. While there have been 

increasing research into antibiotics development and FDA clearance of novel classes of 

antibiotics to combat against the prevailing “superbugs”, it is inevitable that further mutations 

that lead to resistance development will occur.1,2,4,5,27-31 Moreover, Gram negative bacteria have 

remained a challenging target to treat due to their secondary cell wall. Thus, the present study 

aimed to develop a solution that is independent of small molecule antibiotics, by utilizing our 

body’s own immune system.  

 The fusogenic porous silicon nanoparticles were first introduced as a potential 

immunotherapy platform when it demonstrated outstanding in vivo homing to activated 

macrophages, significant gene silencing effect that led to an Irf5-depleted anti-inflammatory 
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immune response. This effect helped focus the immune system in clearing out the bacteria and 

minimizing auto-immune damage caused by fibrosis and excessive inflammation.10 As 

immunotherapy offers a solution that should operate regardless of the pathogen type, we 

explored its effect in antibiotic-resistant (MRSA) and Gram negative (P. aeruginosa) bacterial 

infections in deep tissues (muscle and lungs) that are difficult-to-reach by standard oral or 

dermal administrations.  

 The fusogenic nanoparticles carrying siIRF5 and the CRV homing peptide demonstrated 

potent therapeutic potential in both MRSA muscular and PA01 lung infections, which indicates 

its wide-spectrum coverage of most bacterial infection types (Gram positive, Gram negative, 

and antibiotic-resistant). This outcome also leads us to investigate diseases beyond the most 

obvious source of pathogenesis; infections may not require solutions to simply eradicate the 

pathogens, and pathogens themselves may not be the primary contributors to patient mortality.  

 The fusogenic formulation presented in this study serves as a generalizable anti-

inflammatory therapeutic, which may have potential in other diseases characterized by 

excessive immune response (e.g. autoimmune disorders, inflammatory bowel disease, 

atherosclerosis, etc.). Moreover, simple exchange of the targeting peptide and the siRNA 

payload will form an entirely different therapeutic that may be used in other diseases that 

require gene modulations. As siRNA and RNAi-mediated gene silencing induces a transient yet 

relatively lasting (>7 days) effect, the fusogenic particles present an excellent platform 

technology for gene therapy. 
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6.10 Figures and Tables  

 
 
Figure 6.1. Fusogenic porous silicon nanoparticles directly delivers siIRF5 into the cell 
cytoplasm.  
(a) Schematic of fusogenic porous silicon nanoparticles (F-pSiNPs) mode of action in delivering and 
silencing the irf5 gene in macrophages, as a therapeutic strategy against Methicilin-resistant 
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa; (b) confocal microscope image of 
J774a.1 macrophages cells treated with lipophilic DiI-loaded F-pSiNPs with lysosome (LysoG; 
LysoTracker Green) and nuclei (DAPI) staining (left), and lipophilic DiO- and Cy3-siRNA loaded F-
pSiNPs (right); (c) confocal microscope image of J774a.1 macrophages cells treated with DiI-loaded 
non-fusogenic porous silicon nanoparticles (NF-pSiNPs) with lysosome (LysoG; LysoTracker Green) 
and nuclei (DAPI) staining (left), and DiO- and Cy3-siRNA loaded F-pSiNPs (right). 
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Figure 6.2. In vitro and in vivo gene silencing efficiency of fusogenic nanoparticles.  
(a) in vitro knockdown of irf5 gene expression in J774a.1 macrophages treated with PBS, non-
fusogenic pSiNPs loaded with siIRF5 and conjugated with CRV peptide (NF-siIRF5-CRV), 
Lipofectamine 2000 with siIRF5 (LF-siIRF5), or fusogenic pSiNPs loaded with siIRF5 and conjugated 
with CRV peptide (F-siIRF5-CRV). Bars represent standard deviation with n=6; *** represent p<0.01 
from One-way ANOVA with Tukey’s post hoc analyses; (b) irf5 gene expression change from 1 day to 
7 days post-transfection of J774a.1 macrophages with PBS, NF-siIRF5-CRV, LF-siIRF5, or F-siIRF5-
CRV. Bars represent standard deviation with n=6; (c) irf5 gene expression in purified macrophages 
from the MRSA muscle infection site of mice that were intravenously injected with PBS, fusogenic 
pSiNPs loaded with siLuc and conjugated with CRV peptide (F-siLuc-CRV), fusogenic pSiNPs loaded 
with siIRF5 without peptide conjugation (F-siIRF5-mPEG), NF-siIRF5-CRV, or F-siIRF5-CRV. Bars 
represent standard deviation with n=6; *** represent p<0.01 from One-way ANOVA with Tukey’s post 
hoc analyses; (d) irf5 gene expression in purified macrophages from the PA01 lung infection of mice 
that were intravenously injected with PBS, F-siLuc-CRV, F-siIRF5-mPEG, NF-siIRF5-CRV, or F-
siIRF5-CRV. Bars represent standard deviation with n=6; *** represent p<0.01 from One-way ANOVA 
with Tukey’s post hoc analyses. 
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Figure 6.3. In vitro cytotoxicity of transfectant agents in relation to incubation time.  
J774a.1 macrophages were incubated with equimolar doses of siRNA against Irf5 (siIRF5) with 
Lipofectamine 2000 (LF-siIRF5), non-fusogenic pSiNPs loaded with siIRF5 and conjugated with CRV 
peptide (NF-siIRF5-CRV), fusogenic pSiNPs loaded with siIRF5 without homing peptide (F-siIRF5-
mPEG), or fusogenic pSiNPs loaded with siIRF5 and conjugated with CRV peptide (F-siIRF5-CRV). 
Cells were incubated with the formulations for 0.5-24h, and the cytotoxicity was quantified using the 
CCK assay. Bars represent standard deviation with n=3; * represent p<0.05 from One-way ANOVA 
with Tukey’s HSD post hoc analyses. 
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Figure 6.4. In vivo infection homing to MRSA and PA01 infection.  
(a,b) DiI signal accumulation in hind leg muscles (‘C’ represents the contralateral muscle to the 
infected side, and ‘I’ represents ipsilateral muscles with the infection) of healthy (H) mice, and MRSA-
infected mice. Mice were intravenously injected with PBS, DiI-loaded fusogenic pSiNPs loaded with 
siIRF5 without peptide conjugation (F-mPEG), DiI-loaded non-fusogenic pSiNPs loaded with siIRF5 
and conjugated with CRV peptide (NF-CRV), or DiI-loaded fusogenic pSiNPs loaded with siIRF5 and 
conjugated with CRV peptide (F-CRV); (a) representative image obtained by IVIS 200; (b) ImageJ 
quantification of the DiI accumulation signal. Bars represent standard deviation with n=3; N.S. 
represents no significance, * represent p<0.05 and *** represent p<0.01 from One-way ANOVA with 
Tukey’s HSD post hoc analyses; (c) DiI signal quantification using flow cytometry of macrophages 
purified from the bronchoalveolar lavage (BAL) fluid and the infected lung homogenates. Samples were 
harvested from mice intravenously injected with DiI loaded F-mPEG, NF-CRV, or F-CRV. Data is 
representative of n=3. 
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Figure 6.5. In vivo therapeutic efficacy in MRSA muscle infection.  
(a) Photographs of healthy hind leg muscles and MRSA-infected hind leg muscles of mice that were 
intravenously injected with PBS, 145 mg/kg vancomycin, fusogenic pSiNPs loaded with siLuc and 
conjugated with CRV peptide (F-siLuc-CRV), non-fusogenic pSiNPs loaded with siIRF5 and conjugated 
with CRV peptide (NF-siIRF5-CRV), or fusogenic pSiNPs loaded with siIRF5 and conjugated with CRV 
peptide (F-siIRF5-CRV). Mice were sacrificed and imaged at days 3, 7, and 14 post-injection. Dotted 
lines outline abscess, and white arrowheads indicate popliteal lymph nodes; (b) Bacterial titer from 
muscles of healthy and MRSA-infected mice intravenously injected with PBS, 145 mg/kg vancomycin, 
non-fusogenic, targeted nanoparticle containing siIRF5 (NF-siIRF5-CRV), fusogenic, targeted 
nanoparticle containing siRNA against luciferase, as a negative control for siIRF5 (F-siLuc-CRV), and 
fusogenic, targeted nanoparticle containing siIRF5 (F-siIRF5-CRV). Animals were infected on day 0 
and therapeutic or control injections were given on day 1. Bars indicate standard deviation with n=6. *** 
represent p<0.01 from One-way ANOVA with Tukey’s HSD post hoc analyses. 
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Figure 6.6. In vivo therapeutic efficacy in PA01 lung infection.  
(a) H&E stained sections of mouse lungs subjected to histopathological analyses. Top left panel shows 

healthy mouse with no treatment, top right panel shows lung of infected mouse with no treatment (inset 
shows Gram stain), bottom left panel shows lung of infected mouse treated with F-siIRF5-CRV, and 
bottom right panel shows lung of infected mouse treated with NF-siIRF5-CRV (inset shows Gram stain 
of PA01 populations in the lung); (b) Bacterial titer from lungs of healthy and PA01-infected mice 
intravenously injected with PBS, tobramycin, fusogenic, targeted nanoparticle containing siRNA against 
luciferase, as a negative control for siIRF5 (F-siLuc-CRV), non-fusogenic, targeted nanoparticle 
containing siIRF5 (NF-siIRF5-CRV), and fusogenic, targeted nanoparticle containing siIRF5 (F-siIRF5-
CRV). Titers were analyzed at either ad mortem (PBS, Tobramycin, F-siLuc-CRV, NF-siIRF5-CRV) or 
at 7 days post-injection (F-siIRF5-CRV). Bars indicate standard deviation with n=4; (c) Mouse survival 
post-infection (at day 0) and post-therapeutic injection (at day 1) of PBS, Tobramycin, NF-siIRF5-CRV, 
F-siLuc-CRV, or F-siIRF5-CRV, as indicated. Each group has n=8 mice. (d) Average days of survival of 
mice from (c) post-infection (at day 0) and post-therapeutic injection (at day 1). *** represent p<0.01 
and * represent p<0.05 from One-way ANOVA with Tukey’s HSD post hoc analyses. 
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Chapter six, in full, is currently being prepared for submission for publication. Kim, B., 

Yang, Q., Bhatia, S., Ruoslahti, E., Sailor, M.J. Wide-spectrum immunotherapy against bacterial 

infection using fusogenic nanoparticles. Manuscript in Preparation. The author of this 

dissertation was the primary author of the material. 
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Chapter 7:  

Conclusions and Perspectives 

 

 



 
 

239 
 

7.1 Summary Remarks 

 This thesis presents the design, synthesis, and application of a novel and effective 

nanoplatform for the delivery of oligonucleotides. Fusogenic porous silicon nanoparticles are 

able to diversely target different cell types (e.g. macrophages, tumor cells) by altering the 

homing peptide decorated on the surface, and consistently attain potent gene silencing effect 

(>90% in vitro, >75% in vivo) regardless of the sequence to be knocked down (e.g. Pi3kγ, 

Rev3l, Irf5). The overall therapeutic efficacy of the fusogenic formulations achieved highly 

positive outcome of disease eradication in cancer, as well as bacterial infections (Gram positive, 

Gram negative, and antibiotic-resistant types). 

 

7.2 Future Directions 

 The findings reported in the thesis are exciting, and motivate further explorations to 

answer more downstream questions that have arisen. The following questions are suggested 

continuation routes for future studies: 

 How can the synthesis of fusogenic nanoparticles be translated into a high-throughput 

system that meets cGMP requirements? 

 How long does the effect of FNP-mediated gene silencing last in relation to transfection 

duration, siRNA dose, and particle dose? 

 What effect does plasma membrane localization (e.g. lipid raft) have on the fusion 

efficiency?  

 Can FNP-mediated immunogene therapy alone attain complete anti-tumor effect if 

multiple gene expressions were terminated? 
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 Would mice retain immunity against bacterial infection post-successful FNP therapy if 

they were re-challenged with the same bacteria?   

 

7.3 Wider Implications 

 With increasing interest and highlight on novel gene modulating molecules, the 

fusogenic nanoplatform offers a simple delivery vehicle for not only oligonucleotides, but also 

other payloads, such as ZFNs, TALENS, or CRISPR/Cas9 complexes. With flexible and facile 

porous silicon modification to alter pore size, particle size, and loading chemistry, simple 

optimization are expected to yield stable fusogenic particles for the delivery of a wide range of 

payloads. Thus, the work presented in the thesis has strongly demonstrated the generalizability 

of the fusogenic porous silicon nanoplatform as a potential research aid, as well as a clinical 

formulation for gene therapy. 




