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CHAPTER I 

 

1Introduction 

 

1.1 Background and Significance 

It has been only 20 years since the discovery of the potent gene-silencing effects of RNA 

interference in 1998, but since then, the potential of siRNA nanomedicines has skyrocketed.1 The 

first nanoparticle-formulated siRNA therapeutic received U.S. FDA approval in August 2018, 

offering new options for patients with a rare, life-threatening disease.2 siRNAs are short, 15-30 

base-pair oligonucleotides that are primarily active in the cell cytoplasm, where they can 

associate with a group of proteins that make up the RNA-induced silencing complex (RISC).3 

These siRNAs can then bind to complementary mRNA and cause the mRNA to be cleaved, 

preventing translation to protein and effectively silencing a gene. RNA interference is 

particularly useful as a therapeutic strategy because it can be used to silence “undruggable” 

targets—targets for which no effective small molecule inhibitors currently exist.4  

 Despite many promising new cancer therapeutics, from CAR T-cells to PARP inhibitors 

to immune checkpoint inhibitors, there are commonly over-expressed cancer-associated genes 

that are considered “undruggable” targets, such as MYC and KRAS.4, 5 Such targets may lack 

binding sites amenable to small molecule inhibition or may reside intracellularly and be difficult 

to reach with standard delivery strategies.4 Because siRNAs target mRNA before it is translated 

to an “undruggable” protein, siRNAs can be designed against any target. Furthermore, siRNAs 

can be used to study the role that certain molecular targets play in cancer progression.  

This application is particularly useful in the context of Triple Negative Breast Cancer 
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(TNBC). Patients with TNBC have tumors that lack expression of estrogen receptors, 

progesterone receptors, or HER2 amplification. Currently, there are no molecularly targeted 

therapies available for TNBC treatment, and standard of care is surgical resection with 

neoadjuvant chemotherapy.6 Roughly 70% of patients with TNBC still have residual disease 

after undergoing this treatment regimen and therefore experience high rates of cancer 

recurrence.6 There is a significant need for more efficacious, targeted therapeutics with fewer 

side effects for this patient population. One such potential target is Rictor, a subunit of mTORC2. 

Our group recently found that increased RICTOR gene expression correlated with decreased 

progression-free survival in patients with basal-like TNBC subtypes.7  While small molecule 

inhibitors exist for both mTORC2 and mTORC1 together, there are no potent, specific small 

molecule inhibitors that target mTORC2 alone. siRNA-based therapeutics hold great potential 

for silencing molecules like Rictor and evaluating their effectiveness as novel therapeutic targets 

for TNBC.  

Although siRNA could theoretically be used in a variety of disease applications, most 

clinical programs based on siRNA conjugates or siRNA nanomedicine primarily target liver 

diseases.3, 8, 9 This is because GalNAc conjugates actively target the liver and because a major 

percentage of the injected dose of nanoparticles naturally targets the liver.10 The liver is  the 

body’s default blood filtration system, so intravenously injected therapeutics experience 

significant liver exposure. The liver is the site of Kupffer cells, a major component of the 

mononuclear phagocyte system (MPS), which serve as a phagocytic filter for nano-sized 

materials in the blood.11 There is therefore a significant need for development of nanocarriers 

that can delivery siRNAs more efficiently to extra-hepatic targets, such as tumors.  

As individual drug components, siRNAs have many properties that make them poorly 
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amenable to clinical translation. siRNAs are large, hydrophilic biomolecules with a net negative 

charge. These factors reduce an siRNA’s bioavailability due to poor tissue penetration properties. 

Due to their molecular size being below the cut off for kidney filtration, intravenously-injected, 

unmodified siRNAs are rapidly excreted in urine.12 Additionally, un-modified siRNAs are prone 

to nuclease-mediated degradation in the blood, further preventing them from achieving 

biological activity. Locally-delivered siRNAs that are able to reach their cellular targets 

encounter problems associated with poor cell uptake, and an inability to escape the 

endolysosomal pathway.13 siRNAs are therefore poorly equipped to reach the cell cytoplasm, 

where they can actively induce silencing.  

Nanoparticle encapsulation has long been hailed as an effective strategy to overcome the 

many barriers facing siRNAs on their journey to a target cell. Nanoparticles provide siRNAs 

with protection against nucleases, protection against kidney filtration, increased cell 

uptake/tissue penetration, and the potential for escape into the cell cytoplasm.14 While there are 

many types of nanoparticle-based drug delivery systems, the most common methods of non-viral 

siRNA nanoparticle encapsulation involve complexation with cationic lipids or cationic polymer-

based materials.15 While viral gene therapies are the subject of extensive research, they have 

been plagued by safety concerns and therefore inspired the development of non-viral, synthetic 

alternatives. In this work, we have focused on polymer-based siRNA delivery. While lipids are 

arguably more “natural” materials, they tend to home to liver and are thus less tunable for non-

hepatic targets.16   

Complexation of siRNAs with polymeric materials results in the formation of polyplex 

nanoparticles, which are self-assembled and often stabilized by electrostatic interactions between 

polymeric cationic components and negatively-charged siRNAs.17 Poly(ethylene imine) is the 
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classic, gold-standard example of an siRNA-complexing polyplex system, with high cationic 

charge density on protonated amines that interact with the siRNA and can allow for improved 

cell uptake and endosomal escape by the “proton sponge” effect.18 As polyplexes enter the 

endolysosomal pathway in a cell and the pH of their local environment drops, polymer amines 

become increasingly protonated, and associated osmotic swelling causes endosomal rupture. 

Purely cationic polymers can also cause serious cytotoxicity when administered intravenously, 

and thus many strategies have sought to sterically “shield” polyplexes with hydrophilic, corona-

forming polymer blocks such as poly(ethylene glycol) (PEG) that reduce direct exposure of cells 

to cationic components and improve in vivo stability.19, 20 Additional incorporation of 

hydrophobic polymer moieties in the core-forming polymer block has been shown to improve 

stability of polyplex assembly through the additional hydrophobic interactions reinforcing 

electrostatic association.21-24 This inclusion of hydrophobicity has also been shown to enhance 

endosomal escape behavior, allowing for more efficient delivery of the siRNA into the 

cytoplasm.   

However, all polyplex delivery systems still face significant challenges when introduced 

to the complex milieu that is the in vivo, intravenous environment. Due to their electrostatic 

stabilization, polyplexes are prone to de-complexation when they encounter anionic heparan 

sulfate proteoglycans in the glomerular basement membrane of the kidney.25 Despite steric 

stabilization strategies such as PEGylation, polyplexes remain vulnerable to protein adsorption 

and associated removal by phagocytic cells of the MPS.26, 27 Each of these factors contributes to 

the extremely short circulation half-lives of electrostatically-complexed polyplexes. Polyplex 

surface chemistry is extremely important in determining in vivo fate, as surface properties like 

charge and hydrophilicity can dictate interactions with serum proteins and kidney proteoglycans. 



16 

 

 

At the same time, steric shielding such as PEGylation can significantly reduce cell uptake.28 

Optimizing polyplex surface chemistry while overcoming the “PEG dilemma” is therefore 

imperative for improved polyplex performance.  

Nanoparticle drug-delivery systems are known to accumulate at the site of solid tumors 

based on the enhanced permeability and retention (EPR) effect. The EPR effect describes how 

vasculature around tumors tends to be tortuous, disordered, and more leaky compared to 

vasculature in normal tissues.29, 30 The increased pore sizes between tumor endothelial cells 

allows for increased “leakage” of ~50-100 nm particles into tissue spaces. While the widespread 

applicability of the EPR effect has recently been called into question, it has been demonstrated to 

occur in humans and may differentially impact various subsets of cancer patients.31-34 Regardless 

of the magnitude of EPR, it is imperative for nanocarriers to circulate in the bloodstream for 

extended time periods. Because tumors receive a relatively small portion of cardiac output, 

sufficient particle accumulation relies upon extended blood persistence.35  

In order to use si-NPs as a viable platform for cancer in vivo, it is of central importance to 

develop formulations that can be administered repeatedly and efficaciously without systemic 

toxicity. Despite improvements in stealth nanocarrier materials, many polymer-based siRNA 

delivery systems consist of cationic polymers with some degree of toxicity.36 While polyplex 

dose can be reduced to improve toxicity, it comes at the sacrifice of efficacy. Some of the most 

advanced systems include cyclodextrin-based carriers, which have made it to early phase clinical 

testing. In both preclinical and clinical testing, these polymers showed dose-dependent 

toxicities.14, 37 In phase 1a and 1b clinical trials, study protocols had to be modified to include 

earlier low doses to “sensitize” patients to the polymer system and avoid severe immunological 

toxicities. Even with these modifications, a significant proportion of patients had experienced 
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immunological dose-limiting toxicities. In preclinical models, these polymeric systems were 

evaluated for toxicities without the siRNA components, and it was found that the systemic 

toxicities were primarily associated with polymer, not siRNA.37  

  Many other siRNA delivery systems have known inflammatory and toxic side effects. In 

lipidic systems, it was found that inflammation associated with cationic lipids is directly 

dependent on dose and charge ratio. Such lipid vectors can increase activation of interferons and 

cytokines, including IFN-γ, TNF-α, and IL-12.38-40 Cationic polymers are known to cause similar 

immune activation.41 For example, poly(ethylene imine) (PEI) interacts with negatively charged 

proteins in the circulation and causes immediate aggregation-related toxicity.42 While stealth 

strategies exist to present this type of aggregation, cationic polymer systems continue to 

experience dose and charge ratio-dependent toxicities.   

  Given that increasing charge ratio can play an important role in si-NP stability, it is 

important to find an optimal balance between charge ratio and toxicity.43 It is also important to 

develop a better understanding of polymer-based toxicity mechanisms in general to reduce si-NP 

associated adverse events.  A central goal of this work is to develop versatile siRNA carrier 

systems that are both highly effective at tumor gene silencing in vivo and non-toxic.  These 

systems can then be leveraged as an enabling technology for preclinical study of biologically 

relevant targets in animal models. As a second central goal, this work aims to identify and 

characterize novel mechanisms of si-NP toxicity. Achieving safe, repeated delivery of siRNA at 

high doses would significantly improve our ability to interrogate the impact of silencing in vivo 

molecular targets in tumors.  
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1.2 Innovation 

 

1.2.1 Optimized Zwitterionic Corona Surface Chemistry 

Although PEGylation is widely considered the gold standard for circulation-enhancing, 

steric shielding of nanoparticle drug delivery systems, a promising alternative is “zwitteration.” 

Zwitterionic materials are contain positively-charged and negatively-charged moieties in close 

proximity and are both net-neutral and highly hydrophilic. Zwitterionic materials are known to 

interact with water molecules through electrostatic interactions, while PEGylated surfaces 

interact with water molecules through hydrogen bonding.44 In the case of PEG, water therefore 

takes on a less thermodynamically favorable, cage-like structure around the polymer. For 

zwitterionic materials, water retains its normal molecular conformations, enhancing the overall 

hydrophilicity of the material.  

One example of a zwitterionic polymer is poly(2-methacryloyloxyethyl 

phosphorylcholine) [PMPC], a polymeric form of phosphorylcholine. It has proven effective as 

an FDA-approved component of biomedical devices such as contact lenses and drug-eluting 

stents. 44-46 

Previous si-NPs developed in our lab were PEGylated with 5000 g/mol PEG and 

contained an optimized core composed of 50% hydrophobic, 50% cationic components.21 These 

polyplexes extended the circulatory half-life of siRNA from 2-3 min to 5-8 min. In this work, we 

study the impact of alternative coronas such as PMPC and brush-like PEGs (POEGMA) on si-

NP circulation time, investigating both high and low molecular weight coronas.  We further 

study the impact of lead candidate coronas on tumor uptake and tumor gene knockdown.  

We are the first to directly compare PEG to PMPC-based coronas and to demonstrate the 

significant enhancement in tumor uptake and gene knockdown of the zwitterionic polyplex 
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corona. We demonstrate that the use of zwitterionic corona can be an effective way to overcome 

the “PEG dilemma,” referring to the reduced cell uptake behavior of PEGylated particles. These 

non-canonical surface chemistries are generally under-utilized in the field of siRNA delivery. 

Our work demonstrates that zwitterionic carriers may improve si-NP activity, encouraging their 

further development for tumor applications.  

 

1.2.2 Dual Hydrophobization of Carrier and Cargo and Charge Ratio Optimization 

This work builds on previous work that has shown that dual hydrophobization of both 

polymer and siRNA cargo (via conjugation of siRNA to polymers), significantly improves si-NP 

stability and extends si-NP circulation half-lives.47 This dual hydrophobization strategy is highly 

unique and under-utilized in the field. Hydrophobization is a strategy that has been more 

frequently investigated for carrier and cargo separately.24, 48 Hydrophobization can improve 

association of cationic polymers with cell membranes and thus improve their uptake properties.49 

Hydrophobes such as palmitic acid and α-tocopherol have been specifically conjugated to 

siRNAs to improve their membrane penetration properties and biodistribution.50-53 Hydrophobic 

siRNA conjugation can also increase siRNA circulation half-lives.47, 54 

The Kataoka group in particular has studied hydrophobization of carrier and cargo 

individually in separate studies.23, 55 In these works, they found that cholesterol modification of 

siRNA improved micelle stability and half-lives, but even these optimized carriers only achieved 

roughly 50% decrease in tumor luminescence after intravenous delivery.23 When the polymers 

instead were conjugated with cholesteryl moieties, similar effects were noted in that the polyion 

complex micelles exhibited increased blood stability and transfection efficiency.55  

While the benefits of hydrophobic modifications in polyplex systems have been clearly 
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delineated, some groups have found increased toxicity toward cells with increasing 

hydrophobicity.56, 57 These findings were not supported by our own work, and in fact, our data 

indicate that dual hydrophobization can actually decrease systemic toxicity of cationic polymer 

systems, a relationship that has not previously been investigated.47  

 

1.2.3 N:P Ratio and Pharmacokinetics 

This work is also the first to describe the relationship between si-NP charge ratio and 

pharmacokinetics.  Gary and colleagues have previously identified a clear relationship between 

charge ratio and toxicity, with excessive free polymers causing aggregation-related toxicities in 

vivo.58 While these authors probed the impact of charge ratio on in vivo biodistribution, they did 

not comprehensively study the pharmacokinetic behavior of polyplexes at varied charge ratios.  

Although the risks of increased charge ratio include severe toxicities, this work uniquely 

leverages a dual hydrophobization strategy to enable safe delivery of si-NPs at high charge 

ratios, thereby improving si-NP circulation half-lives. This strategy had yet to be thoroughly 

characterized and will have a significant impact on the field for design of effective and safe 

siRNA nanocarriers.  

 

1.2.4 The Role of Platelet Activating Factor in Nanocarrier Toxicity 

Although reports of in vivo nanocarrier toxicities are well-documented, they are poorly-

understood.36, 59 Administration of CALAA-01, a cyclodextrin-based nanopolyplex, in humans 

resulted in infusion-related immune hypersensitivity reactions that halted further clinical 

development of the carrier system. Similar types of hypersensitivity reactions have historically 

been reported for viral-based carriers.60 
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In this work, we are the first to connect a toxicity mechanism affecting adenovirus 

vectors to synthetic, polymeric nanocarriers. We demonstrate that inhibition of the Platelet 

Activating Factor Receptor (PAFR), completely abrogates si-NP-associated acute toxicities, 

indicating a role for PAF in toxicity mechanisms. We further show that nanoparticle-associated 

Kupffer cell stimulation is a triggering event for the release of PAF in the mouse bloodstream, 

causing acute shock-like symptoms. Our results fully characterize an anaphylactoid-type 

response to si-NPs in the absence of prior si-NP exposure. We have identified PAFR inhibitors 

as potential prophylactic treatments to reduce immunological infusion reactions to si-NPs. This 

work has significant, broad implications for the field of nanomedicine in general, as other 

nanoparticle-based therapeutics may trigger the same pathway due to the common Kupffer-cell 

related clearance of all nanomaterials.  

 

1.3 Specific Aims 

 

The overall goal of this work is to develop long-circulating, non-toxic siRNA 

nanocarriers that are optimized for intravenous delivery and that enable silencing of targets for 

which no small molecule inhibitors currently exist. We also seek to understand the biological 

mechanisms of nanocarrier-associated toxicities to further improve the therapeutic window of 

siRNA nano-polyplexes (si-NPs) in general. This technology is applied in the context of Triple 

Negative Breast Cancer (TNBC), an aggressive form of breast cancer for which no clinically-

approved, molecularly-targeted therapies currently exist. Patients with TNBC have no other 

standard of care options apart from surgical resection and chemotherapy. RNAi, enabled by 

nanotechnology, provides a means to interrogate novel therapeutic targets in a highly specific 

manner. However, intravenous delivery of siRNA nanocarriers has been plagued by rapid 
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systemic clearance due to inferior stability and toxicity from cationic carrier components.  

This work will optimize si-NP circulation time, tumor uptake, and tumor gene 

knockdown by implementing novel zwitterionic surface chemistry. The in vivo pharmacokinetics 

and toxicity profile of these si-NPs will be further controlled by screening hydrophobized nucleic 

acid cargo over a range of charge ratios. Finally, the mechanism of acute toxicities resulting from 

intravenous si-NP injection will be probed in depth. Understanding the mechanisms of si-NP 

toxicity will enhance our ability to design future nanocarriers with increased maximum tolerated 

doses. It is our goal to maximize the therapeutic window in this way—by identifying methods for 

increased si-NP efficacy and increased tolerability.  

Specific Aim 1: Optimize si-NP corona chemistry for improved pharmacokinetics and 

tumor bioactivity. While previous work has improved si-NP stability and bioactivity through a 

balanced ratio of cationic and hydrophobic monomers, circulation half-lives remain too short for 

optimal tumor accumulation. Because tumors receive a relatively low percentage of total blood 

volume, ideal nanocarriers must circulate for extended times and maximize uptake and retention 

at the site of the tumor. This work improves si-NP surface chemistry in order to improve siRNA 

bioavailability, tumor uptake, and silencing activity. A library of polyplexes with different 

corona blocks including linear poly (ethylene glycol) (PEG), brush-like poly(oligoethylene 

glycol methacrylate) (POEGMA), and zwitterionic poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC) were synthesized and comprehensively screened for stability, 

endosomolysis, toxicity, cell uptake, gene silencing, protein adsorption, complement activation, 

and in vivo pharmacokinetics. The lead si-NP candidates were then compared to our previous 

“gold-standard” si-NP with a 5k PEG corona for in vivo tumor gene silencing and cellular 

uptake.  
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Specific Aim 2: Reduce si-NP toxicity through charge ratio optimization and dual 

hydrophobization of carrier and cargo. Lead si-NPs with optimized corona chemistry were 

further improved by varying charge ratio (polymer: siRNA) and by use of hydrophobized, 

palmitic-acid functionalized siRNAs to reduce toxicity while maintaining improved circulation 

properties. Si-NPs were formulated at charge ratios of 10, 15, or 20, with or without palmitic 

acid siRNA functionalization. Si-NPs were screened in vitro for stability, endosomolysis, cell 

viability, uptake, and silencing activity to determine the impact of the charge ratio and 

hydrophobic modifications on particle performance. In vivo, more extensive pharmacokinetic 

and toxicity screenings were performed. Serum was monitored for ALT, AST, BUN levels, as 

well as immune markers such as IL-6, IL-12, IFN-γ, and TNF-α. Lead si-NP formulation based 

on improved half-life and toxicity was screened in vivo to confirm luciferase knockdown in a 

MDA-MB-231 tumor model and compared to Jet-PEI for tumor accumulation. 

Specific Aim 3: Determine mechanisms of acute toxicity associated with high-dose 

intravenous injection of polyplex nanoparticles to inform future nanoparticle design. Based on 

observed behavioral similarities between si-NP-related toxicities and adenovirus-associated 

toxicities, the impact of PAFR inhibition was evaluated for reducing si-NP associated toxicities. 

Acute shock-like symptoms were thoroughly characterized and assessed. The ability of si-NPs to 

induce PAF release or activate PAFR themselves was explored in vitro. Additionally, clodronate 

liposomes were utilized to assess the importance of the mononuclear phagocyte system (MPS) 

for si-NP-mediated toxicities. Furthermore, the ability of alternative si-NP types to induce these 

anaphylactoid-like toxicities was evaluated in both normal BALB/c mice and inflammatory 4T1 

tumor-bearing mice. 
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CHAPTER II 

 

2Alternatives to PEGylation: Zwitterionic Nanocarrier Surface Chemistry Improves 

siRNA Tumor Delivery and Silencing Activity 

 

Text for Chapter II taken from:  

Jackson MA, Werfel TA, Curvino EJ, Yu F, Kavanaugh TE, Sarett SM, Dockery MD, 

Kilchrist KV, Jackson AN, Giorgio TD, Duvall CL. Zwitterionic Nanocarrier Surface 

Chemistry Improves siRNA Tumor Delivery and Silencing Activity Relative to 

Polyethylene Glycol. ACS Nano. Jun 27, 2017. PMID: 28548843 

 

2.1 Abstract 

Although siRNA-based nanomedicines hold promise for cancer treatment, conventional 

siRNA-polymer complex (polyplex) nanocarrier systems have poor pharmacokinetics following 

intravenous delivery, hindering tumor accumulation. Here, we determined the impact of surface 

chemistry on the in vivo pharmacokinetics and tumor delivery of siRNA polyplexes. A library of 

diblock polymers was synthesized, all containing the same pH-responsive, endosomolytic 

polyplex core-forming block but different corona blocks: 5 kDa (benchmark) and 20 kDa linear 

PEG, 10 kDa and 20 kDa brush-like poly(oligo ethylene glycol) (POEGMA), and 10 kDa and 20 

kDa zwitterionic phosphorylcholine-based polymers (PMPC). In vitro, it was found that 20 kDa 

PEG and 20 kDa PMPC had the highest stability in the presence of salt or heparin and were the 

most effective at blocking protein adsorption.  Following intravenous delivery, 20 kDa PEG and 

PMPC coronas both extended circulation half-lives five-fold compared to 5 kDa PEG. However, 

in mouse orthotopic xenograft tumors, zwitterionic PMPC-based polyplexes showed highest in 
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vivo luciferase silencing (>75% knockdown for 10 days with single IV 1 mg/kg dose) and three-

fold higher average tumor cell uptake than 5 kDa PEG polyplexes (20 kDa PEG polyplexes were 

only two-fold higher than 5 kDa PEG). These results show that high molecular weight 

zwitterionic polyplex coronas significantly enhance siRNA polyplex pharmacokinetics without 

sacrificing polyplex uptake and bioactivity within tumors when compared to traditional PEG 

architectures. 

 

2.2 Introduction 

There has been great interest in the development of small interfering RNAs (siRNAs) as 

human therapeutics for a variety of diseases, including cancer, with over 50 clinical trials 

completed or currently in progress.61, 62 However, because of the poor pharmacokinetic 

properties of free siRNA, there remains an unmet need for carriers with optimized systemic 

bioavailability and delivery to solid tumors.63 Because tumors are perfused with a relatively 

small fraction of the body’s blood volume, siRNA therapeutics must remain stable and inert in 

the systemic circulation for extended time in order to maximize the opportunity for passive 

accumulation within a tumor.64  The carrier must also be actively internalized and retained within 

the tumor cells rather than being transported back out of the tumor or being reabsorbed into the 

systemic circulation.  

Upon intravenous administration, polyplexes encounter diverse delivery challenges that 

cause polyplex destabilization and/or removal by phagocytic cells, resulting in rapid clearance of 

the majority of the injected dose.65, 66 Polyplexes can disassemble in circulation when they 

encounter serum proteins that penetrate polymer coronas or anionic heparan sulfates at the 

kidney glomerular basement membrane that compete with electrostatic interactions between 



26 

 

 

polymer and siRNAs; free uncomplexed siRNA is then rapidly filtered for removal in the 

urine.25, 26, 66 Moreover, protein adsorption significantly affects biodistribution of polyplexes by 

marking them for recognition and phagocytosis by macrophages of the mononuclear phagocyte 

system (MPS) and/or potentially activating the complement pathway.65, 67, 68  

Polyplex surface chemistry is one of the most influential factors determining 

pharmacokinetics in vivo because physicochemical surface properties like charge and 

hydrophilicity dictate nature and level of adsorption or penetration by proteins and other 

molecules such as heparan sulfates.69 The most common and exhaustively explored surface 

modification method for increasing particle stability, reducing protein adsorption, and improving 

pharmacokinetics is the functionalization of particles with a PEG corona (PEGylation). The 

importance of PEG molecular weight, architecture, and surface density for increasing particle 

circulation time has been widely studied.19, 70-73 However, proteins can  penetrate PEG layers, 

resulting in opsonization, destabilization, and RES accumulation.26, 74 Additionally, many studies 

have shown that PEG can decrease overall target (i.e., tumor) cell uptake once the carrier reaches 

the desired tissue.74, 75  

A promising alternative to PEGylation is “zwitteration” of polyplex coronas. Zwitterionic 

surfaces are extremely hydrophilic because they are hydrated through strong electrostatic 

interactions, whereas PEGylated surfaces interact with water molecules through hydrogen 

bonding.44 Therefore,  molecules that hydrate zwitterionic polymers are structured in the same 

way as in bulk water. This arrangement makes zwitterionic polymers thermodynamically 

unfavorable for protein adsorption, because there is no gain in free energy from displacing 

surface water molecules with protein.44, 76 In general, zwitterionic coronas have been shown to 
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improve in vitro stability, cell uptake, and pharmacokinetics of some nanocarriers relative to 

both PEGylated and unmodified carriers.77, 78  

One type of zwitterion, phosphorylcholine, has found particularly widespread use for 

anti-fouling applications and is a component of FDA-approved contact lenses and drug-eluting 

stents.44-46 Phosphorylcholine-based polymers (e.g., poly-

methacryloyloxyethylphosphorylcholine, PMPC) are hemocompatible, easy to synthesize, and 

can mimic non-thrombogenic surfaces of red blood cells, which contain many phosphorylcholine 

groups. In the context of nucleic acid delivery, Ukawa and colleagues have used PMPC coatings 

in GALA-modified lipid nanoparticles to increase their plasmid DNA transfection in vitro.79 

PMPC has also been recently applied for tumor delivery of siRNA in vivo. Yu and colleagues 

used PMPC-based cationic polymers to intravenously deliver siRNA against MDM2, reducing 

NSCLC tumor growth in vivo compared to scrambled controls, but there was no analysis of 

pharmacokinetics, no analysis of per cell particle uptake, and no comparison to PEGylated 

polyplexes.80 There remains a need to comprehensively benchmark PMPC against traditional 

PEG architectures for in vivo pharmacokinetics, siRNA delivery, and activity within tumors.  

Previous work in our lab focused on optimization of the polyplex core-forming block, 

resulting in the identification of a leading composition containing a balanced ratio of cationic and 

hydrophobic monomers (dimethylamino ethyl methacrylate (DMAEMA) and butyl methacrylate 

(BMA), respectively).21 This optimization study solely utilized 5kDa linear PEG as the corona-

forming block. Here, we preserved the optimal core-forming DMAEMA-co-BMA composition 

and chain extended various corona-forming blocks in order to dissect the impact of corona 

chemistry on in vivo stability, pharmacokinetics, tumor accumulation, and tumor gene 

knockdown. We and others have sought to improve PEGylated nanocarrier pharmacokinetics 
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through the use of a brush-like PEG architecture or high molecular weight Y-shaped PEGs, to 

varying degrees of success.71, 72, 81-83 In this study we compared PMPC coronas to these PEG 

architectures in addition to the linear 5kDa PEG.  We analyzed these polyplex surface materials 

using a number of techniques that quantify protein adsorption, polyplex stability, in vitro uptake 

and bioactivity, as well as in vivo pharmacokinetics and tumor gene silencing activity.  

 

2.3 Results and Discussion 
 

Six diblock copolymers were synthesized with a pH-responsive block comprising a 

random copolymer of dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate 

(BMA) at equimolar ratio and a total degree of polymerization of approximately 150. The 

polyplex corona-forming blocks consisted of 5kDa linear PEG, 20kDa linear Y-shaped PEG, 

10kDa poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA), 20kDa POEGMA, 

10kDa zwitterionic PMPC, or 20kDa zwitterionic PMPC corona (Figure 2.1). The 5kDa linear 

PEG and 20kDa linear Y-shaped PEGs were purchased, conjugated to the RAFT chain transfer 

agent, and then chain extended with RAFT to form the core-forming DMAEMA-co-BMA block. 

For the POEGMA and PMPC polymers, the core-forming DMAEMA-co-BMA block was first 

RAFT-polymerized and was subsequently extended using RAFT to polymerize two variants of 

each hydrophilic block composition near their target molecular weights of 10kDa and 20kDa. All 

diblock polymers were well-matched in terms of consistent DMAEMA-co-BMA block size and 

composition (approximately 150 degree of polymerization with 50% of each monomer) and all 

polymers tested had relatively low polydispersity indices (PDI) ranging 1-1.3 (Table 1, 1H-

NMR methods detailed in Supplemental Figures A.S1-S3). These properties were important 

to control because small changes in core length or composition could affect the polyplex 
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performance independent of corona chemistry.21  The 5k linear PEG, 10k PMPC, and 10k 

POEGMA corona lengths were chosen because they were the shortest corona lengths that would 

form relatively monodisperse polyplex structures. The 20k PMPC and 20k POEGMA were 

chosen as standards to compare to the 20kDa Y-shaped PEG, which has been used in FDA-

approved drugs for extending circulation time.71, 84  

 

Figure 2.1 siRNA polyplexes containing varied corona architectures. All polymers contain the 

same polyplex core-forming block consisting of equimolar DMAEMA and BMA. The corona-

forming blocks comprise either linear PEG, zwitterionic PMPC, or brush PEG structures 

(POEGMA), as pictured.  Polymer structures are displayed on the left, with core-forming block 

in red and corona-forming block in blue. Polymers are complexed with siRNA at low pH, 

triggering spontaneous assembly of polyplexes before the pH is raised to physiological pH. 

 

Table 2.1 Polymer molecular weights (1H NMR), monomer compositions (1H NMR), and 

polydispersity indices (gel permeation chromatography).  
a PMPC polymers were not analyzed with GPC due to insolubility in mobile DMF phase. 
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Polymer 
Total MW 

(g/mol) 

Corona MW 

(g/mol) 
% BMA % DMAEMA PDI 

5k PEG  28636 5000 50 50 1.021 

20k PEG  43353 20000 50 50 1.071 

10k PMPC  34129 10177 51 49 a 

20k PMPC  45044 21092 50 50 a 

10k POEGMA 34171 11716 47 53 1.156 

20k POEGMA  42619 18667 49 51 1.296 

 

Polyplexes were formed by first mixing polymer and siRNA at various N+:P- ratios 

(number of protonated polymer amines :number of siRNA backbone phosphates)  in pH 4.0 

citrate buffer, and then the pH was raised to 7.4 (Figure 2.1). Based on a Ribogreen assay, all 

polyplexes reached an encapsulation efficiency of around 75-80% by N+:P- 10, and slightly 

higher encapsulation efficiencies were achieved at N+:P- 20 (Figure 2.2a). To determine the best 

N+:P- ratio to use in subsequent testing of this library of polymers, we evaluated the average 

stability differences between polyplexes at N+:P- 10 and N+:P- 20 after a brief (30 min) 

incubation in 30% fetal bovine serum (FBS). By measuring the Fӧrster Resonance Energy 

Transfer (FRET) signal between co-encapsulated fluorescent siRNAs relative to the signal of 

polyplexes unchallenged by FBS, we observed a decrease in average stability of all polyplexes at 

N+:P- 10 relative to N+:P- 20. Average stability ranged from 75-86% FRET at N+:P- 20 and from 

42 to 48% FRET at N+:P- 10 (Figure 2.2b). Because of these results, we selected N+:P- 20 ratio 

for all further studies. At this short serum incubation time, there were no significant differences 

between polyplexes of different coronas at a given N+:P- ratio. 
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Figure 2.2 Polyplexes with different corona chemistries have similar size, zeta potential, and cargo 

loading but varied stability against high salt concentrations. (A-B) Polyplex siRNA encapsulation 

efficiency and stability is highest at N+:P- 20. (A) Ribogreen assay reveals polyplex encapsulation 

plateaus by N+:P- ratio of 10. (B) Polyplexes retain higher stability after a 30 minute incubation in 

30% FBS at N+:P- 20 compared to N+:P- 10 (p<0.01, n=3). (C) All polyplexes were around 100-

145nm in average size. (D-I) Dynamic light scattering traces show that 20k PMPC and 20k PEG 

populations are more resistant to high salt conditions (N+:P- 20).  

 

 Importantly, despite their varied corona molecular weights and characteristics, all 

polyplexes had similar average hydrodynamic diameters of approximately 100 nm and showed 

no significant differences in surface charge (near neutral zeta potential) (Figure 2.2c-i, 
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Supplemental Figure A.S4). Thus, although size and surface charge are known to affect 

pharmacokinetics, these factors were constant among each of the polyplexes despite different 

hydrophilic block chemistries.68 Polyplex size and stability evaluated under increasing salt 

concentrations showed that size of most polyplexes was only slightly affected by the addition of 

0.1 M salt (Figure 2.2d-i). However, at 0.25 M NaCl, the 20k PMPC and 20k PEG polyplexes 

appeared most resistant to destabilization by increasing salt concentrations, while the 5k PEG 

and POEGMA corona polyplexes lost their uniform size distribution. This result suggests that 

larger coronas improved stability for linear PEG and zwitterionic PMPC coronas, but in the case 

of POEGMA-based polyplexes, increasing corona size did not improve stability. Polyplexes 

made with the longer 20k POEGMA corona, in addition to being less stable than other 

polyplexes, were also more polydispersed at baseline in low-salt conditions compared to other 

polyplexes. This is possibly due to excessive bulkiness, making it more difficult for this polymer 

to form tightly-packaged micelles through electrostatic interactions in the core.85 While these 

POEGMA polymers were selected because the 950 Da side chains form more hydrophilic blocks 

than 300 Da OEGMAs, high molecular weight monomers are not as well studied as shorter 

OEGMA monomers, and their extended side chains may cause considerable steric repulsion 

between corona-forming blocks, a potentially destabilizing factor.82, 86   

In order to maximize polyplex accumulation at the site of the tumor, polyplexes must 

resist destabilization in circulation.64 The main sources of polyplex instability in the blood 

circulation include serum and anionic heparan sulfates in the kidney glomerular basement 

membrane, the latter of which can interact with positively charged components of siRNA 

polyplexes and result in decomplexation.25, 65, 66 To determine the impact of particle surface 

chemistry on polyplex stability, we challenged polyplexes containing FRET pair-loaded siRNA 
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with serum or heparin salts. We found that at higher serum levels (30%), alternative corona 

chemistries improved stability compared to 5k linear PEG coronas, but there were few stability 

differences between individual coronas (Supplemental Figure A.S5). At 10% serum, all 

polyplexes at N+:P- 20 resisted destabilization regardless of corona block (Supplemental Figure 

A.S5).  As shown previously in Figure 2.2b, polyplex N+:P-  ratio appeared more important for 

short-term serum stability than corona block differences.  

Heparin salt-induced destabilization showed a greater dependency on corona composition. 

In heparin salts at a range of concentrations (Figure 2.3a-c), 20k PEG and zwitterionic 20k 

PMPC coronas provided the greatest stability over time compared to all other polyplex coronas. 

In 100 U/mL heparin over 100 minutes, the average FRET signal for 20k PMPC and 20k PEG 

samples was significantly higher than that of 5k PEG, 20k POEGMA, and 10k PMPC (p<0.05), 

indicating greater resistance to charge-induced destabilization. The 20k PMPC and 20k PEG also 

performed best with 60 U/mL heparin, only decreasing in average FRET signal by 40 and 36%, 

respectively, while the FRET signal in all other polyplex samples decreased by 56-63%.  At each 

heparin condition, 10k POEGMA was intermediately stable, and this was most apparent at 20 

U/mL heparin, when 10k POEGMA did not diverge from 20k PEG and 20k PMPC until roughly 

55 minutes of incubation. The other polyplexes, 5k PEG, 10k PMPC, and 20k POEGMA, were 

consistently the least heparin-stable. While larger corona molecular weight improved stability for 

linear PEGylated and zwitterated polyplexes, this advantage did not hold true for POEGMA 

coronas. This could possibly be due to unfavorable steric properties of the bulky POEGMA side 

chains, which could potentially reduce core stability at baseline.85 While some heparin may be 

binding free, uncomplexed polymer, the results of our Ribogreen assay (Figure 2.2a) indicate 

that the packaging of siRNA is the same for all polyplexes at N+:P- 20, so the molar amount of 
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free polymer is consistent between all polyplexes and unlikely to influence these comparisons. 

Heparin binding free polymer is also unlikely based on the polyplex DLS traces (Figure 2.2d-i) 

that do not show evidence of free polymer and because any uncomplexed polymer in solution is 

micellar (due to the presence of hydrophobic BMA in the core-forming block), thus making 

DMAEMA unavailable for binding.21  

In order for the polyplexes to enable siRNA bioavailability in the target cell cytoplasm, 

the polyplexes must exhibit efficient cell uptake, pH-responsive endosomal escape, and target 

gene knockdown, while also not being cytotoxic to normal (non-cancerous) cells.  The core-

forming block of each polyplex in our library, consisting of DMAEMA-co-BMA, has previously 

been optimized for pH-responsive endosomolytic behavior, and we hypothesized that the various 

corona chemistries would not affect this property.21 We measured pH-dependent membrane 

disruptive behavior, a surrogate assay for endosome escape capability in which polyplex samples 

are incubated with red blood cells in buffers of progressively lower pH that mimic extracellular, 

early/late endosome, and lysosome environments.87 All of the polyplexes produced membrane 

disruptive activity at pH values at or below 6.8, corresponding to pHs found in the 

endolysosomal pathway, but no hemolytic activity occurred at physiological and extracellular pH 

of 7.4 (Figure 2.4a). Because the pH-responsive behavior of these polyplexes is controlled by 

their core blocks, it was expected that the different coronas would not differentially impact 

endosomolytic behavior. These trends were independent of polyplex concentration in the range 

tested (Supplement Figure A.S6).  
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Figure 2.3 20k PEG and 20k PMPC corona-forming blocks increase polyplex stability in heparin 

salts relative to all other formulations. Polyplexes were also incubated for 100 min in 20 U/mL 

(A), 60 U/mL (B), and 100 U/mL (C) heparin salts. 20k PMPC and 20k PEG maintained greatest 

stability levels at each heparin condition. All measurements represent average of 3 separate 
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stability experiments. All polyplexes were formulated at N+:P- 20. 
 

 

 

Figure 2.4 In vitro, all tested polyplex surface chemistries, except POEGMA, exhibited desirable 

hemolysis, cytocompatibility, uptake, and target gene knockdown properties. All assays were 

performed at a dose of 100 nM siRNA and 2.7 µM polymer (N+:P- 20) unless otherwise noted. 

(A) In a red blood cell hemolysis assay, all polyplexes (at 40 µg/mL polymer) displayed similar 

pH-dependent membrane disruptive behavior well-tuned for endosomal escape due to their 

consistent core-forming polymer block composition which dictates this behavior. (B) Polyplex 

viability in NIH 3T3 fibroblasts at 100 nM siRNA 48 h after polyplex addition. (C) All high 

molecular weight coronas had significantly lower uptake compared to lower molecular weight 

counterparts, (p<0.01, n=3).  (D) Percent of cells in low, medium, and high gates for each 

polyplex. 20k PEG polyplexes had the highest percent of cells in the low uptake group compared 

to any other polyplex (p<0.001, n=3). (E) Dose-response curve of polyplex inhibition of 

luciferase activity. Luciferase activity was monitored after 48 hours polyplex treatment. (F) IC50
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values for all polyplexes reveal significantly improved efficacy of PMPC-based polyplexes 

compared to PEGylated polyplexes of similar molecular weight (p<0.04, n=3). 

 

We next screened for toxicity of all polyplexes in luciferase-expressing NIH3T3 

fibroblasts (Figure 2.4b), in order to determine whether the polyplexes were harmful to normal 

and non-cancerous cells. At 48 hours post-treatment, none of the polyplexes significantly 

affected viability levels relative to untreated cells, with the exception of 10k PMPC. Average 

viability of 10k PMPC was still quite high, at 87%, indicating it was also relatively non-toxic. 

We also evaluated cytotoxicity of all polyplexes bearing scrambled siRNA in MDA-MB-231 

cancer cells. All cell viability values were still greater than 75% after 48 hour incubation with 

high polyplex concentrations (Supplemental Figure A.S7).  

We next evaluated uptake of polyplexes by MDA-MB-231 breast cancer cells (Figure 

2.4c).  Overall, shorter polyplexes made with smaller molecular weight corona blocks had 

significantly higher mean fluorescence intensities compared to more shielded polyplexes 

comprising longer corona-forming blocks (p<0.001, n=3). In comparing different polyplex 

corona-forming block chemistries, the mean fluorescence intensity of 20k PMPC was greater 

than 20k PEG polyplexes, and 10k PMPC had the highest uptake levels overall (p<0.001, n=3). 

For in vitro uptake, lower molecular weight coronas are often associated with increased cell 

uptake, because the cationic PDMAEMA components are less shielded.88 However, polyplexes 

made with shorter corona-forming blocks are generally less stable and therefore likely to produce 

less favorable in vivo pharmacokinetic properties. We also stratified polyplex uptake based on 

the percent of cells found within low, medium, and high uptake subsets (Figure 2.4d, 

Supplemental Figure A.S8a) in order to further interrogate differences in the distribution of 

polyplex uptake levels within the different treated cell populations. The 20k PEG had the highest 
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percent of polyplex uptake positive cells in the low uptake group by a significant margin 

(p<0.001), with 47% of cells in this group, while all other polyplex types ranged from 31-36% of 

cells in the low uptake group. In comparison, 10k PMPC had the highest percent of cells in the 

“high” group, at 31%. 20k PMPC, while more shielded than both 5k PEG and 10k POEGMA, 

had a similar percent of cells in the “high” uptake category (14-17%) as the shorter corona 

polyplexes. In the high uptake category, 20k PEG polyplexes had the lowest percent of cells 

(8.9%), after 20k POEGMA (1.22%), which was significantly lower than the percent of cells 

treated with 20k PMPC polyplexes in the high category (8.9% vs. 15%, p<0.04).  These 

combined data provide support that PMPC-based coronas have higher cell uptake properties 

compared to their PEGylated counterparts, suggesting that zwitterionic coronas provide 

polyplexes with stealth properties without limiting polyplex uptake as significantly as 

incorporation of high molecular weight, stealth PEG coronas.  These data suggest that PMPC is 

less susceptible to the well-described “PEG dilemma” in drug delivery.26 Histograms of these 

cell populations can be found in Supplemental Figure A.S8b.  

After confirming pH-responsiveness, cytocompatibility, and tumor cell uptake behavior 

of the polyplexes, we evaluated knockdown of the model gene luciferase in luciferase-expressing 

MDA-MB 231 breast cancer cells (Figure 2.4e), across a range of doses. At the highest dose of 

100 nM siRNA after 48 hours, cells exposed to 5k PEG, 20k PEG, or either PMPC corona all 

retained less than 10% luciferase activity (90% knockdown), which was significantly lower than 

10k POEGMA, with 50% knockdown, and 20k POEGMA, with no significant knockdown. At 

75 nM, differences between linear PEG and PMPC polyplexes emerged. 10k PMPC corona 

polyplexes had the best bioactivity, with 8% remaining luciferase activity, followed by 20k 

PMPC and 5k PEG, which were not significantly different from each other at 14% luciferase 
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activity. 20k PEG coronas at this dose had significantly higher remaining luciferase activity than 

20k PMPC and 5k PEG (29%), providing evidence that PMPC-based coronas have increased 

bioactivity compared to their linear PEG counterparts. These general trends are also evidenced 

by the IC50 values for each polyplex (Figure 2.4f). Polyplexes containing 10k PMPC had the 

lowest IC50, at 18 nM, compared to 5k PEG at 49 nM. 20k PMPC-based polyplexes also had a 

significantly lower IC50 than 20k PEG polyplexes (55 nM vs. 64 nM), with values similar to the 

IC50 of less well-shielded 5k PEG. All polyplex IC50 averages were significantly different from 

each other (p <0.04). In general, the POEGMA-based coronas did not produce desirable levels of 

in vitro bioactivity, while all other polyplex formulations produced potent knockdown with 

negligible cytotoxicity.   

Both PEGylation and zwitteration are designed to reduce protein adsorption to 

nanocarriers because opsonization makes nanocarriers more identifiable to macrophages of the 

MPS and/or destabilizes polyplexes. If complement protein C3b adsorbs, the complement 

cascade can be activated, further recruiting immune cells and promoting rapid clearance.67 We 

used isothermal titration calorimetry (ITC) and a hemolysis-based complement assay to evaluate 

how PEGylation and zwitteration differentially affect protein adsorption as a function of block 

molecular weight.  

In ITC, a protein solution is slowly titrated into a solution of polyplexes, and changes in 

heat resulting from their interaction are recorded (Figure 2.5a). These heat changes can be used 

to calculate entropy, enthalpy, and Gibb’s free energy of interaction between the protein and 

nanocarrier.89, 90 Albumin was used here as a model for serum proteins, since it comprises the 

largest percent of human serum compared to other proteins and is known to opsonize PEGylated 

nanoparticles.26, 27 Overall, each polyplex, whether PEGylated or zwitterated, had a positive 



40 

 

 

Gibb’s free energy of interaction with albumin (Figure 2.5b). This indicates that albumin 

binding was not spontaneous and therefore not favored. However, the magnitude of average ΔG 

values was increased for the higher molecular weight coronas as compared to their lower 

molecular weight counterparts, indicating albumin adsorption was least favorable for these 

polymers. The 20k linear Y-shaped PEG corona had the largest ΔG values of any polyplex, 

followed by the 20k PMPC, and both were significantly higher than ΔG of 5k PEG (p<0.05, 

n=3). The significant differences between polyplex coronas of higher and lower molecular 

weight indicate the importance of corona molecular weight in blocking protein adsorption.  

 

 

Figure 2.5 Higher molecular weight coronas reduce albumin adsorption while none of the 

polyplexes significantly adsorb complement proteins. (A) Schematic of isothermal titration 

calorimetry setup. BSA is slowly titrated into solution of polyplexes, and changes in heat are 

recorded and used to calculate thermodynamic parameters. (B) ITC of polyplexes (0.5 mg/mL 

polymer, N+:P – 20) indicated significantly less favorable BSA interaction for 20k PEG and 20k 

PMPC compared to standard 5k PEG (n=3, p<0.05). (C) Schematic of complement assay setup. 

(D) Negligible complement protein adsorption was observed for all polyplex surface chemistries, 

measured by % lysis compared to complement protein controls at various dilutions. Cationic 
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control polyplexes (100% PDMAEMA-based particle surface) served as a positive control for 

protein/complement adsorption in these assays. 

 

All polyplexes with neutrally-charged, hydrophilic coronas were compared to a positive 

control polyplex containing 100% cationic PDMAEMA in its corona, which is known to 

significantly adsorb proteins at physiological pH.71, 91, 92 As expected, this cationic control 

showed negative ΔG values averaging -35 kcal/mol, indicating a highly favorable interaction 

with albumin. While all raw ITC data showed endothermic heat changes for all of the shielded 

polyplexes, the cationic control polyplexes had highly exothermic heat changes (Supplemental 

Figure A.S9). The stark contrast between the cationic control polyplex and the neutral polyplex 

coronas demonstrates the overall impact of a “stealth” corona in reducing protein adsorption. 

Because albumin is not the only component of a nanoparticle protein corona, this contrast was 

also demonstrated for whole FBS, using a qualitative agarose gel binding assay (Supplemental 

Figure A.S10).27 The cationic PDMAEMA-corona particles retained high FBS signal in the 

loading well, where polyplexes are known to remain (instead of migrating through the gel), while 

protein signal from wells containing all other polyplexes was much lower and closely matched 

the signal from wells containing only FBS.21 This implies that overall serum adsorption is low 

for all shielded polyplexes with the various coronas, but high for cationic PDMAEMA particles.   

In order to evaluate potential complement protein adsorption by the various corona 

chemistries, we used a hemolytic assay modified from Bartlett and colleagues.93 Polyplexes were 

incubated with various dilutions of human complement sera and then antibody-sensitized sheep 

erythrocytes were added to each mixture. If complement proteins do not adsorb to polyplexes, 

then they are available in solution to lyse the erythrocytes. However, if adsorption does occur, 

red blood cell lysis is reduced as fewer complement proteins are available to cause lysis (Figure 
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2.5c). For all polyplexes, we did not observe significant differences in lysis compared to the 

complement only protein controls at all concentrations of complement sera, meaning that 

complement adsorption was negligible (Figure 2.5d). The unshielded cationic polyplexes with a 

PDMAEMA corona, on the other hand, robustly reduced lysis compared to the complement only 

control, indicating significant adsorption, as expected. The 20k POEGMA corona polyplex 

exhibited slightly elevated lysis levels compared to the protein only control, probably as a result 

of its greater instability in serum, but overall, the coronas tested do not react spontaneously with 

complement proteins to any significant degree, in agreement with the results for albumin 

adsorption as measured by ITC. These data also indicate that the complement assay may not be 

as sensitive as the ITC method at detecting small functional differences in protein adsorption. 

We next studied the in vivo pharmacokinetics of the polyplex library after intravenous 

administration. Traditional methods of characterizing nanocarrier pharmacokinetics rely on 

multiple blood draws and extrapolation to determine initial nanocarrier blood concentrations. 

Intravital confocal laser scanning microscopy (IVM), on the other hand, provides real time, 

continuous tracking of fluorescence in the mouse ear blood vessels and requires fewer animals.94 

Recently intravital microscopy has been used to monitor polyplexes in blood circulation, 

particularly to understand the impact of core stabilizing components on circulation time and to 

characterize the impact of species-specific immune state on nanoparticle clearance.23, 24, 95 IVM 

provides a more absolute quantification of particle pharmacokinetic parameters and is therefore a 

more robust way to discern differences between PEGylated and zwitterionic coronas.  For our 

study, polyplexes were loaded with Cy5-conjugated cargo, and the fluorescence signal tracked 

for 20 minutes after injection.  
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Intravital microscopy studies revealed improved pharmacokinetic properties for 20k 

PMPC and 20k PEG, in agreement with our in vitro stability results, as visualized in Figure 

2.6a. Pharmacokinetic curves of blood circulation (Figure 2.6b) were fit to the data, and area 

under the curve values for 20k PMPC and 20k PEG were 586 and 507 (mg* min)/(L) 

respectively, roughly three to four times higher than all other polyplexes tested (Figure 2.6c).  

Average circulation half-lives for 20k PMPC and 20k PEG were 26 minutes and 22 minutes, 

respectively, while circulation half-lives for all other polyplexes ranged from 5-8 minutes (Table 

2.2). Average circulation half-life for free nucleic acid was less than 2 minutes.  Similarly, 20k 

PMPC and 20k PEG had much lower clearance values than any other polyplexes studied (Table 

2.2). Organ biodistribution (Supplemental Figure A.S11) studies at 20 minutes revealed that for 

all of the polyplexes, the greatest percentage of the fluorescent siRNA was localized in the 

kidneys, followed by the MPS organs (liver and spleen). For all polyplexes, less than 50% of the 

total fluorescence was localized in the kidney, which is an improvement over many other 

polyplex systems in the literature which are more rapidly disassembled in the kidney and 

therefore have higher kidney accumulation.23, 96-99 However, this is likely due in large part to the 

balance of cationic and hydrophobic monomers in the core-forming block of these polyplexes, 

which reduces heparan sulfate-based disassembly as our group has shown previously.21  
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Figure 2.6 High molecular weight zwitterionic and linear PEG coronas significantly improve 

polyplex pharmacokinetics (1 mg/kg Cy5-siRNA, 1.89 µmol/kg polymer, N+:P - 20). (A) Panel 

of intravital microscopy images for visualization of pharmacokinetic differences between 

polyplexes shows obvious increase in circulation time for 20k PEG and 20k PMPC compared to 

gold standard 5k PEG. (B) Average intravascular fluorescence intensity curves from mouse ear 

vessel imaging quantify this outcome (n=4). (C) Area under the curve shows that 20k PEG and 

20k PMPC had roughly three to four-fold higher bioavailability compared to other polyplexes 

(n=4, p <0.001). 

 

Table 2.2 Pharmacokinetic parameters quantified from intravascular imaging data including 

half-life (T ½), area under curve (AUC), and clearance (Cl). 
 

Polymer T ½ (min) AUC (mg *min)/(L) Cl (mL/min) 

5k PEG 5.2 ± 1.7 127 ± 37 0.22 ± 0.07 

20k PEG 22.4 ± 5.8 507 ± 152 0.06 ± 0.02 

10k PMPC 8.4 ± 1.0 192 ± 23 0.13 ± 0.02 
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20k PMPC 26.3 ± 5.5 586 ± 157 0.05 ± 0.01 

10k POEGMA 7.6 ± 0.4 165 ± 14 0.15 ± 0.01 

20k POEGMA 7.4 ± 2.0 176 ± 45 0.15 ± 0.04 

Cy5 Nucleic Acid 1.87±0.20 75 ± 1.4 4.20 ± 0.27 

 
 

The pharmacokinetic properties of 20k PMPC and 20k PEG tested here are field-leading 

relative to other published polyplex siRNA delivery systems.  For example, the cyclodextrin-

based polyplex system, CALAA-01 that was administered to humans in the first ever RNAi 

clinical trial, cleared from humans, monkeys, mice, and rats below the detection limit only 30 

minutes after intravenous injection.37 Our 20k PEG and 20k PMPC polyplexes, on the other 

hand, have only just reached their half-life after approximately 30 minutes. Others have sought to 

improve polyplex circulation stability through the addition of cholesterol-modified siRNA in 

combination with 20kDa PEG-conjugated cationic polymers, but such modifications only 

increased half-lives to around 6-10 minutes.24 An additional approach to increasing circulation 

time in a similar system is polyplex core crosslinking, but this only increased circulation half-

lives to roughly 10 minutes based on intravital microscopy.96 Our polyplexes effectively 

combine a highly-stabilized core with highly-stabilizing, protein-stealth coronas, increasing their 

circulation times beyond the gold standards in the field.  

In all, our results indicate that polyplexes of zwitterionic 20k PMPC and 20k PEG were 

the most blood stable and may also be most resistant to natural clearance mechanisms like renal 

heparan sulfate-mediated clearance, protein adsorption, and phagocytosis. These properties 

suggest they are the leading candidates for development for oncological siRNA therapeutics. 

Similar to our in vitro results, the high molecular weight POEGMA coronas did not exhibit the 

same beneficial properties, most likely due to the poor stability properties of these polyplexes.   
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When nanoparticles circulate longer in the bloodstream, their systemic bioavailability 

increases, and they have a greater opportunity to accumulate within tumors. Because our higher 

molecular weight coronas had such dramatic improvement in circulation half-lives and clearance 

properties, we hypothesized that they would also improve tumor accumulation and gene 

silencing. Therefore, we selectively compared the ability of 20k PEG and 20k PMPC to achieve 

tumor cell delivery and target gene silencing of the model gene luciferase in a mouse orthotopic 

model of breast cancer. These leading formulations were benchmarked against our previous gold 

standard 5k PEG polyplexes.21, 47 

Mice bearing luciferase-expressing MDA-MB 231 mammary fat pad tumors were 

intravenously injected with 20k PMPC, 20k PEG, or 5k PEG polyplexes bearing 1 mg/kg anti-

luciferase or scrambled control siRNAs. Each animal received only one treatment, and tumor 

luminescence was monitored for a 10-day period post-injection. We compared the relative 

luminescence of each individual tumor to its luminescence prior to polyplex injection, and the 

luminescence values for the luciferase siRNA polyplex-treated tumors were compared to average 

luminescence values for the tumors from scrambled control siRNA polyplex-treated mice. There 

were no significant differences in relative luminescence between any scrambled polyplex group 

throughout the study period.   

Throughout the 10-day period post-injection, mice treated with zwitterionic 20k PMPC 

polyplexes containing luciferase siRNA exhibited more potent and long-lasting luciferase 

silencing than either PEG-based polyplex (Figure 2.7a), with significantly increased knockdown 

on Days 3-7. Throughout the treatment, relative luminescence values for 20k PMPC averaged 

about 20% that of scrambled controls, indicating 80% knockdown. The differences between 20k 

PEG and 5k PEG were not significant, but average knockdown potency tended to be slightly 
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higher for the 20k PEG than 5k PEG polyplexes. Average knockdown of luciferase by 20k PEG 

ranged from 75% on Day 1 to 36% on Day 10 compared to scrambled polyplex controls, and 

knockdown of luciferase by 5k PEG ranged from average 56% on Day 1 to 35% on Day 10. This 

study suggests that, despite their similar pharmacokinetic properties, 20k PMPC has higher in 

vivo bioactivity compared to 20k PEG (representative tumor luminescence images demonstrating 

these trends are displayed in Figure 2.7b). Mouse body weight was recorded each day of the 

study period as an indicator of toxicity, and there were no significant differences between any 

polyplex treatment group and untreated tumor-bearing mice (Supplement Figure A.S12).  

In order to elucidate the mechanism behind the increased tumor gene knockdown of 

zwitterionic 20k PMPC, we also studied the in vivo biodistribution and tumor cell uptake of 

zwitterated vs. PEGylated polyplexes. We injected tumor-bearing mice with 20k PMPC, 20k 

PEG, and 5k PEG polyplexes bearing Cy5-labeled cargo. After 24 hours, the tumors were 

removed and dissociated into a single cell suspension to measure polyplex internalization level 

per tumor cell (tumor cells identified as GFP positive based on reporter transduced prior to tumor 

cell inoculation into mice).  After 24 hours of accumulation time, zwitterionic 20k PMPC 

showed significantly higher tumor cell uptake levels than either 5k or 20k PEGylated polyplexes 

(Figures 2.7c and 2.d).  Mean Cy5 fluorescence intensity in GFP positive (tumor) cells for 20k 

PMPC was three-fold higher than that of 5k PEG and almost two-fold higher than 20k PEG. 

Additionally, 20k PMPC had the highest percentage of Cy5-positive tumor cells, with roughly 

90% positive, while average percent uptake for 5k PEG and 20k PEG was 40% and 80%, 

respectively, at 24 hours (Figure 2.7e).  These data suggest that the longer half-lives of 20k 

PMPC and 20k PEG played an important role in their tumor uptake, and that 20k PMPC coronas 

do not sacrifice cell uptake as much as PEG-based coronas.  Organ biodistribution data based on 
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overall fluorescence at this 24-hour time point revealed that average radiance in tumors was 1.2-

1.9-fold higher than liver average radiance and 2.4-7.4-fold higher than heart and lung average 

radiance for all of the polyplexes studied (Supplemental Figure A.S13).  

 

 

Figure 2.7 Zwitterionic 20k PMPC polyplexes significantly increased luciferase knockdown and 

siRNA delivery per tumor cell compared to PEGylated polyplexes in vivo (1 mg/kg siRNA, 1.89 

µmol/kg polymer, N+:P - 20). (A) 20k PMPC polyplexes decreased tumor luminescence by 

roughly 80% compared to scrambled control polyplexes over the course of a 10-day study 

period, with significantly improved knockdown compared to PEGylated polyplexes on days 3-7 

(1 mg/kg intravenous siRNA dose on day 0, n=6-10 tumors per group, p<0.05). (B) 

Representative IVIS luminescence images taken on Day 3 post-treatment. (C) Representative 
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histograms of polyplex uptake for tumor cells analyzed by flow cytometry from tumors 

harvested at 24 hours post-treatment. Results indicate increased Cy5 fluorescence in GFP 

positive MDA-MB-231 cells for 20k PMPC polyplex-treated tumors compared to PEGylated 

polyplexes. (D) At 24 hours, 20k PMPC polyplexes had significant, 63% increased mean Cy5 

fluorescence in tumor cells compared to 20k PEG and 213% relative to 5k PEG (p=0.0005 vs.5k 

PEG, p=0.0526 vs. 20k PEG , n=4-6 tumors per group). (E) 20k PMPC had significantly 

increased % positive cells at 24 hours compared to 5k PEG (n=4-6 tumors per group, p=0.0114), 

while 20k PEG had a strong trend toward increased % positive cells compared to 5k PEG 

(p=0.0582). (F) In an in vitro time course, 20k PMPC polyplexes exhibited significantly higher 

uptake compared to PEGylated polyplexes at 30 minutes, 4 hours, and 48 hours (p<0.02, n=3).  

(G) Histological quantification of polyplex intensity after 24 hrs ex vivo incubation with MDA-

MB-231 tumors excised from athymic nude mice. Line profiles were drawn starting at the tumor 

edge (n=27, 3 tumors per polyplex, 9 profiles per tumor). (H) Representative histology images of 

ex vivo and in vivo tumor penetration of polyplexes. Overall, polyplexes achieved similar 

penetration depths both in vivo and ex vivo, but histology evidence supports differences in uptake 

between polyplex types.  

 

The increased in vivo uptake of 20k PMPC polyplexes compared to 20k PEG polyplexes 

indicates that the higher levels of gene knockdown of 20k PMPC are driven by a combination of 

increased circulation time and higher rate of cell uptake of PMPC-based polyplexes. To further 

elucidate the latter mechanism, we compared the in vitro uptake properties of 5k PEG, 20k PEG, 

and 20k PMPC over a two-day time course (Figure 2.7f). Measurements at early time points of 

30 minutes and 4 hours showed that 20k PMPC was taken up by MDA-MB-231s more rapidly 

than 20k PEG, with 2-fold higher uptake at each time point (p<0.002, n=3). 20k PMPC uptake was 

also significantly higher than 20k PEG corona polyplexes at 24 hours. 5k PEG polyplexes had 

similar uptake levels to 20k PMPC at earlier time points in vitro. However, 5k PEG polyplexes 

lack the same level of corona shielding, resulting in higher uptake levels in vitro, but less stability 

in circulation and therefore reduced in vivo tumor biodistribution. Additionally, 20k PMPC more 

rapidly penetrated the cell population homogenously relative to either PEGylated corona. At 4 

hours, 5k PEG showed 60% positive cells compared to 95% for 20k PMPC polyplexes (p<0.01, 

Supplemental Figure A.S14).  By 48 hours, 20k PMPC polyplexes exhibit significantly increased 
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uptake compared to both 5k PEG and 20k PEG coronas (p<0.0003).  Thus, 20k PMPC polyplexes 

maximize both serum stability and increased cell uptake. While less-shielded 5k PEG polyplexes 

have higher uptake at early time points, more serum-stable 20k PEG polyplexes catch up to 5k 

PEG polyplexes over time. 20k PMPC, on the other hand, combines both a high rate of uptake and 

the increased stabilization properties necessary for continued uptake over longer periods of time 

in the presence of serum, enabling its improved in vivo tumor uptake compared to PEGylated 

polyplexes.  

In order to dissect whether the in vivo relative tumor cell uptake differences (Figure 2.7d) 

were driven in part by differences in tumor tissue penetration of the polyplexes, we investigated 

penetration in an ex vivo model, using MDA-MB-231 tumors excised from nude mice. After 24 

hours of polyplex incubation with tumors, all polyplexes penetrated to similar depths from the 

tumor edge (Figure 2.7g). Quantification based on line profiles drawn from the tumor edge 

indicated that, particularly close to the tumor edge (10-20 µm), average intensities of 20k PMPC 

polyplexes were significantly higher (p<0.01) than 5k PEG and 20k PEG polyplexes, at 1.5-fold 

and 2.1-fold higher, respectively. Overall area under the average intensity curve was also highest 

for 20k PMPC.  However, overall distribution of polyplexes based on depth was similar, as seen 

in representative histology images (Figure 2.7h). While the highest polyplex signal intensities 

were observed within 40 µm from the tumor edge, average signal from all polyplex-treated tumors 

was still higher than signal from untreated tumors deeper in the tumor (40-100 um), with no 

significant differences between individual polyplex types at these deeper tumor regions.  

The 5k PEG polyplex intensities near the tumor edge are higher than the 20k PEG intensities in 

this study, which is different than the tumor delivery levels seen in vivo, due to the ex vivo nature 

of the experiment; these polyplexes did not require stability in circulation prior to reaching the 
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tumors and, with lower molecular weight PEG, are less shielded to begin with, allowing for 

increased tumor uptake. Given this result, it is noteworthy that the more well-shielded 20k PMPC-

based polyplexes displayed higher average intensities at low penetration depths than 5k PEG 

polyplexes, despite their higher molecular weight coronas, further supporting the improved uptake 

properties of PMPC-corona polyplexes.   

The similar depth penetration profile of each of these polyplexes indicates that the higher 

bioactivity of 20k PMPC corona polyplexes is driven primarily by higher uptake properties and 

not by differences in tissue penetration. These penetration profiles were further corroborated 

with histological evaluation of tumors after in vivo tail vein administration of Cy5-bearing 

polyplexes (Figure 2.7h). Here again, Cy5 signal from each polyplex could be found deep 

within tumor sections and relatively well-penetrated. While all polyplexes appear to have a 

similar histological distribution in the tumor, the overall amount of uptake is different depending 

on polyplex type, as we quantified comprehensively through in vivo flow cytometry.  

Our combined tumor gene knockdown and tumor uptake data indicate that high 

molecular weight zwitterionic PMPC coronas perform significantly better than their linear PEG 

counterparts. Our work thoroughly demonstrates the in vivo advantages of PMPC compared to 

PEG in systemically-delivered siRNA polyplexes, and other studies in non-polyplex systems 

support and corroborate our findings. In gold nanoparticles, for example, multiple studies have 

shown that zwitterionic coatings increase accumulation at the site of a tumor over PEGylated 

surface coatings.100, 101 Similarly, in protein-based nanoparticles, PMPC coatings improve tumor 

uptake over PEG-based copolymers, and this effect was also primarily observed at later time 

points (12 h post-injection), implying better tumor accumulation and retention over time as our 

study reveals.102  
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The observation that PMPC-based polyplexes improve cell uptake while reducing protein 

adsorption is somewhat counterintuitive and requires further mechanistic investigation, both in 

normal and cancer cells. One potential explanation is that zwitterionic phosphorylcholine particle 

surface chemistries improve tumor accumulation because they promote association with cell 

membranes, given their similarity to membrane phospholipid heads.102-105 It has also been 

observed that PMPC surface chemistries are particularly conducive to internalization by cancer 

cells, even more so than in normal cells.103, 106 This may be due to the fact that many invasive 

and rapidly proliferating cancer cells, including the MDA-MB-231 cells in our study, have 

increased choline transport, due to their higher membrane synthesis and turnover.107 All of these 

existing data are consistent with our own results comprehensively demonstrating increased tumor 

cell uptake of PMPC-based siRNA polyplexes compared to PEGylated polyplexes both in vitro 

and in vivo. 

In comparing to other siRNA delivery work, our 20k PMPC polyplexes generated higher 

tumor gene knockdown compared to the few previous examples of in vivo PMPC-based siRNA 

delivery. In one study, siRNA-bearing PMPC-PDPA (poly(diisopropanolamine ethyl 

methacrylate)) diblock copolymers achieved significant luciferase knockdown (up to 75%), but 

this level was achieved after 6 repeated injections of low polyplex doses (as opposed to our 

single 1 mg/kg dose) and these polyplexes were not compared to PEGylated counterparts.80 Most 

top-performing polyplex systems are PEGylated and frequently suffer from low tumor uptake 

without addition of targeting ligands or cholesteryl stabilizing moieties.24, 108 Our PMPC-based 

polyplexes, on the other hand, without active targeting, increased average tumor cell uptake 

three-fold compared to 5k PEG and two-fold compared to 20k PEG, and achieved up to 90% 

Cy5-positive tumor cells after only a single, relatively low-dose administration. The 20k PMPC 
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polyplexes preserve the stability advantages of high molecular weight stealth coronas while also 

producing higher cell uptake than high molecular weight PEGylated polyplexes.   

These results are predicated on the assumed presence of the enhanced permeability and 

retention (EPR) effect in tumors, which enables nanoparticle extravasation through porous tumor 

vasculature. This effect has been subject to debate in recent literature, with most studies 

suggesting that this phenomenon is heterogeneous in human cancers.29, 32 However, a recent 

clinical trial in human subjects directly confirmed the presence of the EPR effect in all of the 

patients studied (across multiple solid tumor types), showing micellar accumulation in tumor 

tissue but not in surrounding tissues.34  As is the case for clinical, standard of care cancer 

therapeutics, it is true that some patients may benefit more than others from nanomedicines 

taking advantage of the EPR effect. Recent work has suggested that magnetic nanoparticles can 

be used as an imaging agent to predict whether EPR-based nanomedicines will be advantageous 

in different patients.32 These opportunities for personalized nanomedicine-based cancer treatment 

only intensify the need for improved polyplex stability and tumor accumulation in order to 

maximize the full potential of EPR across a varied patient population. In our study, we have 

shown that these goals are achievable for siRNA polyplexes using zwitterionic PMPC surface 

chemistries more so than PEGylated ones.  

 

2.4 Conclusion 

Taken together, our data show that while high molecular weight PEG and PMPC coronas 

generally improve polyplex circulation time, zwitterionic PMPC coronas significantly improve 

in vivo tumor cell uptake and bioactivity compared to canonical PEGs. In vitro, larger molecular 

weight hydrophilic corona-forming blocks performed better in terms of increasing heparin 
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stability and blocking protein adsorption. In these and other assays, POEGMA was the exception 

to this trend, and the PEG brush-like architecture as a rule did not perform as well as PMPC and 

linear PEG corona-forming blocks in the polyplex format used in these studies.  These 

comprehensive in vitro data corroborated our in vivo pharmacokinetic data, which used intravital 

microscopy for elucidating the intravenous impact of polyplex corona chemistry. This method 

quantitatively showed that both high molecular weight corona-forming blocks comprising either 

20k Y-shaped PEG or 20k zwitterionic PMPC improve polyplex circulation half-lives over 

shorter coronas.   These results motivated more in-depth studies of the 20k PEG and PMPC 

formulations in comparison to our 5k PEG benchmark. Our in vivo tumor uptake and gene 

knockdown studies show that high molecular weight zwitterionic coronas significantly improve 

in vivo gene knockdown and tumor cell uptake compared to high molecular weight PEGylated 

polyplexes. This work has important implications for optimization of siRNA nanocarriers used 

for systemic cancer therapeutics. PEG has long been regarded as the gold standard, while 

increasingly well-characterized non-canonical surface chemistries remain under-utilized. We 

have shown that PMPC, a biocompatible material that is a component of FDA-approved 

products, is easily and controllably polymerized and significantly improves tumor cell uptake 

and knockdown activity of siRNA polyplexes over PEG-based structures, encouraging further 

development of zwitterionic surface chemistries for siRNA oncological therapeutics.   

 

2.5 Materials and Methods 
 

All materials were purchased from Sigma Aldrich unless otherwise described. Inhibitors 

were removed from dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate 

(BMA) using an activated aluminum oxide column. All DNA or siRNA oligonucleotides were 
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purchased from Integrated DNA Technologies (Coralville, IA, USA), and sequences can be 

found in our previous work.21 In FRET experiments, in vitro cell uptake experiments, in vivo 

biodistribution, and pharmacokinetic experiments, DNA oligonucleotides were used as a model 

for siRNA oligonucleotides of the same length.  

Polymer Synthesis: All polymers were synthesized using 4-cyano-4-

(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT) as an initial chain transfer agent. ECT 

was synthesized in house according to previously published methods.21 5k PEG ECT was 

synthesized as previously described by coupling a 5 kDa hydroxyl-terminated PEG (JenKem, 

USA) to ECT by DCC DMAP coupling (Supplemental Figure A.S1). For the coupling reaction, 

ECT was added to a reaction vessel at 10:1 molar equivalents of 5kDa or 20kDa PEG (JenKem, 

USA) and dissolved in dichloromethane at 10% wt/v. Dicyclohexyl carbodiimide (DCC) was 

then added to activate the carboxylic acids on ECT at a 1:1 molar ratio with ECT. After stirring 5 

min, hydroxyl-teminated 5kDa or 20kDa PEG was added to the reaction mixture, followed by 4-

dimethylaminopyridine (DMAP). DMAP was added at a 5:1 molar equivalent to PEG. ECT was 

added to the 5 kDa PEG at a 10:1 molar ratio. Dicyclohexyl carbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) were added at 5 molar equivalents the amount of PEG. The 

coupling reaction was stirred at room temperature for 48 hours and the final product was purified 

as previously described.21 From the 5 kDa or 20kDa PEG macroCTA, DMAEMA and BMA 

were RAFT polymerized at 50:50 molar ratios using AIBN as an initiator (10:1 CTA:Initiator 

ratio) in 10% w/v dioxane. Reactions were planned with a degree of polymerization of 240, in 

order to achieve 75-80 repeating units each of DMAEMA and BMA (at a 65-70% monomer 

conversion rate).  The reaction was nitrogen purged for 30 minutes and then was stirred at 65 ˚C 

for 24 hours. The final reaction mixture was dialyzed into methanol for two days, then water for 
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two days, and lyophilized. 20k PEG was synthesized using the same methods as for the 5k PEG 

polymers, but a 20kDa Y-shaped hydroxyl PEG was conjugated to ECT to create the appropriate 

macroCTA. Zwitterionic PMPC was synthesized in a two-step process. First, DMAEMA and 

BMA were RAFT polymerized at the same monomer feed ratios and conversion estimates 

described above. 1H NMR was used to evaluate conversion rate (Supplemental Figure A.S2). 

This random DMAEMA-BMA copolymer (DB ECT) was then used as a macroCTA to 

polymerize a homopolymer block of 2-(methacryoyloxyethyl) phosphorylcholine. For a 20 kDa 

corona or a 10 kDa corona, target degree of polymerizations of 75 and 40 were used, 

respectively. These polymerizations used AIBN at a 5:1 CTA:initiator ratio and were done at 

10% w/v in anhydrous methanol solvent. Reactions were purged with nitrogen for 30 minutes 

before heating to 65 ˚C for 24 hours. Final reaction products were dialyzed in methanol for two 

days, then water for two days, and lyophilized. Polymers with POEGMA (poly(ethylene glycol) 

ethyl ether methacrylate) (Mn = 950) in the corona were synthesized in a similar method using a 

10:1 CTA:initiator ratio and dioxane as a reaction solvent (10% wt/v). Prior to polymerization, 

inhibitors were removed from POEGMA monomers by first dissolving in anhydrous THF, 

running through an alumna column, and then drying using a rotary evaporator. For 10k 

POEGMA coronas and 20k POEGMA coronas, aimed degrees of polymerization were 19 and 

31, respectively, with conversion rates of 60% and 65%, respectively.  

All polymers were characterized using 1H nuclear magnetic resonance spectroscopy 

(Bruker, 400 MHz). Polymer polydispersity was evaluated with DMF mobile phase gel 

permeation chromatography (GPC, Agilent Technologies, CA). For this measurement, all PEG 

or POEGMA polymers were dissolved in DMF containing 0.1M lithium bromide at a 

concentration of 10 mg/mL.  All NMR spectra are shown in Supplemental Figure A.S3.   
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Polyplex Formation and Encapsulation Efficiency: All polyplexes used in vitro for this 

work were first complexed with siRNA in 10 mM citrate buffer at pH 4 for 30 minutes, followed 

by raising the pH to 7.4 using 10 mM pH 8 phosphate buffer at 5x the volume of the pH 4 

solution. Polyplex N+:P- ratios were determined as the mole ratio of protonated amines from 

DMAEMA monomers (50% are assumed protonated at physiological pH) to the number of 

phosphate groups on the siRNA according to the following equation:21, 109  

𝑛𝑚𝑜𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =  
  (𝑛𝑚𝑜𝑙 𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑)(𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟𝑠 𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑)(2)(𝑁: 𝑃 𝑟𝑎𝑡𝑖𝑜)

(𝐷𝑀𝐴𝐸𝑀𝐴 𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡𝑠)(0.5)
 

 

Unless otherwise noted, all in vitro polyplex characterization assays were performed at a 

dose of 100 nM siRNA and 2.7 µM polymer (N+:P- 20), which corresponds to 0.074 mg/mL, 

0.12 mg/mL, 0.093 mg/mL, 0.12 mg/mL, 0.093 mg/mL, and 0.12 mg/mL, for 5k PEG, 20k PEG, 

10k PMPC, 20k PMPC, 10k POEGMA, and 20k POEGMA, respectively.  

    Polyplex encapsulation efficiency at various N+:P- ratios was evaluated using a Quant-iT 

Ribogreen assay kit (ThermoFisher, USA). Assay solutions were prepared based on 

manufacturer’s instructions, and Ribogreen fluorescence was measured using the high range 

assay. Polyplex solutions were prepared at 100 nM siRNA, and 50 uL of polyplex solution was 

diluted by half in 1X TE buffer, followed by addition of 100 uL Ribogreen reagent to each well. 

Fluorescence was measured at 520 nm and encapsulation efficiency was calculated by 

normalizing fluorescence of polyplex solutions to fluorescence of siRNA-only control solutions.  

 Polyplexes were prepared for TEM at 0.5 mg/mL polymer. 5 µL polyplex suspensions 

were added to pure carbon TEM grids (TED Pella Inc, Redding, CA, USA), and blotted dry after 

60 sec. TEM grids were then counterstained with 3% uranyl acetate (5 µL) for 20 seconds and 
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then dried overnight under vacuum. Images were obtained with a FEI Tecnai Osiris microscope 

(200 kV).    

Polyplex Stability Evaluations: Polyplex diameters and zeta potentials were measured 

using dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments, Westborough, MA). 

For these measurements, polyplexes were prepared at final concentrations of 0.167 mg/mL. For 

stability measurements, each polyplex solution was incubated with 0.1 or 0.25 M NaCl solutions.  

Polyplex stability was also measured in FBS and heparan sulfate through a FRET assay 

described previously.21, 47, 71 Briefly, polyplexes were co-loaded with nucleic acids conjugated 

with either Alexa Fluor-488 or Alexa Fluor-546 dyes, forming FRET pairs.  Intensity of 

fluorescence emission after excitation at 488 nm was measured at 514 and 572 nm using a 

fluorescence plate reader (Tean Infinite F500, Mannedorf, Switzerland). Percent FRET for each 

polyplex sample was calculated as:  

𝐼572

𝐼572 + 𝐼514
𝑥100 

For FBS-based FRET challenge, polyplexes were incubated at concentrations of 100 nM 

siRNA per well with 10 or 30% FBS. FRET signal of polyplexes incubated with FBS was 

compared to that of polyplexes in PBS alone. In all cases, black, clear bottom 96 well plates were 

used for fluorescence measurements. FRET signal was tracked over the course of 100 minutes at 

5 minute intervals.  

Polyplex stability was also evaluated in response to heparin salts. Again, polyplexes were 

prepared to have final concentrations of 100 nM siRNA per well. In each well, 90 uL of 

polyplexes were incubated with 10 uL of various concentrations of heparin salts, ranging from 

20 U/mL to 100 U/mL final concentration heparin per well. FRET signal was then evaluated the 

same as above FBS-based method.  
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Hemolysis Assay: Red blood cell hemolysis assay was performed using methods 

described previously.87 Blood was drawn from consenting human donors according to an IRB-

approved protocol. In short, red blood cells (RBCs) were isolated from whole blood and diluted 

into buffer solutions of pH 5.6, 6.2, 6.8, and 7.4. Polyplexes prepared at 5 and 40 µg/mL polymer 

concentration were incubated with red blood cells at the various pH values for 1 hour in round-

bottom 96 well plates. Negative controls and positive controls of red blood cells in buffer only or 

Triton-X, respectively, were also used for analysis. The RBCs were then centrifuged and 

supernatants were analyzed for absorbance at 450 nm using a plate reader. Percent hemolysis 

was evaluated by subtracting background buffer-only RBC absorbance from the absorbance of 

polymer-containing wells, and dividing by the difference between Triton-X controls (complete 

lysis) and buffer-only RBC absorbance (no lysis).  

Creation of Luciferase-Expressing MDA-MB-231 Breast Cancer Cells and Luciferase-

Expressing NIH3T3 Mouse Fibroblast Cells: Lentivirus was produced by transfecting HEK-

293T cells with pGreenFire1-CMV plasmid, along with pMDLg/pRRE, pRSV-Rev, and 

pMD2.G packaging plasmids with Lipofectamine 2000 as a transfection reagent. Media 

supernatant containing lentivirus was then collected at 48 and 72 hours. For transfection of 

MDA-MB-231 and NIH3T3 cell lines, 10 mL lentiviral media was added to the cells containing 

6 ug/mL polybrene for 24 hours of incubation. Cells were analyzed post-transduction by 

detection of GFP using flow cytometry (BD LSR II Flow Cytometer, San Jose, CA, USA). Cells 

were selected for vector expression by growth in puromycin-containing media.  

Cell Culture: All cells used for this manuscript were cultured in Dulbecco’s modified 

Egle’s medium (DMEM, Gibco Cell Culture, Carlsbad, CA), containing 4.5 g/L glucose, 10% 

fetal bovine serum (Gibco), and 0.1% gentamicin (Gibco).  
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Cell Viability: Luciferase-expressing NIH3T3 cells or MDA-MB-231 cells were seeded 

in a 96-well plate at 20,000 cells/mL (2000 cells per well). After 24 hours, polyplex solutions 

were introduced to the wells using an N+:P- ratio of 20 with 100 nM scrambled siRNA per well. 

After 24 hours, polyplex-containing media was removed from the cells and replaced with media 

containing luciferin substrate (150 µg/mL). After incubating for 5 minutes, cells were imaged 

using an IVIS Lumina III imaging system (Caliper Life Sciences, Hopkinton, Massachusetts). 

Luciferin-containing media was then replaced with normal media for 24 hours, followed by IVIS 

imaging with luciferin media at 48 hours post-treatment. Luminescence signal was compared to 

untreated controls for analysis.  

In Vitro Luciferase Silencing of MDA-MB-231 Cells: Luciferase-expressing MDA-MB-

231 cells were seeded in 96-well plates at 2000 cells per well and allowed to adhere for 24 hours. 

Polyplex solutions containing either luciferase siRNA or scrambled siRNA at 100 nM, 75 nM, 

50 nM, 25 nM, 10 nM, and 1 nM were then incubated with MDA-MB-231 cells in quadruplicate. 

After 24 hours, media was replaced with luciferin-containing media (150 ug/mL) and 

luminescence was evaluated by IVIS imaging. Luciferin-containing media was then replaced 

with normal media until 24 or 48 hours, at which point luciferin media was reintroduced, and 

luminescence again evaluated. For analysis of knockdown, all data were normalized to 

scrambled control polyplexes to account for any non-specific toxicity effects. IC50 values were 

calculated using nonlinear regression in Graphpad.  

Uptake by MDA-MB-231 Cells: Non-luciferase expressing MDA-MB-231 cells were 

seeded in 12-well plates at 80,000 cells per well. Polyplexes were formed containing 100 nM of 

Alexa Fluor-488-labeled nucleic acid in media containing 10% serum. Polyplexes were 

incubated with cells for 30 min, 4 hours, 24 hours, or 48 hours and then removed. Cells were 
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washed with PBS, trypsinized for 10 minutes in 0.25% trypsin, and centrifuged at 450 x g for 7 

min. Cell pellets were then resuspended in PBS containing 0.04% trypan blue (to quench 

extracellular fluorescence) prior to running through a flow cytometer (3-laser BD LSR II, BD 

Biosciences, Franklin Lakes, NJ, USA). Cells were monitored for Alexa Fluor-488 fluorescence 

at excitation and emission wavelengths of 488 and 519 nm, respectively. Quantification of % 

uptake was performed using FlowJo software (FlowJo, LLC, Ashland, OR). Events were gated 

for single cells, and then characterized for negative, low, medium, and high uptake levels. 

Untreated MDA-MB-231 cells were used as negative controls.  

Isothermal Titration Calorimetry: Isothermal titration calorimetry experiments were 

performed using a MicroCal VP-ITC (Malvern, USA) in the Vanderbilt Center for Structural 

Biology. Polyplexes were prepared at concentrations of 0.5 mg/mL polymer as described above. 

BSA was dissolved from lyophilized powder at 15 mg/mL in buffer solutions exactly matching 

the composition of polyplex buffer. Titration experiments were carried out at 37 ⁰C using a 

reference power of 10 µcal/ sec, 300 second initial delay, 307 rpm stirring speed. Each injection 

was 10 µL, with a duration of 20 sec, spacing of 260 seconds, and filter period of 2 seconds. A 

control consisting of heat of dilution of BSA into buffer only was subtracted from titration data. 

All data analysis was performed in Origin, using a one set of sites binding model to determine 

thermodynamic parameters. A cationic control polymer consisting of PDMAEMA only in the 

corona, as previously described, was used as a positive control for protein adsorption. 71, 109-111 

Gel Shift Protein Adsorption Assay: Polyplexes bearing scrambled siRNA were prepared 

at 0.5 mg/mL polymer and incubated with 5% FBS. A 2% agarose gel was prepared using 1X 

TAE buffer.  10 µL of these preparations each was added to wells on an agarose gel with 2 µL 

loading dye. Agarose gels were run at 90 mV for 30 min. Gels were then stained using SYPRO 
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Ruby stain according to established commercial protocols (Thermo Fisher), and imaged using a 

BioRad Chemidoc Imaging System.  

Complement Assay: All materials for the hemolysis-based complement assay were 

purchased from Complement Technologies (Tyler, TX, USA). siRNA polyplexes were prepared 

at 50 nM siRNA. Complement sera was prepared at five dilutions (1:20, 1:40, 1:80, 1:160, 

1:320), and antibody-sensitized sheep red blood cells were prepared separately at 2x 108 

cells/mL in GVB ++ buffer. In each test tube, 100 µL of complement sera was added to 100 µL of 

polyplexes and incubated for 30 minutes. Then 100 µL of antibody-sensitized RBCs were added 

to each tube, and the mixtures were incubated at 37 °C for 1 h with intermittent shaking. All 

samples were then centrifuged and supernatants were transferred to a 96-well plate. Absorbance 

at 541 nm was then measured on a plate reader. Absorbance values were used to determine 

transmittance and absorption (1-transmittance). Percent lysis was calculated as:  

(𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 −  𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑃𝐵𝑆 𝑜𝑛𝑙𝑦)

(𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 [𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑙𝑦𝑠𝑖𝑠] − 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑃𝐵𝑆 𝑜𝑛𝑙𝑦)
∗ 100 

Percent lysis at each complement dilution was plotted and compared to control samples 

containing complement proteins only (no polyplexes).  

Polyplex pharmacokinetics, biodistribution, and intravital microscopy: For in vivo 

polyplex preparations, polymers were complexed with 1 mg/kg Cy5-labeled oligonucleotides in 

100 mM pH4 citrate buffer. Complexing solutions were then loaded into 20 kDa MWCO dialysis 

tubing (Spectrum Laboratories, Rancho Dominguez, CA) and dialyzed into PBS -/- overnight. 

Polyplex formation was confirmed by dynamic light scattering (described above) immediately 

prior to in vivo injections.  

Male CD-1 mice (Charles River) (n=4 per group) were anesthetized using isoflurane and 

immobilized on a heated confocal microscope stage. Prior to imaging, mouse ears were cleaned 
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with a depilatory cream. Microscope immersion fluid was used to immobilize the mouse ear on a 

glass coverslip. Intravital microscopy was performed using a Nikon Czsi+ system with a Nikon 

Eclipse Ti-oE inverted microscopy base, Plan ApoVC 20x differential interference contrast N2 

objective, 0.75 NA, Galvano scanner, and 543 dichroic mirror. All image analysis and 

acquisition was done using Nikon NIS-Elements AR version 4.30.01. A laser gain of 98 was 

used throughout. Ear veins were detected using the light microscope, and images were focused to 

the plane of greatest vessel width, where flowing red blood cells were clearly visible.  Once the 

ear was in focus, microscope was switched to confocal laser mode and set to image continuously 

every second. The mouse was then injected with 100 µL polyplex solution via tail vein at a 1 

mg/kg dose (1.89 µmol/kg polymer, corresponding to 54.0 mg/kg, 81.8 mg/kg, 64.4 mg/kg, 85.0 

mg/kg, 64.5 mg/kg, 80.4 mg/kg for 5k PEG, 20k PEG, 10k PMPC, 20k PMPC, 10k POEGMA, 

and 20k POEGMA, respectively), and Cy5 fluorescence in ear veins was monitored for 20 

minutes. For image analysis, initial background fluorescence was subtracted, and circular regions 

of interest were highlighted within the mouse ear vessels. Fluorescence from these regions of 

interest was quantified and background fluorescence was subtracted. Intensity values were 

normalized to initial peak intensity. Fluorescence decay curves were modeled as one-

compartment systems using single phase exponential decay. Area under the curve values were 

calculated by multiplying normalized intensity curves by the dose of siRNA in mg and 

integrating over time. Pharmacokinetic parameters were calculated using Graphpad Prism 

analysis software.  

After 20 min of monitoring via intravital microscopy, animals were sacrificed. Organs 

were removed and immediately imaged for Cy5 fluorescence using an IVIS system. 

Fluorescence was quantified using an IVIS Lumina Imaging system (Xenogen Corporation, 
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Alameda, CA, USA) at excitation and emission wavelengths of 620 and 670 nm, respectively, 

using Living Image software version 4.4.  

In Vivo Tumor Gene Silencing: Athymic female nude mice (4-6 weeks old, Jackson 

Laboratory) were injected under anesthesia in the mammary fatpad on each side with 1 x 106 

luciferase expressing MDA-MB-231 cells in a 50:50 mixture of Matrigel:DMEM (serum-free). 

Tumor growth was followed until they reached approximately 100 mm3. Polyplexes were 

prepared loaded with either luciferase or scrambled siRNA at 1 mg/kg as described for 

pharmacokinetic studies. Animals were injected i.p. with luciferin substrate (150mg/kg), imaged 

for baseline tumor bioluminescence using an IVIS system, and then subsequently injected with 

polyplexes via tail vein. Mice were re-injected with luciferin substrate on Days 1, 3, 5, 7, and 10 

post-polyplex treatment. Luminescence signal of each individual tumor was compared to its 

baseline pre-treatment signal, and each relative luminescence value was normalized to the 

average relative luminescence of respective scrambled siRNA polyplex groups (n=6-10 tumors 

per group). Body weight measurements of all mice were recorded every day of the study period 

to monitor toxicity. Of thirty mice studied, five tumor-bearing mice were removed from the 

study due to health concerns prior to the end of the study, but there were no statistically 

significant differences in survival between treatment groups.  

Biodistribution of Tumor Bearing Mice: Biodistribution studies for athymic female nude 

tumor-bearing mice (Jackson Laboratory) were conducted using the same methods as 

biodistribution studies for the male CD-1 mice. Fluorescence was measured in heart, lungs, 

kidneys, liver, spleen, and tumors excised at 24 h post-tail vein injection. 

In Vivo Polyplex Uptake by MDA-MB-231 breast tumors: Tumors isolated from mice 

during above-described biodistribution experiments were then used for flow cytometry studies of 
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polyplex uptake. Tumors were cut into small pieces, washed with HBSS containing Ca2+ and 

Mg2+, and then processed using an enzyme mix containing collagenase (0.5 mg/mL, Roche Life 

Sciences, Indianapolis, IN, USA) and DNAse (0.19 mg/mL, BioRAD, Hercules, CA, USA) in 

DMEM. After 1 hour incubation in the enzyme mix, the tumors were centrifuged and re-

suspended in HBSS without Ca2+ and Mg2+, and then incubated with 5 mM EDTA for 20 

minutes. Tumors were then centrifuged and the pellets were re-suspended in HBSS with Ca2+ 

and Mg2+ and filtered using a 70 µm Nylon cell strainer. Filtrate was then washed once more 

with HBSS containing Ca2+ and Mg2+, and then incubated in ACK lysis buffer (Thermo Fisher 

Scientific, USA) for 2 minutes before being diluted in 20 mL of PBS -/-. Cells were then pelleted 

and re-suspended in 1-2 mL PBS-/- prior to running on a flow cytometer (BD LSRii, BD 

Biosciences, San Jose, CA, USA). Uptake analysis was performed in FlowJo. Cell populations 

were isolated using forward and side scatter, then GFP positive tumor cells were gated, and Cy5 

fluorescence intensity was measured for the GFP positive tumor cell population.  

Tumor Penetration Assays: Ex Vivo Tumor Penetration. Athymic nude mice bearing 

MDA-MB-231 orthotopic mammary tumors were sacrificed when tumors reached 200-300 mm3. 

Tumors were then incubated for 24 hours in DMEM containing 10% FBS, 1% gentamicin, and 

polyplexes bearing 100 nM Cy5-siRNA. After 24 hours, tumors were embedded in OCT 

compound (Fisher Healthcare) and frozen on dry ice.  Tissues were fully-faced and then cryo-

sectioned 100 µm deeper in the tissue. Frozen slides were then stained with DAPI and imaged 

using confocal microscopy (same instrument from intravital microscopy methods). Tissues were 

analyzed for Cy5 fluorescence by normalizing to untreated tumors to account for background 

autofluorescence. Line profiles were drawn blinded to Cy5 fluorescence in regions where a clearly 
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defined tumor edge was visible. Quantitative analysis consisted of 9 line profiles sampled 

randomly from tumor perimeter, with 3 tumors per polyplex.  

In Vivo Tumor Penetration: Athymic nude mice bearing MDA-MB-231 orthotopic 

mammary tumors were injected with 1 mg/kg Cy5-siRNA polyplex solutions (at same polymer 

concentrations as for tumor uptake and intravital microscopy studies). Animals were sacrificed 24 

hours after injections, and tumors were processed by freezing in OCT as described above for ex 

vivo penetration assays. Tumor sections were imaged using confocal microscopy, and images were 

sampled randomly throughout interior of tumor section, collecting both Cy5 and DAPI signal.   

Statistical Methods:Unless otherwise noted, all statistical determinations were made 

using one-way ANOVA with Tukey multiple comparisons test in Graphpad Prism. All reported 

data display mean and standard error. Significance was determined using α=0.05.  

Ethics statement: All animal studies were conducted according to the National Institutes 

of Health guidelines for care and use of laboratory animals. Each study involving animals in this 

work was reviewed and approved by the Institutional Animal are and Use Committee (IACUC) 

at Vanderbilt University.  
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CHAPTER III 

 

3Dual Carrier Cargo Hydrophobization and Charge Ratio Optimization Improve the 

Systemic Circulation and Safety of Zwitterionic Nano-Polyplexes 

 

Text for Chapter III taken from:  

Jackson MA, Bedingfield SK, Yu F, Stokan ME, Miles RE, Curvino EJ, Hoogenboezem 

EN, Bonami RH, Patel SS, Kendall PL, Giorgio TD, Duvall CL. Dual Carrier-Cargo 

Hydrophobization and Charge Ratio Optimization Improve the Systemic Circulation and 

Safety of Zwitterionic Nano-Polyplexes. Biomaterials. February 2019. PMID: 30458360. 

 

3.1 Abstract 

While polymeric nano-formulations for RNAi therapeutics hold great promise for 

molecularly-targeted, personalized medicine, they possess significant systemic delivery 

challenges including rapid clearance from circulation and the potential for carrier-associated 

toxicity due to cationic polymer or lipid components. Herein, we evaluated the in vivo 

pharmacokinetic and safety impact of often-overlooked formulation parameters, including the 

ratio of carrier polymer to cargo siRNA and hydrophobic siRNA modification in combination 

with hydrophobic polymer components (dual hydrophobization). For these studies, we used 

nano-polyplexes (NPs) with well-shielded, zwitterionic coronas, resulting in various NP 

formulations of equivalent hydrodynamic size and neutral surface charge regardless of charge 

ratio. Doubling nano-polyplex charge ratio from 10 to 20 increased circulation half-life five-fold 

and pharmacokinetic area under the curve four-fold, but was also associated with increased liver 

https://doi.org/10.1016/j.biomaterials.2018.11.010
https://doi.org/10.1016/j.biomaterials.2018.11.010
https://doi.org/10.1016/j.biomaterials.2018.11.010
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enzymes, a marker of hepatic damage. Dual hydrophobization achieved by formulating NPs with 

palmitic acid-modified siRNA (siPA-NPs) both reduced the amount of carrier polymer required 

to achieve optimal pharmacokinetic profiles and abrogated liver toxicities. We also show that 

optimized zwitterionic siPA-NPs are well-tolerated upon long-term, repeated administration in 

mice and exhibit greater than two-fold increased uptake in orthotopic MDA-MB-231 xenografts 

compared to commercial transfection reagent, in vivo-jetPEI®. These data suggest that charge 

ratio optimization has important in vivo implications and that dual hydrophobization strategies 

can be used to maximize both NP circulation time and safety.  

 

3.2 Introduction 

In the last twenty years, RNA-based therapeutics have proceeded from discovery, 

through extensive development, and to the exciting, recent approval of the first siRNA 

nanomedicine.112  This progression has been significantly driven by lipid and polymer-based 

delivery vehicles. However, when administered intravenously, nucleic acids continue to face 

well-documented barriers including nuclease degradation, poor cell and tissue uptake, and rapid 

clearance from circulation, especially in the liver and kidney. 14, 113 As a testament to these 

hurdles, many of the advanced RNA-based therapeutics currently in clinical trials focus on local, 

carrier-free application or systemic delivery of siRNAs directly conjugated to ligands that drive 

rapid uptake by hepatocytes in the liver.114  

There is a significant application space for systemically delivered siRNAs against non-

hepatic targets. Oncology is a particularly promising field of application for RNAi therapeutics 

because they can be designed against tumor drivers that are undruggable by conventional small 

molecule approaches.4, 7, 115, 116  However, there is still a significant gap in the technology needed 
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to make this clinically feasible.  Because tumors and target tissues other than the liver receive 

only a small amount of the total cardiac output, longer nanocarrier circulation times are needed 

to achieve sufficient biodistribution.64, 117 In fact, there is a close connection between vascular 

circulation time and level of tumor delivery of nanomedicines.43, 47, 118-122 Nonviral polymeric 

siRNA carriers are often employed to improve cell uptake and provide endosomal escape 

properties, but these carriers are still prone to instability in circulation from serum proteins or, in 

the case of electrostatically-assembled formulations, anionic heparan sulfates which are highly 

concentrated in the kidney, reducing the opportunity for carriers to distribute intact to target sites 

such as tumors. 25, 65, 66 

Polymeric and lipid carriers often incorporate hydrophilic surface coatings, such as PEG, 

that shield the electrostatically-packaged/entrapped siRNA cargo in the nano-formulation 

interior, but such improvements often only marginally improve circulation stability.123-125 One of 

the first tested polymeric siRNA carriers, CALAA-01, was shown to be primarily disassembled 

in the kidney and cleared completely from circulation by 30 minutes after intravenous injection 

in human patients.37 It also exhibited signs of liver and kidney toxicity  in non-human primates 

and hypersensitivity immune reactions in human patients that were associated primarily with the 

polymer components (not siRNA) of the formulation.37 These experiences point to current major 

limitations in the field of systemic, polymer-based siRNA delivery—limited circulation stability 

and the potential for carrier-associated toxicity.  

 In addition to insufficient circulation stability, siRNA nano-formulations are often 

plagued by dose-limiting toxicities caused by cationic lipids/polymers that can damage cellular 

membranes or cause aggregation of serum or cellular blood components.42, 123 The design of 

polymer carriers is often a balancing act between increased silencing efficiency and increased 
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cytotoxicity.126, 127 These toxicities are dose-dependent, and many have sought to ameliorate 

them through iterative modification of the polymer structure of nanocarriers to improve 

stability.128 The desire to increase the therapeutic window, or the gap between maximum 

tolerated dose and minimum efficacious dose, has led to a multitude of library-based studies that 

have examined the relationship between polymer structure and nanocarrier function.129-131  

 With the substantial focus on iterating on polymer structure, the in vivo pharmacokinetic 

and toxicity impact of two important aspects of formulating siRNA nanocarriers are often 

overlooked—the carrier to cargo ratio (“charge ratio” or “N:P ratio”) and stabilizing 

modifications to siRNA cargo. Few studies have characterized impact of N:P ratio (the ratio of 

cationic polymer amines to siRNA phosphates) on in vivo polyplex pharmacokinetics and 

toxicity, and those that have are limited exclusively to cationic-only carriers such as 

polyethylenimine (PEI) and homopolymers of poly(2-(dimethylamino)ethyl methacrylate) 

(pDMAEMA).132-134 In these studies, increasing N:P ratios are accompanied by increases in 

particle zeta potential, which can increase carrier toxicity by inducing aggregation of blood 

components and shifting biodistribution from the lungs to liver.133, 135 In vitro, increasing N:P 

ratios can increase both polyplex transfection efficiency and toxicity due to the presence of 

excess, uncomplexed  polymer, but these effects are likely less relevant after systemic 

administration.136-138 Little is known about the impact of N:P ratio on in vivo circulation half-life 

and toxicity properties of well-shielded, hydrophobically stabilized polyplexes.  

The present study was designed to elucidate the effect of N:P ratio on in vivo 

pharmacokinetics and toxicity profile of siRNA carriers with dual hydrophobic stabilization on 

both the cationic, siRNA-condensing polymer block and the siRNA cargo.  A previously-

optimized siRNA-condensing random copolymer block was utilized with balanced (50 mol% of 
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each) hydrophobic (butyl methacrylate (BMA)) and cationic (DMAEMA) monomer content, 

referred to as “50B”; this polymer provides pH-responsive, endosomolytic properties along with 

improved circulation stability and in vivo bioactivity relative to traditional nano-polyplexes 

(NPs) made solely from cationic monomers such as P(DMAEMA).21  The P(DMAEMA-co-

BMA) segment was blocked with a super-hydrophilic, zwitterionic phosphorylcholine-based 

polymer (P(2-methacryloyloxyethyl phosphorylcholine) (P(MPC))  to form the NP corona; we 

recently showed this composition to achieve superior tumor cell delivery in vivo relative to 

traditional PEG NP surface chemistry43 Leveraging this optimized polymer structure containing 

a  balance of cationic and hydrophobic content in the siRNA-condensing block, we explored the 

effect of varying the polymer:siRNA (N:P) ratio with and without hydrophobic modification of 

the siRNA cargo with palmitic acid (PA, CH₃(CH₂)₁₄COOH). Additionally, we studied the long-

term toxicologic impacts of repeated administration of candidate formulations. Another 

contribution from this study is that, despite the growing evidence in favor of zwitterionic 

polymer NP surface coatings as an alternative to PEG, the toxicology of zwitterionic nanocarrier 

systems is significantly less studied relative to PEGylated systems.43, 131, 139, 140  

  Several groups, including ours, have shown that the introduction of hydrophobic 

moieties improves the stability of polymer-based siRNA delivery systems.21, 47, 48, 118, 128 These 

strategies have typically involved either modification of the polymer structures or addition of 

hydrophobic groups such as cholesterol directly onto the siRNA molecules.23, 48, 50, 53, 141, 142 We 

previously demonstrated that the use of a “dual hydrophobization” strategy in both the carrier 

polymers and the cargo siRNA could significantly improve the stability and tumor gene silencing 

ability of PEGylated polyplexes.47 Here, we further investigate this strategy utilizing zwitterionic 

NPs, in the context of various charge ratios, and with a deeper focus on toxicological impacts of 
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the interplay between N:P ratio and siRNA hydrophobization.  These studies provide unique 

insights into dual hydrophobization as a strategy to reduce N:P ratio and even to reduce toxicity 

for a specific N:P relative to polymer-only hydrophobization.   

 

3.3 Materials and Methods 

Materials: Chemicals and materials for biological assays were purchased from Sigma-

Aldrich (St. Louis, MO, USA) or Fisher Scientific (Waltham, MA, USA) unless otherwise noted. 

All oligonucleotides used in these studies were purchased from Integrated DNA Technologies 

(Coralville, IA, USA). For all studies involving fluorescently-tagged oligonucleotides, dsDNA of 

23 base pairs were used as a model for siRNA. The sequences of all oligonucleotides used in 

these studies can be found in Supplementary Table 1 and referenced in our previous work.118  

Polymer Synthesis: Polymers were synthesized using Reversible Addition Fragmentation 

Chain Transfer (RAFT) techniques. The RAFT chain transfer agent, 4-

(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid, was synthesized using previously described 

methods.43 A macroCTA consisting of a random co-polymer of poly(dimethylaminoethyl 

methacrylate-co butyl methacrylate) [P(DMAEMA-co-BMA)] was synthesized using a 50:50 

monomer feed ratio, targeting 210 repeat units (expecting 70% conversion), with the goal of 

achieving 75-80 repeating units of each monomer. Prior to polymerization, all monomers were 

removed of inhibitors by passing through two activated basic alumina columns. The reaction was 

stirred under nitrogen at 65⁰C for 24 h at 20 wt% in dioxane, using a CTA:initiator ratio of 10:1 

(AIBN as initiator). The final reaction was precipitated in cold pentane 3 times, then dried under 

vacuum. Molecular weights and degree of polymerization were confirmed by 400 MHz 1H-NMR 

in CDCl3 and gel permeation chromatography with DMF mobile phase (0.1 M LiBr; polymer at 



73 

 

 

10 mg/mL; Agilent Technologies, CA) with Wyatt miniDAWN TREOS light scattering 

detectors. The dn/dc values for the molecular weight calculation were determined on a 

refractometer (Abbemat 300, Anton Paar).  A corona block of poly(2-methacryloyloxyethyl 

phosphorylcholine) [P(MPC)] was then RAFT polymerized from the P(DMAEMA-co-BMA) 

macroCTA by targeting a degree of polymerization of 75 (to achieve a 20 kDa block), making 

the final polymer (referenced as P(MPC-bl-(DMAEMA-co-BMA))). The reaction was carried 

out at 20 wt% under nitrogen in methanol (with condenser) at 65⁰C for 24 hours, with a 5:1 

CTA: Initiator ratio (AIBN initiator). The crude reaction was then dialyzed in methanol for one 

day, followed by water for one day, and lyophilized. Degree of polymerization was confirmed by 

1H-NMR. 

Conjugation of Palmitic Acid (PA) to siRNA: Amine-modified siRNA was dissolved in a 

50:50 mixture of isopropanol and nuclease-free water to create a 40 nmol/ mL concentration in 

the final reaction (90% of final volume). NHS-modified PA was dissolved in DMF to create a 

4000 nmol/mL concentration in the final reaction (DMF volume was 10% of final reaction 

volume). The PA was added to the siRNA solution, stirring at room temperature, and diisopropyl 

ethyl amine (DIPEA) was added at 1 uL per mL of final reaction volume. Further additions of 

PAin DMF and DIPEA were done at 24 hours and 48 hours. At 72 hours, nuclease-free water 

was added to dilute the DMF to 10% of the total volume, and the mixture was centrifuged for 10 

min at 3000xg to remove precipitated, excess PA. The supernatant was then dialyzed (12 hours, 

2 solvent changes) in nuclease free water using 3500 MWCO dialysis tubing. The resulting 

cloudy mixture was passed through a 0.22 μm filter and then lyophilized. The lyophilized 

powder was re-dissolved in water and passed through another 0.22 μm filter to further remove 

residual PA. The mixture was then purified on NAP25 columns, frozen, lyophilized, re-dissolved 
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in nuclease-free water, and quantified on a Nanoquant plate (Tecan, Mannedof, Switzerland).  

The conjugate molecular weight was confirmed using LC-MS, and purity was verified 

using reverse-phase HPLC. For conjugate molecular weight, siRNA conjugates were run in 

negative ionization mode using LC-MS-ESI (Waters Synapt). Samples were run using a Kinetix 

1.7 μm PFP 100 A LC Column under a linear gradient from 95% water (10 mM 

triethylammonium acetate), 5% methanol (10mM triethylammonium acetate) to 100% methanol. 

For additional HPLC confirmation of purity, the conjugate was injected at 5-30 nmol in 200 μL 

solvent, using water with 100 mM TEAA (triethyl ammonium acetate) and methanol in a linear 

gradient (95% water, 5% methanol to 100% methanol, back to 95% water/5% methanol) and a 

Clarity Oligo-RP column (Phenomenex, Torrence, CA). Single-stranded PA conjugates were 

then annealed to antisense siRNA strands using a C1000 Thermal Cycler (Bio-Rad, Hercules, 

CA).  

Formulation of siRNA NPs: Buffers used for NP formulation were created using the 

Sigma Buffer Reference Center Online Resource. To form NPs, P(MPC-bl-(DMAEMA-co-

BMA)) polymers were dissolved in 10 mM citric acid buffer (pH=4) and then added to various 

amounts of siRNA for 30 minutes. The amounts of siRNA or PA-siRNA to add were determined 

using the N:P ratio (10, 15, or 20), which was calculated using the following equation (50% of 

DMAEMA monomers are assumed to be protonated at pH 7.4:  

𝑛𝑚𝑜𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
(𝑛𝑚𝑜𝑙 𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑)(𝑏𝑎𝑠𝑒 𝑝𝑎𝑖𝑟𝑠 𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑)(2)(𝑁: 𝑃 𝑟𝑎𝑡𝑖𝑜)

(DMAEMA repeat units)(0.5)
 

 After complexing at pH 4 for 30 minutes, the pH was raised to 7.4 by adding 10 mM 

sodium phosphate buffer at pH 8 (5:1 v/v ratio). In all cases, unless otherwise noted, polymer 

was dissolved at an initial concentration of 3 mg/mL. NP formulations with normal siRNA (si-

NPs) at each N:P ratio are referred to as 10, 15, and 20, while NP formulations with PA-siRNA 
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(siPA-NPs) at each N:P ratio are referred to as 10 PA, 15 PA, 20 PA.  

 For in vivo preparations, NPs formed in dilute solutions at pH 7.4 were then concentrated 

to desired dosages using 15 mL Amicon spin filters, 50k MWCO, with one additional wash step 

in PBS -/- (to remove buffer salts and ensure appropriate osmolarity prior to injection). Prior to 

complexation, polymer and buffer solutions were sterile-filtered.  

 Formulated si-NPs and siPA-NPs were then evaluated for size and surface charge using a 

Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). For encapsulation efficiency 

studies, a Quant-iT Ribogreen assay (Thermo Fisher, Waltham, MA) was used according to 

manufacturers’ instructions, with polyplexes formulated at 100 nM siRNA. Unencapsulated 

siRNA was used for controls. For supplemental size evaluations in heparin and bovine serum 

albumin (BSA) conditions, polyplexes were formulated in pH4 buffer initially at 1 mg/mL and 

created as described above. Formulations were then incubated for 10 minutes with 40 U/mL 

heparin or 50 wt% (of the total polymer amount) BSA, and their size was evaluated using the 

Zetasizer Nano ZS.  

pH-Dependent Hemolysis: To evaluate pH-responsiveness of NPs, a red blood cell 

hemolysis assay was used; the methods have been thoroughly described in our previous work. 21, 

87 

NP Stability: To evaluate polyplex stability, a Fӧrster Resonance Energy Transfer 

(FRET) method was used. Fluorescently-labeled dsDNAs (5’ fluorophores) containing Alexa-

546 and Alexa-488 probes on the antisense strands, were co-encapsulated in NPs at equimolar 

amounts. The NPs were formulated at 100 nM, and challenged with either heparin sulfate (100, 

40, 2 U/mL) or FBS (10%, 30%, 50%) in a black, clear bottom 96 well plate. Fluorescence 

intensity at 514 nm and 572 nm was measured using a plate reader (Tecan Infinite F500, 
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Mannedorf, Switzerland). Fluorophores were excited at 488 nm. The FRET ratio was calculated 

as the ratio of emission signal at 572 nm to that at 514 nm.   

Endotoxin: P(MPC-bl-(DMAEMA-co-BMA)) polymers were tested for endotoxin 

contamination using a Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ). The 

instructions in the kit protocol were followed exactly with testing done at 3 mg/mL polymer.  

In Vitro Knockdown, Uptake, Viability in MDA-MB-231 cells: For in vitro luciferase 

knockdown assays, MDA-MB-231 cells were transduced with the luciferase gene in a manner 

previously described.43 Cells were then seeded at 2,000 per well in black, clear-bottom 96-well 

plates. After allowing cells to adhere for 24 hours, si-NPs and siPA-NPs were introduced into 

cell media at a concentration of 100 nM siRNA (against luciferase or scrambled control 

sequences). Treatments were removed after 24 hours of incubation, and cell bioluminescence 

was then measured on an IVIS Lumina III imaging system (Caliper Life Sciences, Hopkinton, 

MA) at 24 hours and 48 hours after treatment by addition of 150 μg/mL luciferin. Luminescence 

was normalized to that of scrambled siRNA NP controls. Cell viability was measured by 

comparing luminescence of scrambled controls to untreated cells.  

 Cell uptake was measured after seeding normal, non-luciferase expressing MDA-MB-231 

cells at 80,000 per well in 12-well plates (working volume 1 mL). The cells were allowed to 

adhere for 24 hours, and 100 nM NP treatments were applied (Cy5-labeled). After 24 hours, 

media was removed, and the cells were trypsinized, pelleted, and resuspended in PBS (-/-). 

Intracellular NP levels were measured by FACS (BD LSRII, Franklin Lakes, NJ), and data were 

quantified using FlowJo (Ashland, OR).  

Intravital Microscopy, Biodistribution: Anesthetized male CD-1 mice (Charles River) 

were placed on the stage of a confocal microscope (Nikon Czsi+ with Nikon Eclipse Ti-oE 
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inverted microscopy base, Plan ApoVC 20X differential interference contrast N2 objective, 0.75 

NA, Galvano scanner, 543 dichroic mirror). The ear of the mouse (hair removed) was placed on 

coverslip glass and immobilized with immersion oil. The microscope was focused onto 

prominent ear veins until red blood cell flow was clearly visible. Mice were then injected with 

Cy5-NPs at 1 mg/kg dose via the tail vein; intravital fluorescence was monitored (imaging once 

per second) immediately prior to injection and for 30 minutes after injection or until the Cy5 

signal reached half of its initial intensity (if longer than 30 minutes). Curve-fitting was 

performed using nonlinear regression in Graphpad Prism. Single phase and two-phase 

exponential decay models were considered and compared using Akaike’s Information Criterion.  

 Mice (n=5 per group) were sacrificed 24 hours after injection, and organs were imaged 

for Cy5 (excitation 620, emission 670, auto exposure) fluorescence (total radiant efficiency) 

using the IVIS imaging system described above. All data were quantified using the Living Image 

Software (Perkin Elmer).  

 

Toxicity Studies In Vivo: Female BALB/c mice (4-6 weeks, Charles River, Wilmington, 

MA), were enrolled in either a 6-injection study (n=5 per group) or 3-injection study (n=5-6 per 

group). For the 3-injection study, mice were injected by tail vein on day 1, 4, and 7 with NPs 

prepared as described above with 1 mg/kg siRNA. The mice were sacrificed 12 hours after the 

final day 7 injection by cardiac puncture under isoflurane anesthesia. Blood and organs were 

harvested for further analysis (detailed below). Mouse body weight was recorded daily 

throughout the treatment period. For the 6-injection study, mice were injected on day 1, 4, 7, 14, 

21, and 28. Mice were sacrificed 12 hours after the day 28 injection. Additional mice (n=5 per 

group) were injected subcutaneously once with LPS (50 μg) or CCl4 (1:7 v/v in olive oil, 4 
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mL/kg) as positive controls for toxicity readouts. These mice were sacrificed 12 hours after 

injection. 

Serum Markers and Complete Blood Counts (CBCs): For serum, CBC, and cytokine 

measurements, blood was harvested by cardiac puncture and collected in EDTA-coated tubes. 

Plasma was isolated by centrifuging blood samples at 3000xg for 10 minutes and taking the 

supernatant. Complete blood counts, as well as plasma alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and blood urea nitrogen (BUN) were measured by the Vanderbilt 

Translational Pathology Shared Resource. Clinical chemistry testing was performed using the 

Alfa Wasserman ACE Alera system. Cytokines were measured by the Vanderbilt Hormone and 

Analytical Services Core using Multiplex Luminex technology 

(https://www.vumc.org/hormone/luminex). 

Histology: Upon sacrifice, mouse tissues were collected, preserved in 10% formalin, and 

submitted to the Vanderbilt Translational Pathology Shared Resource, where they were 

embedded in paraffin, sectioned into 5 μm sections, and stained with hematoxylin and eosin 

(H&E). H&E stained slides were processed and scanned by the Vanderbilt Digital Histology 

Shared Resource (www.mc.vanderbilt.edu/dhsr). Slides were evaluated for toxicity-associated 

tissue damage by Dr. Kelli Boyd, DVM, PhD, DACVP and Dr. Lauren Himmel, DVM, PhD in 

the Vanderbilt Translational Pathology Shared Resource.  

Liver Immune Cell Analysis: Mice in the 6-injection study were sacrificed 12 hours after 

final injection, and their livers were removed and stored in media on ice (less than 3 hours). 

Livers were cut into small pieces and macerated through a 0.45 μm cell filter. Hepatocytes were 

allowed to settle for 20-30 minutes. Cells remaining in suspension were centrifuged for 5 min at 

300 x g. Pelleted cells were resuspended in HBSS, underlayed with ISOLYMPH, and 

http://www.mc.vanderbilt.edu/dhsr
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centrifuged at 300 x g for 30 minutes. The buffy coat was collected, pelleted, and resuspended in 

FACS buffer (1X PBS + 0.05% FBS + 0.1%NaN3 + 0.02% EDTA) for staining. 

Cells were stained using antibodies reactive against B220 (FITC, RA3-6B2), F4/80 (PE, 

BM8), CD5 (BV421, 53-7.3), Ly6G (PCPCy5.5, 1A8), CD11b (PECy7, M1/70), and AlexaFluor 

700 succinimidyl ester to exclude dead cells. Antibodies were purchased from BD Biosciences, 

eBioscience, or Tonbo Biosciences. Samples were fixed with1X PBS + 1% paraformaldehyde (in 

1X PBS) and run on a BD Biosciences LSRII flow cytometer. Data analysis was performed 

using FlowJo software (FlowJo LLC, Ashland, OR). Data are represented as percent of immune 

cells to account for differences in total cell numbers isolated from the buffy coat. 

Anti-Phosphocholine Immunogenicity: In order determine whether repeat injection 

caused carrier-associated immunogenicity, serum of mice treated with 15 PA and 20 PA 

formulations was assayed for anti-phosphocholine antibodies.  We first added 50 μL P(MPC-bl-

(DMAEMA-co-BMA)) polymer solution (5mg/mL in ethanol) into each well of a Nunc 

MaxiSorp plate (Thermo Fisher). Plates were allowed to dry completely overnight at room 

temperature. Blocker BSA (200 μL,Thermo Scientific), diluted to 1X in water, was then added to 

wells and incubated for 1 hr at room temp. Wells were then washed three times with washing 

buffer (N503, Thermo Fisher). Plasma from Balb/c mice (n=5) injected with the 6-injection 

protocol (described above) with siPA-NP formulations of 15 PA or 20 PA was then diluted 1:100 

in PBS (-/-), added into the wells (100 μL), and incubated for 1 hour at 37 ⁰C. Serum positive for 

anti-phosphocholine and serum negative for anti-phosphocholine from the Mouse Anti-

Phosphocholine IgG ELISA kit (Alpha Diagnostic International, San Antonio, TX, USA) were 

used as positive and negative controls. Wells were then washed five times with washing buffer, 

and 100 μL of HRP-conjugated antibody (0.2 μg/mL, goat anti-mouse, IgG, IgM H+L) was 
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added to each well and incubated at room temperature for 1 hour. The plate was then washed five 

times again with washing buffer. A 1-step slow TMB-ELISA (Thermo Fisher) was then 

incubated in the wells for 15 minutes in the dark. The colorimetric reaction was stopped using 

Stop Solution (N600, Thermo Fisher). Absorbance was measured at 450 nm, and absorbance 

values were normalized to measurements on the negative control serum to determine whether 

treated animal sera were positive for anti-phosphocholine antibodies.   

Tumor Studies: Athymic nude mice (Jackson Laboratories, Bar Harbor, ME, USA), were 

injected orthotopically in bilateral mammary fatpads with 1e6 luciferase-expressing MDA-MB-

231 cells in a 50:50 mixture of Matrigel: serum-free DMEM). Tumor growth was monitored 

until tumors reached 100 mm3, at which point mice were injected intravenously with 1 mg/kg 

siRNA packaged in either siPA-NPs (15 PA formulation, n=19 tumors) or in in vivo-JetPEI 

(n=10 tumors). Each formulation was prepared bearing either luciferase or scrambled siRNA 

sequences. In vivo Jet PEI was prepared according to optimized manufacturer’s protocols (0.16 

μL in vivo-JetPEI per μg siRNA). Tumor luminescence was measured and quantified using an 

IVIS Lumina III imaging system prior to injection and 24 hours after treatment following 

injection of 150 mg/kg luciferin subcutaneously.  For analysis, luminescence of each tumor at 24 

hours was compared to baseline luminescence for that tumor at 0 hours. Values for tumors 

receiving luciferase siRNA treatment or PBS were then normalized to the average of tumors 

receiving scrambled siRNA.  

 For tumor biodistribution studies, athymic nude mice bearing MDA-MB-231 tumors 

(prepared as described above) were injected intravenously with either siPA-NPs or in vivo-JetPEI 

formulations (described above), bearing Cy5-labeled oligonucleotides (n=4-6 tumors per group). 

The tumors were then excised from the mice, minced, and incubated for 1 hour with rotation in 
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media containing 0.5 mg/mL collagenase, 0.19 mg/mL DNase. Tumors cells were then 

resuspended in HBSS (-/-), incubated in 5mM EDTA for 20 min, filtered through a 70 μm 

strainer, washed in HBSS (+/+), immersed in ACK lysis buffer for 2 minutes, washed and 

resuspended in PBS (-/-), and measured for Cy5 fluorescence using a BD Biosciences LSR II 

cytometer in the Vanderbilt Flow Cytometry Shared Resource.  

Statistical Methods: All statistical tests were performed using either one-way ANOVA 

with multiple comparisons test (in cases of two or more groups) or two-tailed student’s t-test (in 

comparisons with only 2 groups) with α= 0.05. In vivo tumor knockdown data was analyzed 

using a non-parametric Kruskal-Wallis test with Dunn’s multiple comparisons test. Data are 

displayed as mean plus standard error.  

Ethics Statement: All animal experiments described herein were carried out according to 

protocols approved by Vanderbilt University’s Institutional Animal Care and Use Committee, 

and all studies followed the National Institutes of Health’s guidelines for the care and use of 

laboratory animals.  

 

3.4 Results and Discussion 

The P(MPC-bl-(DMAEMA-co-BMA)) diblock co-polymers were successfully 

synthesized by RAFT polymerization with controlled molecular weight. The core block of these 

polymers comprised a degree of polymerization (DP) of 156, with a 50:50 monomer composition 

of DMAEMA:BMA and polydispersity (PDI) of 1.02 as determined by 1H-NMR and gel 

permeation chromatography (Supplemental Figure B.S1). This core block monomer ratio was 

previously shown to optimally balance cytocompatibility with siRNA packaging, endosomal 

escape properties, and bioactivity.21 The P(MPC) hydrophilic block was then polymerized from 
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the p(DMAEMA-co-BMA) macroCTA with a DP of 67 (19.8 kDa) as confirmed by 1H-NMR 

(Supplemental Figure B.S1). NPs with ~20 kDa molecular weight P(MPC)-based coronas were 

shown previously to extend circulation time compared to shorter PEGs and improve in vivo 

tumor cell uptake compared to high molecular weight PEGs.43 

The hydrophobized siRNA used in this work was synthesized by conjugating NHS ester-

modified PA to amine-modified sense strand of the siRNA. Due to the molar excess of PA used 

in the reaction, the formation of the PA-conjugated siRNA (PA-siRNA) conjugate was highly 

efficient, with unmodified siRNA peaks undetectable by HPLC in the final product (data not 

shown). The molecular weight of the single-stranded, PA-siRNA was confirmed by LC-MS-ESI 

(m/z=8566 for scrambled-sequence siRNA, expected MW= 8565 g/mol). 

 We formulated 6 unique NP samples using either normal siRNA (si-NPs) or PA-modified 

siRNA (siPA-NPs) at N:P ratios of 10, 15, 20 (Figure 3.1). These formulations are indicated 

throughout this work as 10, 15, 20, 10 PA, 15 PA, and 20 PA. For all studies, the dose of siRNA 

was kept constant, only changing the amount of polymer. Despite the different amounts of 

polymer utilized, the hydrodynamic diameter of all formulations was similar at approximately 

100 nm (Figure 3.2a), and all zeta potentials were close to 0 mV (Figure 3.2b). Other studies 

that have explored the impact of N:P ratio on NP performance have mostly done so in the 

context of PEI or PEG-PEI-based polyplexes, where a change in N:P ratio causes a significant 

change in surface charge of the polyplex.125, 132, 133, 136, 143 Because size and surface charge can 

significantly alter NP biodistribution65, this polyplex formulation library is advantageous in that 

it enables exploration of the impact of N:P ratio without confounding changes in size or surface 

charge. The consistent size and zeta potential of the candidate NPs is likely dictated by the 

relatively high molecular weight, super-hydrophilic P(MPC) corona-forming polymer that forms 
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stable, neutrally-charged NPs with high resistance to serum protein or complement adsorption.43  

 

Figure 3.1 Formulation of si-NPs and siPA-NPs. The NPs were made at N:P ratios of 10,15, and 

20 with either un-modified siRNA, or hydrophobically-modified PA-siRNA. To form NPs, 

siRNA was complexed with P(MPC-bl-(DMAEMA-co-BMA)) polymers at pH 4 for 30 minutes, 

and then pH was raised to 7.4. 
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Figure 3.2 Characterization of NP size, charge, pH-dependent membrane disruption activity 

(endosome escape), siRNA encapsulation efficiency, in vitro viability, and activity. (A) All NP 

formulations were approximately 100 nm in diameter and (B) had neutral zeta potentials. (C) 

The siPA-NPs exhibited increased encapsulation efficiency at low N:P ratios relative to si-NPs 

based on Ribogreen quantification (n=3, p<0.05). (D) All NPs display pH-dependent membrane 

disruption tuned to cause lack of toxicity (no hemolysis at pH 7.4) and endosome disruption 

(hemolysis at pH 6.8 and below). (E)  Viability of MDA-MB-231 cells 48 hours after exposure 

to NP formulations. (F) In vitro knockdown of luciferase in MDA-MB-231 cells 24 and 48 hours 

after siNP exposure. Increasing N:P ratio increased in vitro knockdown, but addition of PA-

siRNA had no significant effect. 
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At N:P ratios of 10, 15, or 20, all formulations maintained 70-80% encapsulation of 

siRNA (Figure 3.2c). However, at lower N:P ratios of 1 or 5, siPA-NPs had significantly higher 

encapsulation efficiencies than si-NPs. The siPA-NPs with dual hydrophobization on the carrier 

polymer and cargo siRNA, therefore, more efficiently encapsulate siRNA at lower N:P ratios, 

likely due to hydrophobic carrier-cargo interactions and/or hydrophobicity-driven clustering of 

PA-siRNA molecules. However, encapsulation efficiency was consistently high for the 6 

formulations used in this work at N:P ratios of 10,15, and 20, regardless of hydrophobization of 

the siRNA.   

 The ability to trigger endosomal rupture and escape is a necessary carrier property to 

ensure siRNA access to the cell cytoplasm where it is active. The pH-dependent membrane 

disruptive activity of the P(MPC-bl-(DMAEMA-co-BMA)) polymers was characterized for each 

formulation using a red blood cell hemolysis assay (Figure 3.2d), which simulates 

endosomolysis.87 At physiological pH, no formulations exhibited significant hemolytic activity, 

an indicator of their safety in circulation. However, all formulations exhibited strong hemolytic 

activity at pH 6.8 or lower, indicating their ability to disrupt endosomal membranes in response 

to a pH drop on the endolysosomal pathway. Neither the N:P ratio nor the presence of palmitic 

acid on the siRNA significantly altered the pH-dependent hemolytic behavior, which is driven by 

the polymer.  

Prior to in vitro cell assays, the P(MPC-bl-(DMAEMA-co-BMA)) polymers used for NP 

formulation were tested for endotoxin. Endotoxin is a potent stimulator of innate immunity and 

can have significant effects on both in vitro and in vivo toxicology, independent of the NPs 

themselves. No endotoxin contamination was found in the P(MPC-bl-(DMAEMA-co-BMA)) 

polymers (Supplemental Figure B.S2a).  
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In vitro, all formulations were well-tolerated with low cytotoxicity up to 150 nM siRNA 

in MDA-MB-231 cells (Figure 3.2e). At 100 nM, average viability ranged from 88 to 95%. At 

higher doses of polymer and siRNA, NP toxicity increased. At these higher doses (200-300 nM 

siRNA), NP toxicity was positively correlated with N:P ratio, indicating that polymer itself (as 

opposed to the siRNA) was the source of cytotoxicity since the amount of polymer increased 

with increasing N:P ratio while siRNA dose was held constant at a given dose level.  This trend 

was present regardless of dual hydrophobization state. At each dose, there were no significant 

differences between cytotoxicity of si-NPs vs siPA-NPs. After removing NP treatments and 

waiting 24 hours, cell viability recovered rapidly for all doses up to 300 nM siRNA 

(Supplemental Figure B.S2b). Our data suggest that in an in vitro environment, the addition of 

PA-siRNA did not significantly impact viability. The reduced cell viability at higher N:P ratios 

highlights the need for reducing polymer dose to achieve non-toxic NP formulations, particularly 

since DMAEMA, like most cationic polymers involved in nucleic acid delivery, is known to be 

cytotoxic at high concentrations.123  

Each si-NP and siPA-NP formulation was next tested for in vitro bioactivity by knocking 

down the model gene luciferase in MDA-MB-231 cells (Figure 3.2f). The amount of luciferase 

knockdown positively correlated with the relative amount of polymer (increasing N:P ratio) in 

the NP formulation at both 24 and 48 hours after treatment. By 48 hours, NP formulations at 20 

or 20 PA achieved 93 to 97% silencing, while formulations at 10 or 10 PA exhibited average 

silencing of 50% to 70%. Similar to the cell viability results, the presence of PA in the 

formulations did not significantly alter the silencing efficiency in vitro. Uptake of fluorescently-

labeled NPs was also measured for each formulation (Supplementary Figure B.S2c). 

Interestingly, while all formulations exhibited significantly increased uptake compared to 
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commercial Lipofectamine 2000, there were no significant differences in uptake caused by 

increasing N:P ratio, which is consistent with the expected result based on these NPs all having 

similar diameter, zeta potential, and siRNA packaging efficiency. There was a small increase in 

average mean fluorescence for cells treated with siPA-NPs, but it was only significant at N:P 10.  

This result agrees with the bioactivity data which shows that addition of PA-siRNA did not 

significantly change gene knockdown. However, NPs formulated at different N:P ratios had 

different levels of bioactivity despite achieving similar level of cell internalization, suggesting 

that increasing N:P ratio may improve bioactivity by mechanisms other than uptake, such as 

increased endosomolytic properties that are not sensitively measured by in vitro hemolysis 

assays. This result is consistent with earlier work utilizing PA-siRNA in PEGylated si-NP 

systems.47 In vitro, it was expected that the stability advantages imparted by PA-siRNA would be 

less apparent, since there is a low percent serum (10% in these studies), a lack of competition by 

molecules such as proteoglycans, and a hemodynamically static environment with reduced 

mechanical and dilution concerns. It was anticipated that PA-siRNA may impart stability 

differences that are more impactful in vivo and that could alter the stability (which has impacts 

on toxicity), systemic circulation, and tissue accumulation/activity of NPs.  

Two of the major challenges to NP stability in circulation are serum proteins and anionic 

heparan sulfate proteoglycans in the kidney glomerular basement membrane.25, 65 In order to 

understand the potential impact of N:P ratio and hydrophobized siRNAs on NP stability in vivo, 

we challenged NPs with various concentrations of serum and heparin in a FRET-based assay 

(Figure 3.3). This assay involves co-encapsulation of FRET-paired siRNAs, and an increased 

FRET ratio indicates better siRNA encapsulation stability.  



88 

 

 

 

Figure 3.3 Stability of NPs over time in FBS and anionic heparin sulfate is dependent on both 

N:P and dual hydrophobization. (A-C) NPs at 100 nM siRNA were exposed to 100, 40, or 2 

U/mL heparin or (D-F) 10,30, or 50% FBS, and the ratio of fluorescence at 572 nm to 512 nm 

was measured. In general, NPs at higher N:P ratios or that were made with PA-siRNA displayed 

increased cargo loading stability. 

 

With both heparin and serum challenge, increasing N:P ratio increased stability, 

particularly at low challenge concentrations, while siRNA conjugation with PA was increasingly 

important to stability at high challenge concentrations. In heparin at 100 U/mL and 40 U/mL, 20 

PA formulations consistently had the highest average stability, while formulations at N:P 10 with 

normal siRNA consistently had the lowest average stability, as determined by FRET ratio 

(Figure 3.3a and 3.3b). The 15 PA NPs had the second highest stability, while 15, 20, and 10 
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PA formulations all displayed similar FRET ratios throughout 60 minutes and were not 

significantly different from each other. These data suggest that with increased concentration of 

heparin, siRNA conjugation to PA significantly improves resultant NP stability, particularly at 

higher N:P ratios. At 2 U/mL of heparin, the effect of N:P ratio on stability was predominant, 

with polyplexes formulated at 20 significantly more stable than those formed at 15 or 10 (Figure 

3.3c). Thus, at lower concentrations of heparin, NP stability is significantly increased by 

increasing N:P ratio, while siRNA conjugation to PA had a relatively negligible effect for each 

individual N:P ratio.   

In 50% or 30% serum, 15 PA and 20 PA once again exhibited the highest FRET ratios, 

indicating their increased stability (Figure 3.3d and 3.3e). Here again, in higher serum 

conditions, siRNA conjugation to PA increased FRET ratios compared to the si-NPs without 

dual hydrophobization at equivalent N:P ratios. At 50% serum, all siPA-NPs had higher FRET 

ratios, while si-NPs at all N:P ratios tested without PA-siRNA exhibited equally low stability, 

and their FRET traces were not significantly different from each other. At lower serum 

conditions (10% FBS), the impact of N:P ratio was more apparent, as NPs at 15 and 20 had 

consistently higher stability than NPs formulated at N:P 10, although 20 PA NPs were still the 

most stable, with significantly greater FRET ratio than the si-NPs at N:P 10 after one hour of 

serum exposure (Figure 3.3f). Incubation of all NP formulations in 40 U/mL heparin or bovine 

serum albumin did not significantly impact particle size (Supplemental Figure B.S3). Together, 

these data suggest that formulating NPs at higher N:P ratios can improve their stability against 

serum or heparin at lower concentrations, but addition of dual hydrophobization (in siPA-NP 

formulations) is more effective for increasing stability at higher serum or heparin levels 

representative of the in vivo environment.  
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 We next explored the impact of N:P ratio and dual hydrophobization on in vivo NP 

pharmacokinetics using intravital microscopy (IVM) of the mouse ear vasculature. Each 

formulation bearing fluorescently-labeled siRNA was injected intravenously and tracked via 

confocal microscopy (representative images in Figure 3.4a). Electrostatically-complexed 

particles historically have more rapid blood clearance than solid nanoparticulate systems.  IVM 

allows for more accurate measurement of NP clearance and early-phase half-lives because it 

enables continuous sampling of fluorescent signal, starting immediately after injection.  
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Figure 3.4 Interplay of N:P and dual hydrophobization impacts in vivo pharmacokinetics and 

toxicology. (A) Representative intravital microscopy images of Cy5-siNPs in the mouse ear. (B) 

Average pharmacokinetic curves (first 30 min) for each NP formulation, normalized to initial 

fluorescence intensity (n=5). (C) Increasing N:P ratios and addition of PA-siRNA at N:P 10 and 

15 significantly increased NP area under the curve (p <0.05, n=5). (D) Table of half-lives and 

clearance values for each NP formulation. Longest half-lives were achieved by siPA-NPs 
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formulated at 20 PA. (E-G) ALT, AST, and BUN sampled from blood sera collected at 24 hours 

after a single injection of NPs show toxicities dependent on polymer dose in the N:P 20 and N:P 

15 groups (n=5). Toxicities were abrogated in NPs formulated with PA-siRNA. Horizontal y-

axis lines indicate normal mouse plasma ranges for ALT, AST, and BUN. 

 

Overall, increasing N:P ratio significantly increased NP area under the curve and 

circulation half-life (Figure 3.4b-d). The si-NPs formulated at 15 and 20 had half-lives increased 

by 2.5-fold and 5.7-fold respectively compared to si-NPs formulated at N:P 10, ranging from 4 

minutes (N:P 10) to 9 minutes (N:P 15) to over 20 minutes (N:P 20). At N:P 20, AUC was 

significantly increased by over four-fold compared to N:P 10, and two-fold compared to N:P 15. 

Similarly, average clearance for si-NPs formulated at N:P 20 was significantly greater than either 

formulations at 10 or 15. Thus, increasing the amount of polymer relative to siRNA significantly 

improved pharmacokinetic characteristics. 

 Dual hydrophobized siPA-NPs had enhanced area under the curve and circulation half-

lives relative to si-NPs, particularly at the lower N:P ratios. The siPA-NPs at N:P 10 and N:P 15 

had a three-fold and two-fold, respectively, increase in area under the curve relative to the 

corresponding si-NPs at the same N:P ratios. At N:P 10, siRNA conjugation to palmitic acid 

nearly quadrupled average NP half-life. At N:P 15, dual hydrophobization increased half-life 

average from 9 minutes to 23.5 minutes. The benefits of dual hydrophobization begin to diminish 

at N:P 20, at which point addition of PA did not significantly increase half-life or area under the 

curve. Importantly, siPA-NPs formulated at 15 PA did not have significantly different area under 

the curves from either 20 or 20 PA NPs. Thus, addition of PA enables delivery of the same doses 

of siRNA with similar pharmacologic profiles (at 15 PA, 20, and 20 PA), but with a lower dose 

of polymer for the optimized 15 PA formulation.  

Each of the NP formulations was determined to have first order, single-phase elimination 
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kinetics, based on the best fit nonlinear regression analysis (curves shown in Supplementary 

Figure 3.4a). This fit can also be demonstrated visually by the linearity of each elimination 

curve when plotted in log scale (Supplementary Figure 3.4b). The one exception to this trend is 

the si-NPs formulated at N:P 10. Because these polyplexes are the least stable, it is likely that 

some of the Cy5-labeled nucleic acids were not well-complexed, and an early-phase elimination 

is visible for the free nucleic acid population.  

Twenty-four hours after intravenous injection, the organ biodistribution for all NP 

formulations was similar, with greatest accumulation in the liver and kidneys (Supplemental 

Figure 3.4c). Both 15 PA and 20 PA formulations had significantly lower fluorescence in the 

kidneys compared to si-NPs at N:P 20 with normal siRNA, which had the highest amount of 

kidney fluorescence. These data suggest that the dual hydrophobized formulations at higher N:P 

ratios are less prone to clearance by disassembly in the kidney glomerular basement membrane.  

At 24 hours after a single injection, mice treated with NPs formulated at higher N:P ratios 

(15, 20) with normal siRNAs showed signs of elevations above normal ranges in ALT, AST, and 

BUN, indicators of liver and kidney toxicity (Figure 3.4e-g).  In the si-NP N:P 20 group, 3/5 

mice had above-normal AST, 2/5 had elevated ALT, and one had increased BUN. In the N:P 15 

group, only one mouse showed any sign of abnormally high serum enzymes (ALT).  However, 

addition of PA-siRNA in these formulations completely abrogated signs of toxicity; none of the 

mice treated with dual hydrophobized siPA-NPs experienced elevation in the serum toxicity 

markers measured.  

The combined pharmacokinetic profiles and liver enzyme data suggest that dual 

hydrophobization strategies can impart significantly increased stability to electrostatically-

complexed polyplexes in circulation while reducing toxicity associated with increased doses of 
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polymer. We have shown that increasing N:P ratio significantly improves circulation half-life in 

vivo, but comes at a toxicologic cost associated with increased cation-containing polymer in the 

formulations. This toxicity is likely related to reduced stability and exposure of the cationic core 

polymer block, as free polycations are known to interact negatively with circulating cells or 

serum components.42 PA-modified siRNA increases the hydrophobic interactions between 

polymer and siRNA relative to unmodified siRNA, increasing NP stability and preventing 

premature exposure of the cationic moieties in the NP core to the exterior of cells (prior to entry 

into acidifying endosomes).  Addition of PA-siRNA can therefore reduce the toxicity of high-

polymer formulations and significantly increase the half-life of low-polymer formulations. 

As we and others have demonstrated, increases in pharmacokinetic area under the curve 

typically correlate with significantly increased tumor biodistribution.30, 47, 118, 144 Tumor 

accumulations of nanomedicines is typically driven at least in part by the enhanced permeability 

and retention effect (EPR), which has been observed in solid tumors in human patients, and is 

known to positively correlate with intravenous area under the curve.30, 34, 144 Extended siPA-NP 

circulation times may indicate reduced polyplex disassembly in the kidney and increased 

opportunity for passive accumulation of siRNA in target tissues.  

It is rare for electrostatically-complexed polymeric NPs to have alpha-phase half-lives as 

long as those achieved by our high N:P ratio, dual-hydrophobized carriers. PEGylated 

polycations or emulsion-based cationic nanogels clear from circulation completely by 20 

minutes.66, 133  Though some systems have utilized hydrophobic core monomers to improve 

stability of PEG-shielded, cationic carriers, first-phase circulation half-life is frequently less than 

5 minutes due to a first-pass effect in the liver.145  Even core disulfide crosslinking, as 

demonstrated by the Kataoka group, did not improve NP circulation half-life to longer than 5-10 
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minutes when introduced to polyion complex micelles.23, 96, 146 When a cholesterol-modified 

siRNA was added, the half-life was modestly extended to over 20 minutes (single 

hydrophobization), further supporting the powerful impact of hydrophobization of siRNA on 

nanocarrier circulation.23 Similarly, clinically studied CALAA-01 complexes utilizing guest-host 

cyclodextrin-adamantane stabilization of polymer components were completely cleared from 

circulation in 30 minutes in humans, probably due to rapid dissociation in the kidney.25  

To date, few studies have demonstrated the in vivo impact of small changes in N:P ratio 

on polyplex pharmacokinetics or toxicity. N:P ratio is most often explored in the context of 

encapsulation efficiency in vitro, with selection based on the lowest N:P ratio with adequate 

encapsulation of nucleic acid. However, in our case, NPs formulated at 10, 15, and 20 all had 

equally high encapsulation efficiencies and identical physicochemical properties (size, surface 

charge), yet produced markedly different in vivo pharmacokinetic properties. Notably, polymer 

dose has been demonstrated to improve in vivo stability in the context of various crosslinking 

strategies in PEGylated poly(L-lysine)-based NPs; the use of 2-iminothiolane crosslinking 

increased the ratio of polymer to siRNA and improved polyplex blood circulation compared to 

3,3’-dithiobispropionimidate crosslinking, which resulted in lower polymer to siRNA ratios and 

lower stability.146 Other groups have primarily studied N:P ratio in the context of how polyplex 

surface charge impacts organ biodistribution; it has often been observed that increasing N:P 

correlates with higher accumulation in the lung and rapid clearance from circulation, driven by  

increasing surface charge.133, 143 To our knowledge, our data are the first to comprehensively 

characterize the impact of charge ratio and dual hydrophobization on the pharmacokinetic 

profiles and toxicity of siRNA-containing NPs and to make the unique observations that dual 

hydrophobization can reduce the amount of polymer needed to achieve maximal AUC, while 
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also reducing toxicity in vivo for a defined N:P ratio.  

Because many applications of siRNA therapeutics, including delivery to solid tumors, 

require repeated intravenous dosing of NPs, we further explored the impact of charge ratio and 

PA-siRNAs on more rigorous toxicologic parameters after multiple injections. Additionally, the 

effects of long-term administration of zwitterionic-corona NPs have thus far not been well-

characterized.  

 We injected two cohorts of healthy BALB/c mice with 1 mg/kg NPs on different 

treatment schedules. In the first group, we injected NPs i.v. 3 times over the course of a week (3 

injection course; day 1,4,7). In the second treatment group, we injected NPs i.v. 6 times over the 

course of a month (6 injection course; day 1,4,7,14,21,28). In both cases, the animals were 

sacrificed 12 hours after the final injection. We performed a comprehensive panel of tests to 

determine the relative safety of the formulations, including assessing serum enzymes, complete 

blood counts, plasma cytokines, body weight, histology, liver immune cell content, and 

immunogenicity. Because of the trends toward acute toxicities observed 24 hours after a single 

injection in the N:P 20 group, we limited our studies to formulations at 10,15, 10PA, 15PA, and 

20PA. As a positive control for toxicity, another group of mice was injected with LPS once and 

sacrificed 12 hours later. For both injection courses, no significant changes in body weight were 

noted for any of the mice receiving any NP formulation (Supplementary Figure B.S5).  

After the week-long, 3-injection course, there were no elevations in ALT, AST, or BUN 

outside of normal ranges, indicating that all formulations were well-tolerated (Figure 3.5a-c). 

However, the ALT levels for N:P 15 group were significantly increased from saline-injected 

mice and from the 15 PA group (p< 0.01, n=5-6), suggesting that addition of PA-siRNA reduced 

liver toxicity. The 20 PA group also had significantly higher ALT levels than the 15 PA group 
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(p<0.03, n=5-6), suggesting some polymer dose-dependent effects in the liver. After the month-

long, 6-injection course, all NP formulations remained within normal range except for one 

mouse in the 20 PA group, which experienced elevations in ALT and AST (Figure 3.5d-f). This 

indicates that in the context of a multi-injection study, even with addition of PA-siRNA, higher 

N:P ratios may cause liver toxicity. Overall, there were no statistically significant differences 

between NP formulation groups and saline-treated groups after the 6-injection course. Thus, the 

relatively small ALT differences observed after the more frequent 3-injection in 1-week schedule 

are likely temporary elevations that were resolved after the month-long course. 
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Figure 3.5 All NPs tested had minimal toxicological effects under the multi-injection treatment 

courses. ALT, AST, and BUN levels in mice sera 12 hours after the final injection of a 3-

injection course (A-C) or 6-injection course (D-F) show that NPs were well-tolerated across 

multiple injections (n=5-6). Yellow boxes indicate normal ranges. The only detectable adverse 

elevations were in the 20 PA group after 6 doses of 1 mg/kg siPA-NPs over the course of 1 

month. Mice treated with LPS were used as a positive control for liver and kidney damage. (G-L) 

Complete blood counts 12 hours after the final injection of the 6-injection course show no 

abnormal changes in circulating lymphocytes, erythrocytes, or platelets, for any of the sampled 
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NP formulations (n=5-6).  

 

 

The complete blood counts for all formulations were not significantly different from 

saline-treated mice for either the 3-injection (Supplemental Figure B.S6a-i) or 6-injection 

courses (Figure 3.6g-l, Supplementary Figure B.S6j-l). Often, a concern with electrostatically-

complexed NPs such as the clinically-studied CALAA-01, is that they may cause platelet 

aggregation in circulation, which reduces overall platelet count.37 However, no significant 

changes in platelet counts were recorded for any of the tested NPs, indicating that the NPs in this 

study did not induce major platelet aggregation, regardless of N:P ratio. LPS treatment, on the 

other hand, induced significant decreases in % lymphocytes with corresponding increases in % 

monocytes, % neutrophils, red blood cell count, and hemoglobin. These data provide further 

support that the si-NPs and siPA-NPs at each N:P ratio tested were well-tolerated upon long-

term, repeated administration. 
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Figure 3.6 Cytokines and liver histology associated with multi-injection courses. IFNγ, IL-6, IL-

10, and TNFα sampled from serum of BALB/c mice 12 hours after the final dose of a 3-injection 

course (A-D) or a 6-injection course (E-H) (n=5). Compared to LPS-injected positive control 

mice, there were no significant or unsafe elevations in any cytokine levels measured. A few mice 

experienced cytokine increases after administration of NPs formulated at 15, which were notably 

the highest polymer dose tested without dual hydrophobization. (I) Representative liver histology 

after 6-injection course. For NPs formulated at 10, 15, 10 PA, or 15 PA, all livers were similar to 

saline treated mice or exhibited minimal signs of single cell or focal necrosis. However, at the 

highest polymer dose of 20 PA, 2/5 mouse livers had visible areas of focal necrosis. 
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None of the NP formulations tested in this study induced significant increases in 

cytokines that would indicate immunotoxicity (Figure 3.6a-h). At 12 hours after the final 

injection in the 3-injection course, one mouse in the N:P 15 group showed modest increases in 

IFNγ (Figure 3.6a), and one mouse had increased IL-6 (Figure 3.6b) (14- and 6-fold above the 

saline average, respectively). After the 6-injection course, one mouse in each of the 15 and 20 

PA groups had slightly elevated IL-6 (Figure 3.6f) (43 and 56-fold above the saline average), 

and the same mouse from the 15 group and a different mouse in the 20 PA group had elevated 

IL-10 (Figure 3.6g) (26-fold and 8-fold above the saline average, respectively). The increase in 

IL-10 in these groups after longer-term injections matches evidence from the CALAA-01 

studies, in which continuous polyplex dosing increased the serum levels of the anti-inflammatory 

cytokine IL-1062, perhaps a compensatory mechanism against carrier-related effects. However, 

all cytokine increases were modest compared to the LPS-treated mice, which were on the order 

of hundreds to thousands-fold greater than the saline averages. The siRNAs used in this study 

contained multiple O-methyl modifications to reduce their potential immunostimulatory effects, 

so any cytokine increases are likely caused by polymer components of the NP formulations. In 

our study, only the NP formulation containing either the highest polymer dose (20 PA) or the 

highest polymer dose without hydrophobized siRNAs (N:P 15), induced slight cytokine 

responses, further suggesting that any immunostimulation is dependent on overall polymer dose 

and NP stability. Overall, our data indicate that the zwitterionic NP formulations were well 

tolerated over long-term, repeated administration. 

 

 

Liver, spleen, lung, and kidney tissues were evaluated for histological abnormalities by 
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blinded veterinary pathologists after completion of each injection course. In the 3-injection 

course, all tissues were determined to be “unremarkable” (data not shown). For the 6-injection 

course, spleen, lung, and kidney tissues were also determined “unremarkable” (Supplemental 

Figure B.S7a-b).  Mouse livers were graded for signs of necrosis, with most NP treated mice 

showing normal histology (Figure 3.6i). However, in the livers of mice in the 20 PA group, there 

were detectable areas of coagulation necrosis in 2 out of 5 mice. One mouse in the 15 PA group 

showed evidence of a very small area of coagulation necrosis (Supplementary Figure 3.7c). 

The livers of two mice each in the 15 PA and 15 groups had only 1-2 single necrotic cell foci, 

while 4/5 mice in the 20 PA group had signs of single cell necrosis (Supplemental Figure 

B.S8a).  All cases of cellular necrosis in these mice were therefore very small, with clinically 

relevant amounts of necrosis occurring in only one of the 20 PA treated mice, which aligns well 

with serum liver enzyme results (Figure 3.5d-e). In the livers of mice treated with a positive 

control for liver toxicity, carbon tetrachloride (CCl4), necrosis was more widespread 

(Supplemental Figure B.S8b). The histologic analysis therefore indicates that while all 

formulations were relatively well-tolerated, repeated injection of many doses at the “high 

polymer” 20 PA condition could result in some minor but likely manageable liver damage. In 

sum, we observed a clear polymer dose dependence for liver injury, which highlights the need to 

reduce overall polymer dose while maintaining optimal pharmacokinetic properties of NP 

formulations. 

Based on our liver histology results, we also characterized the populations of immune 

cells present in the livers of mice subjected to the 6-injection course to test for an inflammatory 

response by innate immune cells.  While mice treated with the liver-toxic agent, CCl4, 

experienced elevations in percentages of liver macrophages and neutrophils, none of the NP 
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formulations significantly altered macrophage or neutrophil populations compared to saline-

treated mice (Figure 3.7a-b). However, the percentage of myeloid dendritic cells in the liver was 

significantly increased in the N:P 15 group (no PA), relative to mice treated with PBS and to all 

of the siPA-NPs (Figure 3.7c). The average percentage of non-myeloid dendritic cells (DCs), 

which may include lymphoid and plasmacytoid DCs, for the N:P 15 group was also increased 

compared to saline and other NP formulations, though not significantly (Figure 3.7d). Because 

the 15 group contained the highest N:P ratio for a non-PA-siRNA formulation, our data suggest 

that less stabilized si-NPs with higher ratios of polymer to siRNA stimulated a DC response in 

the liver. Liver DCs are known to be antigen-presenting and may be increased in number in 

response to inflammation or fibrosis.147 Liver Kupffer cells, a primary phagocyte for 

intravenously delivered nanoparticles in general, are known to secrete IL-10, which can further 

recruit DCs to the liver.148 Because the N:P 15 group also showed some elevations in IL-10 12 

hours after the final injection, this effect on DC levels may be due to activation of the Kupffer 

cells by N:P 15 si-NPs. Previous work has also shown that an i.v. injection of colloidal carbon 

resulted in increased recruitment of dendritic cells from circulation to the liver, indicating that 

this could be an underappreciated response to intravenous nanoparticle treatments.149 

Additionally, the presence of PA-siRNA in siPA-NP formulations appears to have a protective 

effect, since the 15 PA and 20 PA groups did not show signs of increased percentages of 

dendritic cells. While hepatic DCs can elicit a T cell response, we did not see any increase in 

liver T cells or B cells in any of the NP formulations (Supplemental Figure 3.9a-b). 149, 150 

Example gating for all lymphocyte populations can be found in Supplemental Figure B.S10. 
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Figure 3.7 Analysis of immune cell types in treated mouse livers. None of the NP formulations 

had significantly increased macrophages or neutrophils (A-B). However, si-NPs formulated at 

N:P 15 had (C) significantly increased myeloid dendritic cells compared to saline-treated mice 

and all other NP-treated mice except in the N:P 10 group (n=5, p<0.05). (D) Mice treated with 

si-NPs at N:P 15 also had elevated non-myeloid dendritic cells, though no groups had 

significantly increased non-myeloid dendritic cells compared to untreated controls. 

 

A common concern with long-term, repeated administration of PEGylated nanocarriers is 

the development of an immunogenic antibody response against PEG, which can diminish their 

efficacy as delivery vehicles and lead to clinical adverse events.151-153 However, the 

immunogenicity of zwitterionic phosphocholine-nanocarriers has been less extensively 

measured, particularly after long-term injection courses.139  We therefore tested the serum of 

mice injected six times over a month with our longest-circulating zwitterionic siPA-NPs (15 PA 

and 20 PA), for antibodies against phosphocholine using an ELISA-based assay.154, 155 There 
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were no significant increases in ELISA signal for any of the mice sera sampled, indicating the 

complete absence of anti-phosphocholine in these samples (Supplemental Figure B.S11). 

Notable, positive control mouse sera containing phosphocholine antibodies did react with our 

polymers adsorbed to the plate, giving a positive ELISA signal.  Thus, our long-circulating, dual 

hydrophobized siPA-NP formulations do not stimulate anti-PC immunogenicity in mice.  

Taken together, our data show that zwitterated NPs are well-tolerated upon long-term, 

repeated administration, evidenced particularly by the normal body weight and complete blood 

count data. However, we have also demonstrated that the formulation N:P ratio and degree of 

hydrophobic core stabilization can significantly impact less pronounced markers of nanocarrier 

toxicology. The siPA-NPs at the highest overall polymer dose (20 PA) tested in the repeat 

injection studies exhibited mildly upregulated signs of hepatotoxicity based on liver enzymes, 

histology, and cytokines. Similarly, si-NPs at the highest polymer dose without palmitic acid-

siRNA stabilization (15) also exhibited histological, cytokine, and liver dendritic cell responses. 

Our data indicate that a dual hydrophobization strategy can be used to improve the balance 

between improved pharmacokinetics and toxicologic factors, as the siPA-NP 15 PA formulation 

showed negligible signs of toxicity.  

The polymer-induced toxicities that we observed are likely a result of destabilization and 

extracellular exposure of the cationic DMAEMA-containing polymer block.  Although they are a 

driving force for siRNA delivery, cationic polymer components can be associated with 

aggregation of intracellular and extracellular proteins or unwanted membrane disruption.156-160 

While the positive charge density can be effectively shielded or reduced using hydrophilic NP 

corona-forming polymers and by copolymerization with other monomers, polyelectrolyte 

complexes are still prone to destabilization by serum and ionic blood or tissue components. Dual 
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hydrophobization strategies improve NP stabilization and therefore may ameliorate toxicity 

concerns.   

 Based on the favorable long-term toxicity data of the 15 PA siPA-NPs, and their identical 

pharmacokinetic area under the curves to the long-circulating, high N:P ratio NPs (20 and 20 

PA), we compared this optimal formulation to the commercially available in vivo-jetPEI® (IVJP) 

in an orthotopic murine breast cancer model. At 24 hours after intravenous administration, 15 PA 

siPA-NPs show significantly improved tumor luciferase silencing in vivo compared to IVJP 

formulations relative to matched scrambled controls (Figure 3.8a,3.8b). We also performed flow 

cytometry analysis on extracted tumors after administration of NPs bearing fluorescently-labeled 

nucleic acids, and we demonstrated a significant, 2.5-fold increased mean fluorescence intensity 

in tumors for 15 PA siPA-NPs compared to IVJP also at 24 hours after injection (Figure 3.8c), 

indicating better uptake and retention in tumor cells. Our NP optimization process, incorporating 

in vivo charge ratio screening and dual hydrophobization, therefore enables efficient tumor cell 

delivery and target gene knockdown in vivo, outperforming the only (to our knowledge) 

commercially available intravenously-injectable siRNA delivery reagent.  
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Figure 3.8 NPs formulated at 15 PA (PMPC) display significantly increased knockdown 

(*p<0.02)  (A,B) and tumor uptake (C) in vivo compared to equivalent doses of In Vivo Jet-

PEI® (JP) in nude mice bearing MDA-MB-231 tumors (*p<0.02, **p<0.01). (A) 1 mg/kg siPA-

NPs bearing luciferase siRNA were injected in mice bearing 100 mm3 tumors, and luminescent 

signals were monitored immediately before and 24 hours after injection.  Luminescence at t=24 h 

relative to t= 0 h was compared relative to appropriate scrambled control groups.  (B) 

Representative images of tumor luminescence from each treatment group bearing either 

luciferase (Luc) or scrambled (Scr) siRNA. (C)  siPA-NPs bearing Cy5-labeled nucleic acids 

were injected intravenously in tumor-bearing mice. Tumors were collected 24 hours after 

intravenous injection and analyzed for uptake by flow cytometry. 
 

 

3.5 Conclusion 
 

This work comprehensively characterizes the in vivo impacts of charge ratio and dual 

carrier-cargo hydrophobization on NP pharmacokinetics and toxicology. Increasing polymer 

given equal siRNA doses can significantly improve circulation half-life and area under the curve. 

These pharmacokinetic benefits may come at a cost of increased toxicity, particularly hepatic 

toxicities, but these can be overcome through dual hydrophobization—using hydrophobically 

modified siRNAs with partially hydrophobic polymeric NP cores. Our findings indicate that 

testing of electrostatically-complexed NPs at different charge ratios should extend to in vivo 
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experiments, as the charge ratio may have a major impact on circulation kinetics, which is not 

evident in vitro. We’ve shown that dual hydrophobization significantly decreases toxicity while 

also increasing the circulation half-lives of NPs formulated at lower N:P ratios. Thus, dual 

hydrophobization allows for equivalent pharmacokinetic profiles at decreased polymer doses, 

reducing toxicity and increasing the potential for therapeutic efficacy.  

This work also uniquely and deeply investigated the long-term impact of repeated administration 

of zwitterionic polyplexes, encompassing the impact of formulation parameters on their 

toxicology. We show that overall, zwitterionic polyplexes are well-tolerated upon repeated 

administration, with minimal histologic or immunologic consequences. Furthermore, optimized 

zwitterionic siPA-NP formulations are non-immunogenic and achieve improved tumor gene 

knockdown and biodistribution compared to commercial gold standards in vivo. Our work 

demonstrates that charge ratio optimization is important in vivo and that dual hydrophobization 

strategies improve delivery while overcoming the toxicologic challenges that face all 

electrostatically-complexed polymeric siRNA carriers. 
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CHAPTER IV 

 

4The Role of Platelet Activating Factor in Acute Toxicities of Intravenously Injected siRNA 

Nano-Polyplexes 

 

 

Text for Chapter IV taken from:  

Jackson MA, Patel SS, Yu F, Glass EB, Dollinger BD, Hoogenboezem EN, Bedingfield 

SK, Kelly IB, King AR, Miles RE, Patil P, Giorgio TD, Duvall CL. Inhibition of Platelet 

Activating Factor Receptor Prevents Acute Toxicities Associated with Intravenous Injection 

of siRNA-Polymer Nano-Complexes. In Preparation.   

 

4.1 Abstract 

Nanocarrier-associated toxicity is one of the most significant hurdles to clinical 

translation of siRNA-bearing nanomedicines. While the many toxicity mechanisms of polymer-

based siRNA delivery systems have been thoroughly characterized in vitro, in vivo reactions are 

still poorly understood. In this work, we demonstrate that intravenous injection of non-viral 

siRNA-polymer nano-complexes (si-NPs) can elicit acute, shock-related toxicities similar to 

those observed upon adenoviral vector administration and cause a three-fold increase in plasma 

concentrations of Platelet Activating Factor (PAF), a potent lipid mediator of inflammation. 

Inhibition of the PAF receptor (PAFR) prior to si-NP administration completely prevented these 

acute toxicities in mice, indicating a role for PAF in non-viral nanocarrier-associated toxicities. 

We further demonstrate that pre-treatment with clodronate liposomes also abrogates si-NP 

associated toxicities, suggesting that stimulated Kupffer macrophages are the source of secreted 

https://doi.org/10.1016/j.biomaterials.2018.11.010
https://doi.org/10.1016/j.biomaterials.2018.11.010
https://doi.org/10.1016/j.biomaterials.2018.11.010
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PAF responsible for cardiovascular effects. This toxicity mechanism was generalizable to other 

polymer-based siRNA carrier systems, particularly in mice bearing inflammatory tumors. These 

results are the first to connect PAF with the in vivo toxicity mechanisms of a non-viral 

nanomedicine and suggest PAFR inhibition may be an effective prophylactic strategy to reduce 

nanocarrier-associated adverse events.  

 

 

4.2 Introduction 

 

With the recent first-in-class FDA approval of Onpattro in August 2018, nanoparticle-based 

delivery of siRNA has entered a new era of clinical potential.1  However, cationic carrier 

components continue to face toxicologic challenges that hinder their clinical development. As a 

testament to this fact, Alnylam, the pharmaceutical company behind the landmark RNAi 

approval, has abandoned Onpattro’s cationic MC3 carrier lipids for future clinical development 

programs due to the carrier-associated immune toxicities that necessitate immunosuppressive 

steroid pretreatment in patients.1, 161  

For polymeric nanoparticle-based siRNA delivery, there is a well-known positive 

correlation between transfection efficiency and toxicity.127, 162 This poses a significant challenge 

for maximizing the therapeutic window of polyplex (polymer-siRNA complex) nanomedicines, 

since often the carriers most effective at gene silencing are also the most toxic. Many strategies 

have been employed to reduce the cytotoxicity of these carriers while maintaining their efficacy, 

including reducible cross-linking and increased hydrophobic stabilization of polymeric 

components.11, 22, 23, 127, 162 Countless studies have also investigated the in vitro cytotoxicity 

mechanisms of common polymeric carriers such as poly(ethylene imine) (PEI).59, 162, 163 Cationic, 

siRNA-condensing polymers can cause nanoscale breakages in cellular membranes and 
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mitochondrial membranes, disrupting cellular homeostasis, releasing reactive oxygen species 

(ROS), and inducing apoptosis pathways. 162, 163 

However, in vivo mechanisms of polyplex toxicity are less well-understood.59 After 

intravenous injection, nanosized materials such as polyplexes are known to be rapidly cleared by 

the cells of the mononuclear phagocyte system (MPS).11 Complement adsorption to nano-

polyplex surfaces can increase MPS clearance while also inducing cardiopulmonary distress and 

inflammatory innate immune reactions.162, 164 The ability of most polyplexes to trigger 

endosomolysis for cytoplasmic cargo delivery also increases the potential for activation of toll-

like receptors and the triggering of further systemic immune responses.162 Finally, aggregation of 

cationic polyplexes in the lungs is thought to induce severe clotting and asphyxiation resulting in 

acute, fatal toxicity in mice. 162, 165-167 

Steric shielding of polyplexes with materials such as poly(ethylene glycol) is often 

recommended as a panacea to these in vitro and in vivo toxicities.162, 164, 167 Hydrophilic shielding 

reduces protein adsorption and can help reduce damage to plasma membranes from cationic 

polymer components. However, PEGylated nanomaterials can still be toxic at high doses. 11, 168 

CALAA-01, a PEGylated cyclodextrin polymer-based siRNA carrier, was discontinued from 

clinical development in part due to infusion-related innate immune responses, including grade 3 

hypersensitivity reactions.1, 169 These and other clinically-optimized nanomedicine formulations 

have been reported in humans to cause poorly-understood allergic-type adverse reactions even in 

the absence of prior nanomaterial exposure (no IgE antibodies).168  

We have previously developed novel siRNA-complexing polymers containing a high 

molecular weight zwitterionic corona composed of a homopolymer of poly(2-

methacryloyloxyethyl phosphorylcholine) (PMPC) with a core block composed of a random 
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copolymer of poly(dimethylaminoethyl methacrylate-co-butyl methacrylate) (DB).43 The core 

polymer block contains a 50:50 ratio of cationic to hydrophobic monomers, which provides 

optimal endosomolytic behavior while reducing cytotoxicity.21 These PMPC-DB-based  

polyplexes (siNPs) were shown to have improved intravenous half-lives compared to 

counterparts with smaller hydrophilic coronas. They also exhibited enhanced uptake in murine 

breast tumors compared to their high molecular weight PEGylated comparator particles. 43 

Despite their strong hydrophilic shielding, these siNPs exhibited signs of acute toxicities 

in mice when delivered as formulations containing high polymer:siRNA ratios (N:P 20). While 

we were able to prevent these toxicities through increased hydrophobic stabilization of both 

polymer and siRNA components, we were puzzled by the unusual pathologies noted in the more 

toxic formulations.22 Mice receiving these formulations intravenously often exhibited marked 

lethargy, inactivity, and prostrated body positions within the first 5-15 minutes of injection. At 

lower doses, these mice would recover and resume normal activity after roughly one hour. At 

higher doses, these mice would succumb within 1 hour of injection without signs of respiratory 

distress. Gross pathology indicated dark, congested livers, reddish intestines, and general signs of 

vasodilation. 

Similar pathologies have been reported in an entirely different type of nucleic-acid 

carrying nanomaterial—adenoviruses.170, 171 High doses of intravenously injected adenoviruses 

have been reported to induce behavior changes such as lethargy, prostration, as well as  GI 

pathologies and shock in both mice and rats.170, 171 These symptoms were similar to anaphylactic 

shock, but the animals had received no prior exposure to adenovirus antigens. Xu et al. reported 

that these systemic shock-related pathologies were associated with a molecule called platelet-

activating factor (PAF).170 PAF is a potent phospholipid signaling molecule that can trigger a 
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variety of biological responses, including vasodilation, vascular permeability, and neutrophil 

degranulation. 172-175 PAF is involved in many inflammatory diseases including allergic rhinitis, 

sepsis, asthma, and inflammatory bowel disease and is both secreted and received by numerous 

innate immune cells including macrophages, neutrophils, and platelets.172, 173, 176, 177 In the case of 

adenovirus administration, it was found that adenovirus phagocytosis triggered Kupffer cells to 

secrete PAF, causing vasoactive changes in rats.170, 178 A major percentage of the dose of 

intravenously administered nanoparticles is also phagocytosed and cleared by liver Kupffer 

cells.11  

We therefore hypothesized that PAF could play a role in non-viral polyplex-induced in 

vivo toxicities. In this work, we explore the impact of PAF receptor inhibition on acute toxicities 

associated with siNP administration. We also investigate the role of Kupffer cell uptake in these 

effects, as well as the ability of other particle systems to induce PAF-associated toxicities. This 

work is the first, to our knowledge, to connect PAF to the toxicities of intravenously-injected, 

non-viral nanomedicines of any kind.  

 

4.3 Materials and Methods 

All materials were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher 

Scientific (Waltham, MA, USA) unless indicated otherwise. siRNAs used in these studies were 

purchased from Integrated DNA Technologies (Coralville, IA, USA) and consisted of a sense 

strand (5’-CAAUUGCACUGAUAAUGAACUCC[dT][dC]-3’)  and antisense strand (5’-

GAGGAGUUCA[mU]U[mA]A[mU]U[mG][mU][mU]-3’) [Note: m=2’O-methyl modification; 

d=chimeric DNA base].  

 Polymer Synthesis and Characterization (NMR, GPC, DLS): Polymers were made using 
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Reversible Addition Fragmentation Chain Transfer (RAFT) polymerization using a chain 

transfer agent (CTA)of 4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT). Prior to 

polymerization, all monomers except 2-methacryloyloxyethyl phosphorylcholine were passed 

twice through activated alumina columns to remove inhibitors. PMPC-DB polymers (poly(2-

methacryloyloxyethyl phosphorylcholine (PMPC))-b-(dimethylaminoethyl methacrylate 

(DMAEMA)-co-butyl methacrylate (BMA))) was synthesized by first creating a random 

copolymer of 50% DMAEMA and 50% BMA polymerized from ECT in dioxane under nitrogen 

(30 min purge) for 24 h at 65°C using azobisisobutyronitrile (AIBN) as an initiator (1:10 

CTA:AIBN ratio). Equivalent molar amounts of DMAEMA and BMA were added to target 210 

repeating units overall (anticipating ~ 70% conversion and final repeating units of 150-160). The 

crude reaction was precipitated in cold pentane three times to remove monomers and dried under 

vacuum overnight. Degree of polymerization was confirmed using 1H-NMR.  From this purified 

first block (DB-ECT), the PMPC corona block was polymerized in methanol for 24 hours at 

65°C (utilized condenser since near methanol boiling point) under nitrogen (30 minute purge) 

with a 1:5 CTA:AIBN ratio. A degree of polymerization of 75 was targeted to achieve a 20,000 

g/mol corona block. Crude reaction mixture was then dialyzed overnight in fresh methanol and 

then in dI water for one day. The polymer was lyophilized, and it’s degree of polymerization was 

confirmed with 1H-NMR. PMPC-BMA polymers were synthesized in a similar manner, starting 

from a butyl methacrylate homopolymer. The PMPC block was polymerized in pure ethanol with 

all other conditions the same to improve solubility of the PBMA homopolymer CTA. The 

20kPEG DB polymer was synthesized and characterized as described previously.43 All NMR 

spectra are featured in Supplemental Figures C.S1-S3. Polymers were evaluated for endotoxin 

using a Chromogenic LAL Endotoxin Assay Kit (GenScript, Nanjing, China).  
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Polyplex and Micelle Formulations: PMPC-DB and 20k PEGDB polyplexes were 

formulated as described previously.43 Briefly, polymers were complexed with siRNA at a 20:1 

N:P ratio (protonated nitrogens on polymer: anionic phosphates on siRNA) in 10 mM citrate 

buffer at pH4. Complexing proceeded for 30 minutes and was followed by addition of a 5x 

volume excess of 10 mM phosphate buffer at pH8 to achieve a final pH of 7.4. Buffers were 

created using the Sigma Buffer Reference Center website (https://www.sigmaaldrich.com/life-

science/core-bioreagents/biological-buffers/learning-center/buffer-reference-center.html). Note 

that polymers were initially dissolved at 30 mg/mL in pure ethanol and then diluted to 3 mg/mL 

in the pH 4 citrate buffer. PMPC-BMA micelles were dissolved in ethanol (5% of the final 

volume), and added dropwise to PBS for a final concentration equivalent to the polymer 

concentration of PMPC-DB for delivering 1.2 mg/kg siRNA (roughly 18 mg/mL).  For in vivo 

preparations, polyplexes and micelles were sterile filtered (0.45 µm filters) and were then 

concentrated to the appropriate volume (1.2 mg/kg dose in 100 uL injections) in Amicon spin 

filters (MWCO 50,000 kDa). In Vivo-Jet PEI (IVJP) (Polyplus, NY, USA) was prepared 

according to manufacturer instructions, at a dose of 2 mg/kg siRNA.  

PAFR Inhibition Studies: Mice (BALB/c, C57BL/6) were purchased from Jackson 

Laboratories (Bar Harbor, ME) or Charles River Laboratories (Wilmington, MA). For survival 

study and PAFR inhibition studies, mice were pre-injected with either 50 µL saline or 50 µL of 

ABT-491 (0.05 mg/mL in PBS -/-). Ten minutes after the first injection, mice were then injected 

with 1.2 mg/kg si-NPs (PMPC-DB polyplexes). A separate cohort was injected with saline only. 

For hematology and pathology studies, mice were sacrificed 30 minutes following si-NP 

injection by cardiac puncture using EDTA as an anti-coagulant. Blood samples were analyzed 

for complete blood count (including hematocrit, hemoglobin, and red blood cell measures) by the 

https://www.sigmaaldrich.com/life-science/core-bioreagents/biological-buffers/learning-center/buffer-reference-center.html
https://www.sigmaaldrich.com/life-science/core-bioreagents/biological-buffers/learning-center/buffer-reference-center.html
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Vanderbilt Translational Pathology Shared Resource using a Forcyte Analyzer (Oxford Science, 

CT, USA). Mouse organs were removed, saving the pancreas and duodenum for further analysis 

and fixing other organs in 10% formalin for histologic analysis. The pancreas was weighed after 

removal, frozen, lyophilized, and weighed again for pancreas wet/dry weight analysis. The 

duodenum was washed with a saline solution containing 0.16 mg/mL heparin to remove excess 

blood. The tissue was then weighed and homogenized in 1 mL of saline/heparin solution. The 

tissue was centrifuged at 10,000x for 15 minutes at 4°C. Supernatants were removed and assayed 

for hemoglobin content using a Hemoglobin Colorimetric Assay Kit (Cayman Chemical No 

700540) according to manufacturers’ instructions. Fixed tissues were embedded in paraffin and 

stained with hematoxylin and eosin by the Vanderbilt Translational Pathology Shared Resource. 

For Evans Blue measurements, 2 minutes after si-NP (or saline) injection, mice were injected 

with 50 µL of a 0.5% (wt/v%) Evans Blue solution in saline that had been sterile-filtered through 

a 0.45 µm filter. After sacrificing mice at 30 minutes post-injection, livers were removed, 

weighed, and then incubated in 1 mL formamide for 24 hours at room temperature. A 50 uL 

aliquot of formamide for each sample was then transferred to a 96-well plate, and Evans Blue 

absorbance was measured at 610 nm using a plate reader (Tecan, Mannedorf, Switzerland). 

Clodronate Liposome Studies: For animal studies involving clodronate pre-treatment, ½ 

of the mice were injected both i.v. and i.p. with 100 µL of Clodronate Liposomes (Cedarlane, 

Burlington, Canada) 24 hours prior to si-NP treatments. Both normal mice and clodronate-treated 

mice were then either injected with si-NPs or saline 24 hours later and sacrificed 30 minutes after 

si-NP injection. Organs and blood were collected and processed as described above.  

PAF ELISA: Mouse EDTA-treated blood samples were centrifuged at 3,000xg for 10 

min at 4°C and plasma was removed for ELISA analysis. Mouse PAF ELISA kits were 
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purchased from LifeSpan Biosciences (Seattle, WA, USA). Plasma samples were assayed in 

duplicate according to kit manual using 50 µL sample per well. For in vitro PAF release assays, 

mouse bone marrow-derived macrophages (BMDMs) were extracted from the femurs and tibias 

of healthy female FVB mice sacrificed at 4-8 weeks of age. Bone marrow was flushed out with 

DMEM using a 5 mL syringe and collected in DMEM on ice. The cell suspension was 

centrifuged at 1000xg for 5 min and the pellet was resuspended in 2 mL ACK Lysis buffer and 

incubated for 2 minutes. The lysis solution was then diluted in 20 mL warm DMEM (37°C) and 

centrifuged again at 1000xg for 5 minutes. BMDMs were then re-suspended in 10 mL of BMDM 

media (DMEM, 10% FBS, 1% PenStrep, 1% L-glutamine, 14% (1:1 v/v) L929 media week 1 

and week 2 media (created by culturing L929 murine fibroblast cells in complete DMEM and 

collecting media after 7 days of incubation [week 1] and again 7 days later [week 2]). The cells 

were then seeded in a 96 well plate at 1x105 cells per well. BMDMs were polarized to M1 by 

incubation with M1-inducing cytokines.179 Briefly, 7 days after seeding (after replenishing media 

on day 2 and day 4), M1 BMDMs received media supplemented with 0.1 µg/mL IFN-γ and 0.1 

ng/mL LPS. 24 hours later, media was removed, cells were washed, and 100 nM si-NPs were 

introduced to cells. Cell supernatants were sampled at 30 minutes and 24 hours post-treatment 

and assayed using mouse PAF ELISA kits.  

PAFR Activation Studies: Ready-to-Assay Platelet Activating Factor Receptor Cells 

(Millipore Sigma, Burlington, MA), were thawed and seeded at 14,000 cells per well in a 384-

well plate according to manufacturer instructions. Cells were then washed with HBSS (20 mM 

HEPES) and loaded with FLIPR Calcium 6 dye (dissolved in HBSS [20mM HEPES, 2.5 mM 

probenecid] and incubated for 2 hours according to FLIPR Calcium 6 kit instructions. Si-NPs 

were prepared at 100, 50, 25, and 12.5 nM siRNA (final in-well concentrations) in a separate 
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384-well plate; and ABT-491 was prepared at 125 nM in an additional plate. Fluorescence from 

calcium influx was assayed using the Vanderbilt High Throughput Screening Facility, on a 

Panoptic instrument. Five µL ABT-491 or saline were first added to the cells, incubated for 5 

minutes, and then 12.5 µL of si-NP preparations, saline, or PAF positive control were added to 

the cells, and fluorescence was recorded once per second for 30 minutes following particle 

addition. 

Tumor Mice: Seven-week-old female BALB/c mice were implanted with 1x105 4T1 cells 

per tumor (in 50:50 mixture of serum-free DMEM and Matrigel) in the mammary fatpad (2 

tumors per mouse). Polyplex and micelle treatments were initiated once tumors had reached 150-

300 mm3. All tissue processing/endpoint timing occurred as stated above for the PAFR inhibition 

studies.  

Liver Uptake: Relative uptake of 20k-PEG-DB and PMPC-DB particles bearing Cy5-

labeled dsDNAs was originally investigated as part of broader biodistribution studies in tumor-

bearing mice.43 Briefly, the polyplexes were prepared as described above and injected in nude 

mice (Jackson Laboratories, Bar Harbor, ME, USA) bearing MDA-MB-231 tumors in the 

mammary fatpad. Mice were sacrificed at 2 hours after polyplex injections, and organs were 

analyzed for Cy5 fluorescence using an IVIS imaging system (Perkin-Elmer, Waltham, MA, 

USA).  

Ethics Statement: All animal studies were approved by Vanderbilt’s Institutional Animal 

Care and Use Committee. All studies were performed in accordance with the National Institute 

of Health’s guidelines for the care and use of laboratory animals.  

Statistical Methods: Unless otherwise noted, all statistical analyses involved either one-

way ANOVA with multiple comparisons test (>2 groups) or a student’s t-test, two-tailed (2 
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groups only). Data are mean with standard error. 

 

4.4 Results and Discussion 

The polymers used for this study  (PMPC-DB) were synthesized as previously reported by 

Reversible Addition-Fragmentation Chain-Transfer polymerizations such that the corona block 

contained a roughly 20,000 g/mol hydrophilic, zwitterionic corona, and a core block composed 

of a random copolymer of 78 repeating units each of dimethyl amino ethyl methacrylate and 

butyl methacrylate.43 These results were confirmed by 1H-NMR and gel permeation 

chromatography analysis as previously reported.43 The polymers were tested and found to be free 

of endotoxin contamination prior to initiation of all studies (Supplemental Figure C.S2). 

Polyplex nanoparticles (si-NPs) were prepared by complexing siRNA with polymer at a 20:1 

N:P ratio (cationic amines in polymer: anionic phosphates in siRNA), yielding monodisperse 

nanoparticles with an average diameter close to 100 nm (Figure 4.1a). This si-NP formulation 

was previously reported to have an extended circulation half-life up to 22-26 minutes, but also 

more toxicities compared to si-NPs prepared at lower N:P ratios or si-NPs prepared with 

hydrophobically-modified siRNAs, with notable liver necroses and elevations in ALT/AST/BUN 

markers 24 hours after injections.22, 43  
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Figure 4.1 PAFR inhibitor ABT-491 rescues acute toxicities associated with high-dose si-NP 

injection. A) si-NPs are formulated at N:P 20 by complexing with siRNA at a reduced pH. 

Raising pH to 7.4 produces si-NPs of roughly 100 nm in diameter. B) Upon intravenous injection 

of si-NPs at high N:P ratio (high polymer dose) and 1.2 mg/kg siRNA, 4 out of 5 mice 

experienced fatal toxicities within 1 hour, but all deaths were prevented by pre-injection of ABT-

491 10 minutes prior to si-NP injection. C) Gross pathology demonstrates obvious vasodilatory 

pathology in major blood vessels (yellow arrows) and reddening of intestines (black arrows) in 

mice treated with si-NPs, but not for those treated with saline or ABT-491. D-F) Mice injected 

with high-dose si-NPs experienced significant increases in blood hematocrit (D), hemoglobin 

(E), and red blood cell concentration (F) 30 minutes after injection, all of which were abrogated 

by ABT-491 pretreatment.  

 

 

As described above, we had previously noted behavioral changes in mice injected with 
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these potent but more toxic si-NP formulations characterized by lethargy and prostration within 

the first hour after injection. These changes bore striking similarities to the behaviors noted in 

adenovirus-treated rats by Xu et al.170 We therefore sought to interrogate whether the 

mechanisms of si-NP toxicity were also mediated by platelet activating factor, as described for 

adenovirus-treated rats.  

We pre-treated BALB/c mice with either saline or ABT-491 10 minutes intravenously 

prior to injecting mice via tail vein with a relatively high dose (1.2 mg/kg) of siNPs. ABT-491 is 

a potent and highly specific small-molecule inhibitor of the platelet activating factor receptor 

(PAFR).176, 180 Of five mice pre-treated with saline, four mice experienced acute, fatal toxicity 

within 1 hour of injection, while the fifth mouse perished several hours later (Figure 4.1b). Mice 

pre-treated with ABT-491 experienced no fatalities and no outward behavioral changes 

indicative of toxicities. Thirty minutes after si-NP injection, mice treated with si-NPs but no 

PAFR inhibitor exhibited gross pathology changes characteristic of shock and hypotension, 

including reddened intestines, dark, congested livers, and dilated veins (Figure 4.1c). Mice pre-

treated with ABT-491 did not experience these changes and appeared similar to mice treated 

with saline only.  

Mice treated with si-NPs and no PAFR inhibitor experienced significant increases in blood 

hematocrit percentage, hemoglobin concentration, and red blood cell concentration at 30 minutes 

post-injection compared to saline-treated or ABT-491-pre-treated mice (Figure 4.1d-f). For 

some mice in the si-NP treatment group, blood was so concentrated that it was notably more 

difficult to withdraw by cardiac puncture compared to saline-treated or inhibitor pre-treated 

mice. We observed hematocrit percentages of up to 60% in the si-NP treatment group, which 

matched the peak hematocrit levels previously observed in adenovirus-treated rats. 170These 
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blood hemoconcentration symptoms were indicative of shock. Shock is known to cause 

increased vascular permeability, which leads to leakage of plasma fluid in tissues and resulting 

hemoconcentration. Hemoconcentration is also one of the hallmark side effects of administration 

of PAF intravenously.181  

Increased permeability resulting from shock can lead to edema in organs, and GI tract 

effects including increased duodenal hemoglobin.170 We noted increases (though not statistically 

significant) in the pancreas wet/dry weight ratio for siNP-treated mice compared to inhibitor-pre-

treated mice (Figure 4.2a). We further confirmed these symptoms of tissue edema by pre-

injecting mice in each treatment group with Evans Blue dye five minutes after si-NP treatment 

and measuring the absorbance of the dye in liver homogenates 30 minutes after si-NP treatment. 

Evans Blue is an albumin-binding dye that can be used to assess vascular permeability and 

plasma leakage into tissues. 182 Mice treated with siNPs had significantly increased Evans Blue 

dye absorbance per g liver tissue compared to saline-treated mice, while ABT-491 pre-treated 

mice did not have increased dye absorbance (Figure 4.2b). These results indicate that ABT-491 

pre-treatment rescued mice from siNP-induced vascular permeability. siNP-treated mice also had 

nearly four times higher hemoglobin concentrations in their duodenums than mice in the saline-

only treatment or PAFR inhibitor pre-treatment groups (Figure 4.2c).  
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Figure 4.2 Mice injected with high-dose si-NPs exhibit signs of organ vasocongestion, 

vasodilation, and edema, all potential effects of vasoactive actions of PAF. A) Mice injected with 

si-NPs exhibit signs of tissue edema, demonstrated by a slight increase in average pancreas 

wet/dry ratio (B) and significant increase in duodenum hemoglobin concentration, each of which 

were normalized by ABT-491 pre-injection. C) Accumulation of Evan’s Blue dye in the livers of 

mice 30 minutes after treatment with si-NPs, saline, or pre-treated with ABT-491 10 min prior to 

si-NP injection. D) H&E staining demonstrated increased red blood cell presence and congestion 

in liver, kidney, lung, and spleen tissues of mice treated with si-NPs compared to saline-treated 
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or ABT-491 pre-treated mice 30 minutes after si-NP injection. 

 

Histologically, these results were confirmed by evidence of significant congestion in 

multiple organs of mice receiving siNPs only (Figure 4.2d). Notably increased amounts of red 

blood cells were visible by H&E staining in the liver, kidney, lungs, and spleen of these mice. 

Once again, mice pre-treated with ABT-491 did not experience histologic changes compared to 

mice receiving saline only.  

  Taken together, these data suggest that PAF plays a significant role in the acute toxicities 

caused by high-dose si-NP injection. Inhibition of PAFR completely rescued mice from 

polyplex-associated toxicities such that there were no phenotypical or pathological differences 

observed between ABT-491/si-NP-treated mice and saline-treated mice. Additionally, we have 

demonstrated that the acute toxicities resulting from si-NP treatment are symptomatic of shock-

like conditions including vasodilation, hemoconcentration, and vascular edema.  These 

symptoms virtually match the symptoms observed in mice and rats treated with high doses of 

adenovirus vectors. Just like the symptoms observed in the adenovirus case, the shock was 

apparent upon first exposure to siNP treatments and thus not the same as anaphylactic, IgE-

mediated shock.To our knowledge, this work is the first to demonstrate PAF involvement in 

nonviral nanoparticle-related toxicities.   

The PAF receptor is found on variety of immune cells, including neutrophils, eosinophils, 

macrophages, and platelets.171, 176. Activation of PAFR by its ligand can induce neutrophil 

degranulation and/or inflammatory release of vasoactive agents such as leukotrienes or nitric 

oxide.183 However, the exact mechanism of PAF-induced vasodilation is variable and poorly 

characterized.184 We measured blood samples for increases in the vasoactive agents including 

nitric oxide and histamine, but did not find significant increases in any of these mediators 
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(Supplemental Figure C.S5A-B). We did observe an increase in myeloperoxidase activity in si-

NP-treated mice, indicating possible neutrophil degranulation, but the increase was not 

significant (Supplemental Figure C.S5C).  We did not observe toxicity-associated changes in 

white blood cell counts at 30 minutes post siNP injection (Supplemental Figure C.S6A-D). In 

rabbits, PAFR activation can induce platelet aggregation or degranulation, but because rodent 

platelets lack the PAFR, we did not observe changes in platelet counts (Supplemental Figure 

C.S6E).  

Because of the presence of PAFR on multiple types of immune cells, we hypothesized 

that the acute toxicities we observed upon si-NP administration might be dependent on mouse 

strain. Others have shown, for example, that mice strains that have Th-1 biased macrophages 

clear nanoparticles from circulation more slowly than Th2-biased mice, leading to starkly 

different pharmacokinetic and biodistribution profiles for the same nanoparticles in different 

mouse strains. 95 We therefore injected C57BL/6 mice with the same si-NP formulations and 

measured the effects of PAFR inhibition on blood hemoconcentration, pancreas edema, and 

duodenal hemoglobin (Figure 4.3). While Balb/C mice are generally more prone to Th-2 -type 

responses, C57/Bl6 are Th-1 biased.95 Overall, we found that the shock-like toxicities associated 

with si-NP administration were consistent with data presented in Figure 4.1 and therefore not 

strain-dependent. Mice treated with si-NPs experienced significantly increased hematocrit, 

hemoglobin, and red blood cell concentrations (Figure 4.3a-c), while ABT-491 pre-treatment 

completely abrogated these vasoactive effects. Similarly, there was significantly increased 

pancreas edema for siNP-treated mice and slightly increased duodenal hemoglobin for the same 

group (Figure 4.3d-e). Thus, the PAFR-mediated effects of si-NP administration are consistent 

across disparate mouse strains.  
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Figure 4.3 Vasodilatory and edema-related toxicities and impact of PAFR inhibition are not 

limited to the Balb/c strain. A-C) Injection of si-NPs in C57/Bl6 mice resulted in significant 

increases in hematocrit, hemoglobin, and red blood cell concentration 30 minutes after injection. 

These effects were abrogated by inhibition of PAFR. D-E) C57/Bl6 mice injected with si-NPs 

also exhibited significant increases in pancrease wet/dry ratio (D) and slight increases in 

duodenum hemoglobin (E), which were reduced by PAFR inhibition.   
 

 

To further understand the involvement of PAFR in si-NP-induced toxicities, we measured 

levels of PAF in the blood of si-NP-treated mice compared to saline-treated mice. Thirty minutes 

post-si-NP treatment, mice experienced significant increases in blood PAF levels, in the range of 

6-8 ng/mL (Figure 4.4a). Because of the severe hemoconcentration caused by si-NP treatment, 

obtaining sufficient blood for PAF ELISAs was challenging. Therefore, blood from the most 
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severely affected mice was not able to be sampled, so the blood concentration in PAF may have 

increased even higher for those mice. PAF can be lethal at doses as low as 0.36 µmol/kg, so it is 

reasonable that this PAF concentration would cause increased systemic toxicities.181  This data 

suggests that systemic administration of si-NPs induces systemic release of PAF.  

Because macrophages are one of the cell types known to release PAF, we stimulated 

mouse bone marrow-derived macrophages (BMDMs) with si-NPs for 24 hours and measured 

PAF release into cell media (Figure 4.4b). We found a significant increase in PAF in the media 

of si-NP-treated cells compared to saline-treated cells, suggesting that macrophages may be one 

source of PAF released in vivo in mice.  

We also hypothesized that our si-NPs themselves might be capable of agonizing the PAF 

receptor. The polymer corona of these si-NPs is made up of zwitterionic, phosphorylcholine 

moieties, and the chemical structure of platelet activating factor itself contains a prominent 

phosphorylcholine. Additionally, there have been examples in nature of bacteria using PAF-

mimicry to engage the PAF receptor. For example, Streptococcus Pneumoniae uses 

phosphorylcholine moieties in its cell wall to bind PAFR, block PAF signaling, and prevent 

inflammatory neutrophil reactions.174, 185 Additionally, other phosphorylcholine derivatives have 

been shown to induce some PAF-like activities such as neutrophil activation.186 We therefore 

treated Chem-1 cells overexpressing recombinant PAFR with increasing doses of si-NPs and 

used an intracellular calcium dye to measure fluorescence from calcium influx (indicative of 

receptor activation). None of the si-NP concentrations increased fluorescence area under the 

curves compared to saline-treated mice (Figure 4.4c).  
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Figure 4.4 si-NPs stimulate PAF release and do not directly agonize the PAF receptor. A) Balb/c 

mice injected with si-NPs display increased PAF concentration in blood samples 30 minutes 

after injection. B) In vitro, mouse BMDMs stimulated with 100 nM siNPs exhibited increased 

PAF release into culture media after 24 hours of polyplex treatment. C) Introduction of 100, 50, 

25, and 12.5 nM si-NPs to Chem-1 cells overexpressing PAFR did not cause calcium efflux, 
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resulting in no change in the fluorescence area under the curve compared to saline-treated cells. 
 

 

These data suggest that si-NPs do not directly act on the PAF receptor but instead 

stimulate systemic release of PAF, which then acts on its receptor to mediate vasoactive changes 

leading to si-NP toxicities. Release of PAF has been shown to cause dose-dependent increases in 

vascular permeability and hemoconcentration.175, 181  

PAF can also be released when cells of the mononuclear phagocyte system (MPS) are 

activated by phagocytosing material.175 Nanoparticles in the 100 nm size range are well-known 

to be cleared from circulation by the MPS, particularly by Kupffer cells of the liver.11 Kupffer 

cells reside intravascularly in liver tissue and serve as a filter for the blood. 11 In the case of 

adenovirus-mediated shock, Kupffer cells were found to be responsible for PAF release.170 We 

hypothesized that the same cells evolutionarily primed to fight virus invaders might also respond 

similarly to siRNA nanoparticle engulfment.  

We therefore used clodronate liposomes to selectively inhibit Kupffer cells. Clodronate 

liposome treatment can cause specific depletion of liver macrophages because liposomal 

encapsulation allows for an otherwise hydrophilic drug (clodronate) to pass through the cell 

membrane upon phagocytosis.187 Clodronate liposomes are not toxic to other cell types as they 

do not extravasate into tissues and are only taken up by intravascular-residing phagocytic 

macrophages in the lung, spleen, and liver.187 

We found that pre-treatment of mice with clodronate liposomes (Clod) prevented shock 

toxicities associated with intravenous si-NP injections (Figure 4.5). Clod-pretreated mice 

receiving intravenous si-NPs did not experience significant elevations in hematocrit (Figure 

4.5a), duodenal hemoglobin (4.5b), or blood PAF levels (4.5c), with respective to Clod-treated 
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mice receiving saline only. These data suggest that the macrophages of the MPS are primary 

mediators of the PAF-related shock toxicities associated with siNP injection. The Kupffer cells 

of the mouse liver, upon stimulation with intravenous siNPs, release PAF into the blood, 

resulting in release of PAF-associated vasoactive signaling and resulting symptoms of 

hypotension, edema, and tissue congestion (Figure 4.5D).  

 

 

Figure 4.5 Pre-treatment with clodronate liposomes abrogates si-NP-related toxicities. A) Mice 

pre-treated with Clod liposomes 24 hours prior to injection do not experience significant 

elevations in blood hematocrit 30 mi after intravenous si-NP injection. B) Mice pre-treated with 

Clod liposomes do not experience significant increases in duodenal hemoglobin after intravenous 

si-NP injection. C) Clod pre-treatment prevents increase in blood PAF levels after si-NP 

injection. Note that PBS and si-NP group data are also featured in Figure 4.4a. D) Schematic of 

proposed mechanism for PAF-mediated effects upon si-NP injection.  
 

 

Kupffer cells are a natural defense system for pathogenic, immunoreactive, nano-sized 

invaders, which are similar in many ways to nanoparticle drug delivery systems. 11, 178 In addition 

to adenovirus-triggered release, PAF has also been shown to be released from rat Kupffer cells in 
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response to zymosan particles, antibody-coated erythrocytes, immune complexes, and Bordella 

pertussis, so it follows that other nanomaterials could also be a trigger for PAF release.188 

Particle endocytosis may not be directly causing PAF release, however. One study found that 

antibody-coated erythrocytes stimulated PAF release from Kupffer cells even when phagocytosis 

was blocked by cytochalasin B, indicating that membrane signaling but not phagocytosis itself, 

may trigger PAF release.188  

In the case of adenoviruses, Kupffer cell uptake of viral vectors was also associated with 

Kupffer cell death. 171While we did not explore Kupffer cell viability in this study due to short, 

30 minute post-injection evaluations, our previous work indicated elevated AST/ALT levels and 

histologically-evident liver damage in mice treated with multiple rounds of less stable, high-

polymer dose siNP formulations.22 Kupffer cell death may be further associated with increased 

PAF signaling—Kupffer cells are known to release PAF in response to CCl4-induced 

inflammation.189 It is possible that a combination of membrane signaling, phagocytosis, and 

Kupffer cell death may result in nanomaterial-stimulated PAF release.  

As this work is the first documentation of the role of PAF in nanoparticle-related 

toxicities, the exact mechanisms of downstream PAF signaling are ripe for further investigations. 

PAF has been shown to stimulate release of leukotrienes from rat Kupffer cells, and 

prostaglandin E2 in neutrophils, both of which can stimulate vascular permeability and 

hypersensitivity reactions.190 PAF release may also be regulated by positive feedback loops—the 

same macrophages with PAF receptors may also secrete PAF in response to PAFR 

stimulation.191 These studies point to potential mechanisms involved in nanoparticle-related 

toxicities. 

While our data reveals a new connection between PAF and siNP-initiated acute toxicities 
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in mice, we wanted to determine whether these PAF-related mechanisms were generalizable to 

other polymeric nanoparticles and to determine the dependency of the shock symptoms on 

polyplex structure. If the PAF-related symptoms were primarily initiated by Kupffer cell 

interactions, we hypothesized that other polymeric nanoparticles should also stimulate PAF-

related symptoms. As stated previously, the siNPs used in this work were composed of a unique, 

phosphorylcholine-based corona surface with a pH-responsive, endosomolytic polymer core 

(PMPC-DB). We therefore investigated alternative polymers containing either the same 

endosomolytic core component with a 20 kDa poly(ethylene glycol) (PEG) corona component 

(20k PEG-DB), or polymers containing the same phosphocholine-based corona with a 

hydrophobic, non-endosomolytic core component (PMPC-BMA) (Figure 4.6a). We additionally 

included in our assessment a commercial polymeric in vivo transfection reagent, In Vivo Jet-PEI 

(IVJP), which contains poly(ethylene imine), though the actual structure is proprietary (Figure 

4.6a). PEI is considered a gold standard siRNA transfection reagent and is capable of triggering 

endosomolysis via the proton-sponge effect with its cationic polymer components. Both 20k 

PEG-DB and PMPC-BMA were synthesized by RAFT polymerization to contain 20 kDa 

coronas and core components of roughly 20-23 kDa. These results were confirmed by 1H-NMR, 

and a table of polymer characteristics is provided in Supplemental Figure C.S7a. The 20k PEG-

DB polyplexes were formulated similarly to PMPC-DB at the same siRNA dose. PMPC-BMA, 

which had a hydrophobic core and no siRNA-complexing ability, was prepared in PBS and 

matched to PMPB-DB formulations/dose based on polymer mass. 20k PEG DB and PMPC 

BMA particles also matched PMPC DB based on particle size, with diameters of roughly 100 nm 

(Supplemental Figure C.S7b).  IVJP was injected at 2 mg/kg, deliberately above the 

manufacturer’s dose recommendations, due to our group’s previous observations of toxicities 
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associated with this IVJP dose.47  

 

Figure 4.6 PAF-related effects are generalizable to other polyplex structures, particularly in 

inflammatory breast tumor models. A) si-NPs from previous figures containing an 

endosomolytic core and zwitterionic corona were compared to nanoparticles containing either 

the same endosomolytic core and a PEGylated corona, or the same zwitterionic core and a 

hydrophobic-only, non-endosomolytic core. Commercial transfection reagent in vivo-JetPEI was 

also investigated due to the known toxicities of cationic siRNA carriers. B-C) Nanoparticles 

were compared in both normal mice and 4T1 tumor-bearing mice. 4T1 tumor-bearing mice had 



134 

 

 

significantly elevated levels of white blood cells, particularly neutrophils. D-G) In normal mice, 

alternative nanoparticles did not exhibit significant changes in hematocrit, hemoglobin,  red 

blood cell concentration, or duodenum hemoglobin concentration. H) In some normal Balb/C 

mice, slight increases in blood PAF concentration were detected relative to saline-treated mice. I-

K) In tumor-bearing mice, In Vivo-Jet PEI injection stimulated significant  increases in 

hematocrit, hemoglobin, and red blood cell concentration compared to saline-treated mice, 

effects which were abrogated by pre-treatment with ABT-491. L) Mice treated with In Vivo-Jet 

PEI had significantly elevated duodenum hemoglobin, but not those pre-treated with ABT-491. 

Individual mice in groups treated with 20k PEG DB and PMPC-BMA nanoparticles also 

exhibited elevated duodenum hemoglobin and M) elevated PAF blood concentrations.  
 

 

We investigated PAF-related symptoms in both normal, non-tumor-bearing BALB/c mice 

and in BALB/c mice bearing 4T1 mammary tumors (Figure 4.6b-c). Relative to normal mice, 

4T1-tumor bearing mice have significantly elevated white blood cell counts, particularly for 

circulating neutrophils, leukocytes, monocytes, and eosinophils, all of which have PAF 

receptors. We had previously observed enhanced toxicities from si-NP injection in 4T1 tumor-

bearing mice and therefore hypothesized that the abundance of inflammatory cells in tumor-

bearing mice may prime them to increased PAF-related toxicities.  

In normal BALB/c mice, none of the alternative polymeric nanoparticles caused changes in 

hematocrit, hemoglobin, or red blood cell concentration (Figure 4.6d-f). Similarly, there were no 

changes in duodenum hemoglobin concentration or organ congestion (Figure 4.6g, 

Supplemental Figure C.S8) and no statistically significant increases in blood PAF levels 

relative to saline-treated mice (Figure 4.6h). However, one mouse in the 20k PEG DB group and 

three mice in the PMPC-BMA group did experience PAF levels around 7-9 ng/mL in the blood, 

which matches levels observed in PMPC-DB (siNP)-treated mice. These data suggest that other 

polyplexes may be capable of initiating PAF release into the blood, but not to the extent required 

for significant blood concentration and shock. These data also suggest that the combination of a 

phosphorylcholine-based corona and an endosomolytic core may somehow increase PAF-
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mediated shock, since the endosomolytic core (20k PEG DB) and phosphorylcholine corona 

(PMPC-BMA) individually did not induce the same level of symptoms in mice as both elements 

together.  

In 4T1 tumor-bearing mice, on the other hand, treatment with high doses of commercial 

transfection reagent IVJP resulted in significant increases in blood hematocrit, hemoglobin, and 

red blood cell concentration (Figure 4.6i-k), indicating shock in these mice. Pre-treatment with 

ABT-491 completely abrogated these blood changes in IVJP-treated mice, indicating 

involvement of the PAFR in IVJP-related toxicity. We also noted similar behavioral changes in 

the mice treated with IVJP compared to mice treated with PMPC-DB (si-NPs), including 

lethargy, inactivity, and prostrated body positioning. Mice treated with IVJP also had 

significantly increased duodenum hemoglobin concentration, which was prevented by ABT-491 

pre-treatment (Figure 4.6l). There were slightly increased signs of blood congestion in the livers 

and kidneys of IVJP-treated mice, but not tumors (Supplemental Figure C.S9). Finally, for the 

IVJP-treated mice, sufficient blood for PAF ELISAs was difficult to procure due to blood 

concentration and was therefore only assessed for 2 mice. However, in one of the IVJP-treated 

mice, blood PAF levels were increased up to 18 ng/mL, higher than any measured values for 

PMPC-DB (siNP)-treated mice (Figure 4.6m). Notably, one tumor-bearing mouse in each of the 

20k PEG-DB and PMPC-BMA groups experienced elevations in both duodenal hemoglobin and 

PAF blood levels, suggesting that these mice may also have experienced PAF-mediated 

responses to nanoparticle-Kupffer cell interactions.  

 Our data indicate that the role PAF plays in nanoparticle-mediated toxicity is 

generalizable to other types of polymeric nanoparticles, particularly in mice bearing 

inflammatory tumors. Tumor-bearing mice that were injected intravenously with IVJP exhibited 
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strong evidence of PAF-related shock symptoms, and these symptoms were completely 

prevented by pre-treatment with ABT-491. Additional tumor-bearing mice in the PMPC-BMA 

and 20k PEG DB groups exhibited symptoms of increased duodenal hemoglobin and had 

elevated PAF blood levels. Although non tumor bearing mice did not significantly react to 

nanoparticle treatments, there was some evidence of slight PAF blood concentration increases 

for mice in the 20k PEG DB and PMPC-BMA group.  

The reasons for the increased sensitivity of non-tumor-bearing mice to PMPC-DB 

particles compared to PEGylated or non-endosomolytic counterparts are unclear. We have 

previously shown that PMPC-DB particles exhibit much higher tumor uptake compared to 

PEGylated particles with equivalent pharmacokinetics.43 When these same particles were loaded 

with fluorescent DNA, the livers of mice receiving PMPC-DB exhibited significantly higher 

fluorescence than the livers of mice receiving 20k PEG DB (Supplemental Figure C.S10). This 

increased Kupffer cell-mediated uptake may be the cause of the increased PAF-related toxicities 

observed after PMPC-DB siNP injection in this study. The increased uptake is thought to be a 

result of differences in the physicochemical properties and molecular structures between PEG 

and PMPC. While both are hydrophilic surface coronas, water tends to organize in cage-like 

structures around PEG, but maintains its normal molecular organization around PMPC.44 

Additionally, the presence of phosphorylcholine moieties in PMPC may increase interactions 

with cell membranes, which contain phospholipids with phosphocholine moieties themselves and 

the liver is known to actively engage in choline recycling.192 

 However, non-endosomolytic PMPC-BMA particles also did not activate PAF-related 

toxicities to the extent of PMPC-DB particle despite the presence of the zwitterionic PMPC 

corona. This could indicate that pH-responsive, endosomolytic capabilities of nanoparticles can 
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increase the Kupffer cell PAF response. Others have shown that the innate immune-stimulatory 

effects of adenovirus administration in mice were prevented by impairing the viral vectors’ 

ability to achieve endosomal escape. 193 Endosomal or lysosomal rupture caused by nanoparticles 

can result in mitochondrial disruption and activation of inflammatory pathways such as the 

NLPR3 inflammasome.11, 194 Any of these inflammatory effects may further provoke PAF-

related cardiovascular changes in mice.  

 While no studies have yet connected nanoparticle toxicities to PAF, there have been 

multiple reports of nanocarriers inducing toxicities that may hint at PAF involvement. For 

example, multiple studies have reported rapid fatalities within the first hour of injection of PEI 

polyplexes, although this lethality is often blamed on pulmonary clotting due to cationic polymer 

components. 166, 167 However, other in-depth studies of in vivo PEI-mediated toxicities have 

shown evidence of liver necrosis, shock, and smaller aggregates of CD11b+ cells and platelets, 

without major lung obstruction.165  Cationic additives like cetyl trimethyl ammonium bromide 

and soyaethyl morpholinium ethosulfate in nanoparticle systems have been shown to provoke 

neutrophil inflammatory responses in vitro.163 Other types of non-cationic nanocarriers have also 

been shown to induce poorly-understood cardiovascular changes in mice, including carbon 

nanotubes, acrylic polymers, and mesoporous silicon.195, 196 Our work suggests that the role of 

PAF in the response to intravenous nanocarriers should be further explored for other types of 

nanomaterials.  

 One mechanism of intravenous nanoparticle-related toxicity we have yet to discuss is 

complement activation-related pseudoallergy(CARPA), which can induce cardiovascular 

changes and leukopenia, particularly in pigs, which have large amounts of pulmonary 

intravascular macrophages (PIMs).125 While we did not specifically explore CARPA for the si-
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NPs in this study, we have previously shown that our si-NPs do not adsorb complement 

proteins.43 The si-NPs in this study notably also did not cause changes in white blood cell counts 

(Supplemental Figure 4.S6), indicating that PAF-related toxicities may be independent of 

CARPA phenomena. The role of complement in nanoparticle-mediated hypersensitivities has 

recently been called into question, as non-adsorptive PEGylated polymers and liposomes can still 

induce the release of inflammatory thromboxanes and leuokotrienes from PIMs in pigs.168 While 

humans, like rodents, have Kupffer cells instead of PIMs, there have also been many similarities 

between liposome-induced hypersensitivity reactions in both humans and pigs. Like the reactions 

explored in our work, these hypersensitivity reactions bear some resemblance to anaphylactic 

shock, but with no prior exposure to injected agents.168 Our results suggest that involvement of 

PAF, the PAF receptor, and Kupffer macrophages should be investigated further in 

hypersensitivity reactions to these nanomedicines.  

The increased PAF-related sensitivity of tumor-bearing mice to IVJP is likely a result of 

the expansion of PAFR-bearing cells in these mice. 4T1 tumors are particularly malignant and 

can stimulate expansion of CD11b+ cell populations.197 These tumors are also known to sensitize 

mice to anaphylactoid-type reactions in response to adenovirus treatment.197 This increased 

sensitivity may also carry over to human cancer patients. In human cancer patients, there are 

often elevated platelet counts and an increased risk of clotting due to the secretion of pro-clotting 

factors by tumor macrophages.198 Unlike rodent platelets, human platelets do possess PAFR and 

this hyper-coagulative state in human cancer patients could therefore increase nanoparticle and 

PAF-mediated toxic effects. Indeed, adverse events reported in the Phase 1a/1b clinical trial for 

cancer patients receiving cyclodextrin-based siRNA carrier CALAA-01 included 

hypersensitivity and GI effects such as ischemic colitis and diarrhea.37 There are additional 
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reports of hypotension-related adverse effects in cancer patients injected with adenovirus 

vectors.170  Additionally, the impact of PAF and vasodilation-related nanocarrier toxicities on 

cancer cell intravasation/extravasation may be an important future topic of study, as the other 

metal-based nanoparticles have already been shown to promote breast cancer metastasis in vivo 

by disrupting cadherin interactions.199 The inflammatory, vasoactive responses induced by PAF 

could pose another means by which nanoparticles might promote cancer metastasis. 

Our results suggest that inhibition of PAFR may help prevent intravenous nanomedicine-

associated toxicities. Prophylactic treatment protocols are already the norm in the clinical 

translation of nanomedicine---Onpattro, the only FDA-approved siRNA nanomedicine, requires 

pre-treatment of patients with corticosteroids to dampen immune activation.1 While no PAFR 

antagonists have yet been clinically approved in the U.S. rupatadine is a combination anti-

histamine and PAFR inhibitor approved for use in other countries.170, 173 Our results suggest that 

PAFR inhibitors such as ABT-491 or rupatadine may find new clinical benefit in the field of 

nanomedicine. 

 

4.5 Conclusion 

 Overall, this work provides compelling evidence for the role of PAF in siRNA 

nanopolyplex-induced toxicity. To our knowledge, PAF has never been connected to synthetic, 

non-viral nanocarrier toxicities associated with intravenous injection. We have shown that PAF 

release is dependent on nanocarrier interaction with Kupffer cells and that the presence of 

malignant tumors can predispose mice to PAF-mediated toxicities. We have also shown that 

PAF-related toxicities are generalizable to other types of polymeric nanocarriers, indicating that 

this may be an unrealized or under-studied toxicity mechanism for other types of particles. 
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Inhibition of PAFR prior to nano-polyplex administration can completely prevent acute shock-

associated toxicities in mice, suggesting a potential novel strategy for clinical management of 

adverse events related to siRNA nanomedicines.  
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CHAPTER V 

 

5Conclusion 

 

5.1 Chapter Summaries and Impact 

 In the first aim of this dissertation (Chapter II), we hypothesized that alternative 

hydrophilic coronas to conventional 5 kDa PEG could significantly improve polyplex 

pharmacokinetics, tumor uptake, and tumor bioactivity. Electrostatically-complexed polymer-

siRNA complexes face general delivery challenges related to poor intravenous stability and 

reduced tumor uptake. Polyplexes are frequently destabilized by serum proteins or by anionic 

proteoglycans.25 Circulation half-lives of polyplexes are further shortened due to clearance by 

the mononuclear phagocyte system (MPS), which can be assisted by general protein adsorption 

or complement activation.200  Hydrophilic surface coatings like PEG can also decrease tumor 

uptake due to reduced interactions with cell membranes.19, 75  

 In this chapter, we present non-fouling, zwitterionic, phosphorylcholine-based coronas as 

a viable alternative to PEGylation. This work is the first comprehensive benchmark of 

zwitterated, PMPC-based polyplexes against PEGylated polyplexes for in vivo pharmacokinetics 

and tumor bioactivity. We demonstrated that both high molecular weight PMPC and high 

molecular weight PEG coronas could impart circulation half-lives five times as long as 

conventional 5000 Da PEG coronas. In mice containing human triple negative breast tumors, 

PMPC-corona polyplexes achieved greater than 75% luciferase knock down sustained for over a 

week with only one intravenous injection. The PMPC-based polyplexes out-performed both high 

and low molecular weight PEG polyplexes in terms of both tumor knockdown and tumor cell 

uptake. Our data demonstrate that PMPC coronas can be used to both extend circulation half-
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lives and overcome the “PEG dilemma” of reduced tumor cell uptake. This work is the first to 

demonstrate the advantages of PMPC polyplex coronas over PEG polyplex coronas of equal 

molecular weight. These polyplexes take advantage of the EPR effect in tumors for improved 

tumor biodistribution, since they lack active targeting. While the EPR effect has been shown to 

be heterogenous across cancer types, studies have demonstrated its existence in humans.29, 34 The 

heterogeneity of the EPR effect across patients highlights the need for improved polyplex 

circulation time and enhanced cell uptake properties, because polyplexes that circulate longer are 

more likely to accumulate at the site of a tumor. Our work presents PMPC, a component of other 

FDA-approved biomaterials, as a promising alternative to PEGylation for cancer nanomedicines.  

 The second central hypothesis of this work was that polyplex circulation and toxicity 

could be optimally balanced by adjusting polymer: siRNA ratios and by “dual hydrophobization” 

of both siRNA and polymer components. Our work on the previous hypothesis yielded 

polyplexes with undesirable toxicities which we associated with the high N:P ratios utilized 

throughout. We hypothesized that the relatively high doses of polymer containing cationic 

components in siRNA polyplex (si-NP) formulations contributed significantly to their toxic 

effects in mice and therefore sought to find less toxic formulation alternatives that preserved si-

NP activity. Problems associated with toxicity and pharmacokinetics are not unique to our 

polyplex systems. Cationic formulation components are known to cause membrane damage, 

serum aggregation, and acute, inflammatory in vivo toxicities.42, 123 Indeed, CALAA-01, one of 

the few polymeric siRNA nanocarriers to undergo clinical testing, circulated intravenously for 

less than 30 minutes and was terminated from clinical development due to significant toxicity 

hurdles.37 While most efforts to improve these aspects of polyplex performance have 

traditionally relied on the testing of large alternative polymer libraries, we have focused on the 
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large impact of small changes to existing components of polyplex formulations.129-131  

 This work built on a foundation of previous work demonstrating that conjugation of 

hydrophobic palmitic acid moieties to siRNA and inclusion of hydrophobized siRNAs in already 

hydrophobic polyplex cores (dual hydrophobization) could significantly improve the circulation 

time and tumor gene knockdown of polyplex systems.47 Our work, however, is the first to study 

the impact of “dual hydrophobization” on the toxicity of siRNA nanocarriers in the context of 

varied N:P ratios. We demonstrated that for electrostatically and hydrophobically complexed si-

NPs, increasing N:P ratio from 10 to 20 significantly increases si-NP circulation half-life, despite 

these formulations having equivalent size, charge, and encapsulation efficiencies. We have also 

demonstrated that addition of a “dual hydrophobization” approach significantly enhances the 

pharmacokinetic area under the curve (AUC), particularly for polyplexes at lower N:P ratios of 

10 or 15. These data indicated that “dual hydrophobization” allows si-NPs at N:P 15 with 

palmitic acid-siRNAs to achieve the same AUCs as si-NPs at N:P 20, while reducing the total 

amount of polymer in the formulation. This polymer reduction also manifested as a reduction in 

hepatic toxicities. This work is also the first to demonstrate long-term toxicity impacts of 

repeated administration of zwitterionic, phosphorylcholine corona-containing si-NPs. Dual 

hydrophobized si-NPs at an N:P of 15 were well-tolerated over the course of six intravenous 

administrations in one month.  These optimized formulations had two-fold higher tumor uptake 

in MDA-MB-231 xenografts than In Vivo-JetPEI® carriers, a commercially available polymeric 

siRNA delivery system. This chapter was a thorough analysis of the impact of formulation 

parameters on nanocarrier pharmacokinetics and toxicity and further developed dual 

hydrophobization as a strategy for future polyplex systems to limit toxic polymer side effects.  

 The third major part of this work (Chapter IV) further investigated the mechanisms of 
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toxicity caused by si-NPs at high N:P ratios. While the work featured in Chapter III highlighted 

methods for overcoming si-NP toxicity based on dual hydrophobization, the luciferase gene 

knockdown achieved in this work was much lower than that of the more toxic formulations 

utilized in Chapter II. Therefore, in the hopes of further improving the overall therapeutic 

window of si-NPs, we sought to further understand the mechanism of si-NP induced toxicities. 

Based on observed symptomatic similarities between mice treated with high dose si-NPs and 

mice treated with high dose adenoviruses, we hypothesized that platelet activating factor (PAF) 

plays a mechanistic role in si-NP toxicity. PAF has been shown to be released by Kupffer 

macrophages in response to systemic adenovirus vector injection and is a potent lipid mediator of 

vasodilation and shock response in both rodents and mice.  

 The work described in Chapter IV is the first to connect PAF to the toxicity mechanisms 

of non-viral nanomedicines of any kind. We have extensively characterized the rapid, acute 

toxicities present upon high-dose si-NP injection, including vasodilation, hemoconcentration, 

edema, and organ congestion. We have shown that inhibition of the PAF receptor (PAFR) with 

ABT-491 completely prevented nanocarrier-associated toxicities. We have additionally 

demonstrated that PAF is secreted into systemic circulation by Kupffer macrophages upon 

stimulation by si-NPs, and that the si-NPs do not activate PAFR directly. We have shown that 

this phenomenon is generalizable in inflammatory tumor-bearing mice to other nanocarrier 

materials, such as commercially available in vivo-JetPEI.  

This work has broad implications for the field of nanomedicine. We have highlighted and 

characterized a novel mechanism of si-NP toxicity, providing a foundation for future nanocarrier 

designs to reduce this toxicity. We have also demonstrated that prophylactic treatment with a 

PAFR inhibitor can prevent si-NP -associated toxicities. As prophylactic steroid treatments are 
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already in use for clinically-approved siRNA nanomedicines, our work outlines a potential 

clinical strategy for increasing the therapeutic window of siRNA nanocarriers.161  

 

5.2 Shortcomings 

 

 Overall, this work has developed a novel polyplex surface corona and a more stable and 

safe formulation of this polyplex, while also characterizing the mechanisms of polyplex-induced 

toxicities. While it is a significant addition to the field of polyplex-based drug delivery, the work 

also contains several shortcomings that merit discussion.  

 First, the polymers themselves utilized in this study possess a number of characteristics 

that would impede their clinical translation. Although RAFT polymerization is highly regarded 

as a controlled polymerization technique that yields monodisperse polymer populations, we and 

others have experienced significant batch-to-batch variability among polymer preparations.201, 202 

Industrial production of polymers would have to significantly control for this variability to obtain 

reproducible polyplex nanocarriers. To overcome this challenge, we have extensively and 

carefully characterized our polymer preparations by 1H-NMR and gel permeation 

chromatography (GPC). However, for the polymers containing PMPC blocks, we were unable to 

characterize corona molecular weight with our GPC system due to insolubility of these polymers 

in the dimethyl formamide (DMF) mobile phase. Thus, for more thorough molecular weight 

characterization of PMPC-containing polymers, we would have to use a system containing an 

even more hydrophilic mobile phase and adequate, controlled standards.  

 Additionally, all the polymers used in these studies are not biodegradable. The long-term 

effects of accumulation of non-biodegradable polymers in cells and tissues is poorly 

understood.203 Future work could also incorporate biodegradable moieties in the polymer 
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backbone to improve their tolerability and long-term safety in living organisms. Future studies 

could incorporate fluorescent rhodamine acrylate monomers to further understand the long-term 

fate of polymers in the body. Another significant limitation of this work that would benefit from 

fluorescent polymer labeling, is that all biodistribution studies were completed using Cy5-labeled 

DNAs. Thus, all biodistribution and tumor uptake studies have tracked nucleic acid cargo, but 

not polymer carrier. Future work should also track polymer components. Additionally, because 

Cy5 is a relatively bulky, hydrophobic fluorophore, it may significantly alter polyplex stability 

and uptake, particularly in vitro. Future studies should identify fluorophore alternatives that are 

less likely to exert hydrophobic forces on the polyplex preparations.  

 The polyplex formulations used in this study also have batch-to-batch variability and can 

range in average size, varying by as much as 50-100 nm between batches. We have overcome 

this problem by thoroughly characterizing each polyplex batch using dynamic light scattering 

prior to use. However, this may be prevented in the future by use of microfluidic mixing 

systems, such as the NanoAssemblr, to ensure more uniformity of mixing and assembly of 

polyplex components.204 Additionally, the polyplexes used in these studies must be made fresh 

for each experiment and are not yet conducive to long-term storage. This shortcoming may be 

overcome in the future by extensive lyophilization studies to identify appropriate excipients that 

will preserve polyplex size, charge, and encapsulation efficiency upon long-term storage and re-

constitution in diluent.205  

 While the overall average size of the polyplex formulations used in these studies was 

consistently around 100 nm, ideal tumor accumulation and uptake by the EPR effect may require 

development of slightly smaller formulations closer to the 50-70 nm range.206 Smaller polyplex 

formulations are more amenable to extravasation in the leaky tumor endothelium, while particles 
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greater than ~40 nm are too large to be filtered through the kidneys. This shortcoming may also 

be solved by future usage of a microfluidic NanoAssemblr system, which has been shown to 

improving packaging of siRNA in particles and may also reduce overall particle size.204   

 A final notable shortcoming with this work is associated with the conjugation of palmitic 

acid to siRNA. While we have demonstrated that hydrophobized siRNAs significantly enhance 

polyplex formulations, the preparation of these siRNAs comes at a high expense with significant 

loss of siRNA in the purification steps. Because efficient conjugation requires high molar 

amounts of palmitic acid-NHS, there remains significant un-reacted palmitic acid left in the 

crude reaction mixture. This palmitic acid can be effectively removed through multiple rounds of 

filtration and column purification, but each purification step results in a significant loss of the 

final product, giving total yields of around 50%. Future work must optimize the purification 

steps to reduce the high cost of production of palmitic acid-siRNA conjugates. This may be 

achievable through the use of modified bases in custom oligonucleotide synthesis reactions.   

  

5.3 Future Work and Potential Applications 

 

 Future work associated with the research described in this work will further optimize si-

NPs for intravenous tumor delivery through a variety of strategies, including core-crosslinking 

(covalent or hydrophobic), alternative zwitterionic corona chemistries, strategies for Kupffer cell 

avoidance, and albumin-binding coronas. Additional work may improve the EPR effect through 

the use of focused ultrasound on the tumor microvasculature. Further work is needed to 

understand the impact of PAFR inhibition on gene knockdown efficacy of si-NPs, with potential 

for significantly increasing the maximum tolerated intravenous dose. Finally, future studies will 

apply si-NPs for in vivo knockdown of Rictor in mouse models of Triple Negative Breast 
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Cancer, with the goal of better understanding the therapeutic potential of selective mTORC2 

silencing.  

  Because our polyplex drug delivery systems are formed by non-covalent, electrostatic 

and hydrophobic complexing between polymer and siRNA, they remain on the lower end of the 

spectrum for nanoparticle circulation times.207 While we were able to extend si-NP half-lives to 

25-30 minutes, many common micellar systems or solid nanoparticle systems circulate with half-

lives on the order of hours or days. One potential solution to this problem that is the subject of 

ongoing work is to develop cross-linking strategies in the polyplex core that will provide greater 

circulation stability. A range of options exist toward this strategy including thermo-responsive 

poly (N-isopropylacrylamide) [pNIPAAm], cyclodextrin-based guest-host chemistry, and the use 

of reducible crosslinking by addition of pyridyl disulfide monomers to the polyplex core.208-210 

An additional strategy that we have explored as part of ongoing work is the use of a third, 100% 

hydrophobic polymer block such as poly(propylene sulfide) to further increase the core stability 

through stronger hydrophobic interactions.  The use of these strategies may also improve the 

silencing efficiency of polyplexes and thereby allow for a reduction in the amount of cationic 

monomer needed for gene knockdown. The reduction in the cationic components would also 

potentially further improve polyplex toxicity. The pyridyl disulfide strategy was recently 

incorporated in polymersome systems with similar polymer components to those of the si-NPs 

used for this study, resulting in nanocarriers that could be repeatedly delivered with minimal 

toxicity.210  

 A second strategy for further optimization of si-NPs may be to incorporate alternative 

types of zwitterionic surface chemistries—namely sulfobetaines and carboxybetaines. 

Sulfobetaines pose challenges related to their limited solubility in solvents other than water. 
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Sulfobetaines have been incorporated as steric shielding for solid silica nanoparticles, as well as 

in DMAEMA-based polyplexes.211, 212 Carboxybetaines have found wider applications in the 

realm of nucleic acid delivery.77, 213, 214 These polymeric materials could be investigated as 

alternative coronas for reduced activation of PAF-related toxicity mechanisms. While we have 

hypothesized in this work that the PAF-releasing effects are associated with increased Kupffer 

cell uptake of PMPC-corona polyplexes, alternative zwitterionic coronas may have lower 

affinities to Kupffer cells and therefore be less inflammatory.  

 Another strategy for reducing polyplex association with Kupffer cells is to incorporate a 

“don’t eat me” signal such as CD47, which has been proven to reduce phagocytosis of 

nanomaterials.215, 216 In vivo, CD47 “self” peptide significantly reduced clearance of 

nanoparticles and improved  both their circulation half-lives and delivery to tumors.216 These 

“self” peptides bind phagocytes and inhibit particle clearance. Based on our data presented in 

Chapter IV, incorporation of CD47 or other phagocytosis-reducing agents may significantly 

reduce si-NP-associated toxicities and increase the amount of polyplexes that can be safely 

injected. Incorporation of other types of peptides to the polyplex corona, such as albumin-

binding peptides, may also significantly enhance the circulation half-life of polyplexes.  

 Another strategy we have begun to explore for improving polyplex tumor uptake is the 

use of focused ultrasound to enhance vascular leakiness. Focused ultrasound (FUS) has already 

been used to improve drug delivery across the blood brain barrier.217 However, the use of FUS 

for solid tumors outside of the brain remains under-studied. Given the heterogeneity of the EPR 

effect, clinically translatable strategies to improve nanomedicine accumulation at the site of a 

tumor are needed.  

 The work on toxicity mechanisms outlined in Chapter IV also suggests that an important 
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subject for future work is the impact of PAFR inhibition on si-NP efficacy. In other words, does 

use of ABT-491 as a prophylactic treatment for si-NP toxicity impact the si-NP silencing 

efficiency in tumors? Additional studies could explore whether pre-treatment with ABT-491 

allows for significant increases in the si-NP dose of administration. Significantly increasing the 

si-NP dose could enhance tumor gene silencing beyond currently achievable levels.  

 The development of safe, efficacious si-NPs is a work in progress. However, this work 

has demonstrated that usage of “dual hydrophobization” strategies at lower N:P ratios or pre-

treatment of mice with a PAFR inhibitor could significantly improve si-NP tolerability. 

Additionally, it is worth noting that si-NPs containing 20 kDa PEG coronas did not significantly 

cause release of PAF and still achieved significantly improved tumor uptake and gene 

knockdown compared to 5 kDa PEG coronas. Thus, the use of 20 kDa PEG-containing 

polyplexes as a less toxic alternative to PMPC-corona polyplexes is worth further exploration.  

  The development of improved siRNA nanocarriers is critical for interrogation of the 

therapeutic impact of inhibiting specific molecular targets. One such target, as mentioned in 

Chapter I, is Rictor, a subunit of mTORC 2. While small molecule inhibitors of mTORC1 

(rapalogs), and mTORC1/2 (dual kinase inhibitors), currently exist, there are no small molecule 

inhibitors specific for mTORC2. Thus, the impact of specific mTORC2 inhibition in TNBC is 

unknown. Dual inhibition of mTORC1/2 has shown more clinical promise than mTORC1 

singular inhibition, which failed to improve clinical outcomes over chemotherapy alone.218 

mTORC1 inhibition is also associated with relief of feedback inhibition on Akt and development 

of resistance. However, mTORC1/2 dual inhibition has been shown to leave a drug-resistant, 

cancer stem cell-like population, primarily due to mTORC1 inhibition.219 Our previous work has 

shown that selective inhibition of Rictor in combination with lapatinib treatment, significantly 
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slowed the growth of HER2-amplified breast cancers. We have also demonstrated preliminary 

data that selective Rictor inhibition effectively reduced tumor growth in at least one model of 

triple negative breast cancer (TNBC).7 Our optimized si-NP delivery technology will be uniquely 

capable of the first investigations of the therapeutic impact of individual mTORC2 silencing 

across multiple sub-types of TNBC.  

 

5.4 Conclusion 

In 2019, just 21 years since the discovery of RNA interference and a mere 16 years since 

the publication of the full sequence of the human genome, we now live in a truly remarkable age 

of “genomic medicine.” Gene therapy holds great promise for a wide variety of diseases, from 

rare disorders to “undruggable” cancer targets. The development of RNAi-based therapeutics has 

seen a rocky road from idea to reality, but our understanding of the delivery challenges and 

toxicity mechanisms is constantly advancing and improving.  

The work described in this dissertation has focused on strategies to improve the 

circulation, tumor gene knockdown, and tolerability of siRNA nanocarriers. We have 

demonstrated the benefits of zwitterionic polyplex coronas for achieving greater efficacy in solid 

tumors compared to PEGylated counterparts. However, we have also extensively characterized 

the toxicity of these advanced nanomaterials. We have highlighted “dual hydrophobization” and 

charge ratio optimization as strategies to significantly improve the stability and safety of 

polymeric nanocarriers while preserving their efficacy. We have also characterized a novel PAF-

related mechanism of nanoparticle-based toxicity previously only known to occur in response to 

adenoviral vectors. Each component of this work enhances our understanding of how to increase 

the gap between minimum efficacious dose and maximum tolerated dose of siRNA nanocarriers. 
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Maximizing the therapeutic window of siRNA nanocarriers will enhance our ability to 

interrogate novel genetic targets across many disease states and will pave the way for a 

revolution in versatile, molecularly-targeted RNAi therapeutics.  
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6APPENDIX A 

 

SUPPLEMENTARY MATERIAL FOR CHAPTER II 

 

 
Supplemental Figure A.S1 1H-NMR data in CDCl3 for 5k PEG ECT and 20k PEG ECT. 

Conjugation efficiency of PEG to ECT was quantified by integrating PEG peak relative to the 

(CCNCH3) ECT peak (δ 1.88 s), and dividing the expected number of protons for that given 

PEG peak (454 for 5k PEG, 1818 for 20k PEG) by the integral of the PEG (δ3.65 s). Efficiencies 

were 87% for 5k PEG ECT and 96% for 20k PEG ECT. 
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Supplemental Figure A.S2 Polymerization of core poly(DMAEMA-co-BMA) block. 

Polymerization conversion was calculated by integrating monomer peaks at δ6.05s and δ5.5s, 

while setting integrals of polymer/monomer peaks in the range of δ3.8-4.2s to 1 at 0 hrs and 24 

hrs. Conversion was calculated by [1-(integral at T24/integral at T0)]. CDCl3 solvent.   
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Supplemental Figure A.S 3- 1H-NMR of polymer panel-continued on next page 
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Supplemental Figure A.S 3 1H-NMR of polymer panel. Polymer repeating units for 5k PEG 

and 20k PEG were calculated by comparing DMAEMA (δ4.05 s) and BMA (δ3.95 s) peak 

integrals to PEG integrals (δ3.65s) (in CDCl3). For PMPC (MeOD) and POEGMA polymers 

(CDCl3), PMPC and POEGMA peaks (labeled) were integrated relative to known DMAEMA 

and BMA lengths (from DB ECT NMR).  DMAEMA:BMA ratios of ~50:50 were confirmed 

using this method. 
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Supplemental Figure A.S4 TEM images of polyplex suspensions at N+:P- 20, 0.5 mg/mL 

polymer, counterstained with 3 % uranyl acetate. All scale bars represent 200 nm. TEM confirms 

DLS data that particle sizes are in 100-150nm range. Note that dried particles are typically 

smaller in appearance on TEM than hydrated particles measured by DLS.  
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Supplemental Figure A.S5 Alternative polyplex coronas (N+:P- 20) improve stability in FBS 

compared to traditional 5k PEG coronas. (A) Over 100 minutes, polyplexes remain stable in 10% 

serum. In 30% serum (B), polyplexes are partially destabilized over longer time periods, with no 

significant differences between PMPC, POEGMA, and 20k PEG coronas. 
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Supplemental Figure A.S6 Hemolysis panel of polymer library at lower concentration of 

polymer. Polyplexes were formulated at N+:P- ratios of 20:1. Polyplexes at 5 µg/mL polymer 

showed similar hemolytic properties to 40 µg/mL samples. Results represent average of n=3 

experiments. 
 

 
 

 

Supplemental Figure A.S7 Cell viability in MDA-MB-231s 48 hours post polyplex 

introduction. All polyplexes maintained greater than 75% cell viability. Polyplexes were 

delivered with 100 nM scrambled siRNA at N+:P- 20. 
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Supplemental Figure A.S8 Flow Gating  (A) Example of low-medium-high gating on Alexa488 

fluorescence. (B) Histograms for all flow samples. MDA-MB-231 cells were treated with 

polyplexes bearing 100 nM A488-siRNA for 24 hours (N+:P- 20). 
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Supplemental Figure A.S9 Raw ITC panel. Panels display raw thermodynamic ITC data, with 

µcal/sec on the y axis and time on the x axis. Each peak represents heat change associated with a 

10 µL injection of 15 mg/mL BSA (exothermic is negative). 
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Supplemental Figure A.S10 Gel retention assay of FBS-incubated polyplexes. Polyplexes 

(100nM siRNA, N+:P- 20) were incubated with 5% FBS and run on an agarose gel, which was 

then stained for protein using SYPRO Ruby. The cationic control exhibits intense protein 

staining within the loading well, while the appearance of binding to all other polyplexes was 

negligible and appeared similar to the FBS only control. 
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Supplemental Figure A.S11 Tissue biodistribution of Cy5-siRNA 20 min post-injection. Data 

represent average of n=5 animals. Polyplexes were administered at a dose of 1 mg/kg siRNA, 

N+:P- 20. 

 

 

 
Supplemental Figure A.S12 Body weight measurements of tumor bearing mice throughout 10-

day study period show that there were no significant differences in body weight between mice 

receiving different polyplex treatments. 
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Supplemental Figure A.S13 Biodistribution of PEGylated vs zwitterated polyplexes at 24 hours 

in tumor-bearing mice (N+:P- 20). At 24 hours, although 20k PMPC DB and 20k PEG DB 

average fluorescence values in tumors were both higher than 5k PEG DB, there was no 

significant difference between the high molecular weight coronas. 
 

 

 
 

 
Supplemental Figure A.S14 Percent of cells taking up polyplexes in vitro over time. 20k PMPC 

polyplexes penetrated nearly 100% of cells in vitro after only 4 hours, significantly more than 5k 

PEG or 20k PEG polyplexes.  
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7APPENDIX B 

SUPPLEMENTARY MATERIAL FOR CHAPTER III 

Supplementary Table 1 Sequences of Relevant Oligonucleotides 
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Supplemental Figure B.S1 PMPCDB Characterization  (A) GPC of the monodisperse core DB 

ECT polymer block in DMF. (B) 1H-NMR spectra of PMPC-DB polymers in MeOD. Each 

identified peak of interest corresponds to 2 H+ unless otherwise noted. PMPC peaks were 

quantified by comparison to known quantities of DMAEMA and BMA in the core polymer block 

(integrate peak b at δ2.66 and set at the number of repeating units of DMAEMA multiplied by 2 

[152 in example shown]; integral of peaks e (δ4.24) and g (δ3.76) each indicate the number of 

repeating units of the MPC monomer times two [~138 in example shown]. The number of 

repeating units of DMAEMA and BMA were determined by 1H-NMR as indicated in previously 

published work).  
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Supplemental Figure B.S2 Additional in vitro characterization.  (A) P(MPC-bl-DMAEMA-co-

BMA) polymers were free of endotoxin contamination. (B) At 48 hours after si-NP introduction 

and 24 hours after si-NP removal, cell viability was recovered at all doses except 300 nM, where 

N:P ratio-dependent toxicity persisted. (C) All si-NPs exhibited significantly increased cell 

uptake compared to equivalent doses of lipofectamine 2000 (n=3, p<0.01).  
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Supplemental Figure B.S3 Incubation of NPs in 40 U/mL heparin or 50 wt% bovine serum 

albumin (BSA) for 10 min did not significantly shift NP hydrodynamic size. NPs formulated at 

10 (A), 15 (B), 20 (C), 10 PA (D), 15 PA (E), or 20 PA (F) retained size distribution in the 

presence of heparin or albumin challenge.  
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Supplemental Figure B.S4 Additional NP pharmacokinetic and biodistribution analysis. (A) 

Extended nonlinear regression curves for each siNP formulation. (B) Log-phase pharmacokinetic 

curves are linear, demonstrating single phase decay kinetics. (C)Total radiant efficiency values 

for each organ from mice injected with each siNP formulation reveals significantly lower kidney 

accumulation for 20PA and 15PA siNPs compared to siNPs at 20 (n=5, p<0.05).  
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Supplemental Figure B.S5 Repeat NP treatments did not cause variation in body weight. Body 

weights of mice injected with (A) 3 doses of 1 mg/kg NPs over 1 week or (B) 6 doses of 1 mg/kg 

NPs over 1 month. No significant changes in body weight were detected for mice treated with 

any of the formulations.  
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Supplemental Figure B.S6 No CBC differences were detected for any NPs tested in the 

repeated treatment protocol.  (A-F) Complete blood count for mice subjected to 3-injection 

dosing course.(G-I) Additional complete blood count values, including (G, J) eosinophils (EO), 

basophils (BA), reticulocytes (RETIC); (H,K) mean corpuscular volume (MCV), mean platelet 

volume (MPV), and red cell standard deviation (RSD); (I,L) and hematocrit (HCT), platelet 

distribution width (PDW), red cell distribution width (RDW), and plateletcrit (PCT) for a 3-

injection course (G-I) and a 6-injection course (J-L). 
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Supplemental Figure B.S7 Histopathology of mice from the 6-time treatment course. All scale 

bars represent 100 μm. (A) Kidneys from mice treated with all formulations of NPs were rated as 

normal. (B) Lung and spleens also showed no changes from saline-treated mice. Here only the 

saline and 20 PA –treated mouse organs are shown. (C) Of 5 mice treated with 15 PA 

formulations, only a single instance of focal necrosis was observed. In the 20 PA-treated group, 

areas of focal necrosis were larger and present in 2/5 mice. 
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Supplemental Figure B.S8 Liver histology grading after 6-injection course. (A) Slides were 

graded by a blinded veterinary pathologist for focal necroses or single-cell necroses. (B) Livers 

from mice treated with CCl4 were used as a positive control and displayed a high level of 

necrosis. 
 

 

 

 
Supplemental Figure B.S9 T Cells and B Cells  (A) T cell and (B) B cell percentages in the 

livers of mice treated with 6 injections of each siNP formulation indicate no significant change in 

the percentages of infiltrating adaptive immune cells.  
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Supplemental Figure B.S10 Representative flow cytometry plots for gating and measurement of 

liver lymphocytes.  Cells were pre-gated on live, single lymphocytes. (A) Myeloid dendritic cells 

were gated as CD11b+ CD11c+. Non-myeloid dendritic cells (n-mDCs) were CD11b-CD11c+. 

(B) Macrophages and neutrophils were pre-gated from CD11b+ CD11c - . Macrophages were 

then gated for F4/80+ Ly6G -, while neutrophils were Ly6G+. (C) T cells and B cells were gated 

as CD5+ B220- and CD5- B220+ , respectively. Cell populations were quantified as percent of 

live, single immune cells. 
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Supplemental Figure B.S11 Immunogenicity of PMPC-based NP formulations. Serum samples 

from mice treated with long-circulating 15 PA and 20 PA siPA-NP particles show no evidence of 

antibody production against phosphocholine (n=3, p<0.01) 
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8 APPENDIX C 

 

SUPPLEMENTARY MATERIAL FOR CHAPTER IV 

 

 
Supplemental Figure C.S1 1H-NMR of synthesis of poly(DMAEMA-co-BMA). Monomer 

conversion was calculated based on the disappearance of monomer peaks, as shown ((0.9899-

0.2614)/0.9899). CDCl3 solvent.  
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Supplemental Figure C.S2 1H-NMR demonstrating synthesis of poly(BMA). Monomer 

conversion was calculated based on the disappearance of monomer peaks, as shown. CDCl3 

solvent.  
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Supplemental Figure C.S3 1H-NMR  characterizations for each RAFT polymer utilized in this 

work. Top-PMPC-DB, solvent MeOD. Middle panel- 20k PEG DB, solvent CDCl3. Bottom 

panel- PMPC-BMA, solvent MeOD.  
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Supplemental Figure C.S4 PMPC-DB polymers were free of endotoxin contamination, as 

determined by the chromogenic LAL test (GenScript).  

 

 

 

 
Supplemental Figure C.S5 Mice treated with si-NPs exhibited no signs of increased plasma 

histamine  (A) or nitric oxide (B). Myeloperoxidase activity was slightly increased (indicated by 

reduction in TNB substrate) compared to saline-treated mice. (C) 
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Supplemental Figure C.S6 Additional complete blood count information for si-NP-treated and 

ABT-491-pre-treated mice, including total white blood cells (A), neutrophils (B), lymphocytes 

(C), monocytes (D), and platelets (E).  
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Supplemental Figure C.S7 Si-NP Characterization Data A) Table of polymer characteristics, 

including Mn and degree of polymerization (DP).  B) DLS curves of each si-NP formulation 
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Supplemental Figure C.S8 Additional H&Es for BALB/c mice treated with each si-NP 

formulation. Scale bars= 100 µm 
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Supplemental Figure C.S9 Additional H&Es for BALB/c mice bearing 4T1 tumors and treated 

with each si-NP formulation. Scale bars= 100 µm 

 

 



184 

 

 

 

Supplemental Figure C.S10 IVIS quantification of liver fluorescence for particles containing 

PMPC vs. PEG coronas. Nude mice bearing MDA-MB-231 tumors were injected with 1 mg/kg 

of each formulation bearing Cy5-labeled nanoparticles. Fluorescence in livers was quantified at 2 

hours post-injection.  
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