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ABSTRACT 

 

Gene therapy has garnered significant interest over the past few decades as an 

innovative approach for regulating protein expression towards the treatment of (i) 

genetic disorders – including cystic fibrosis, severe combined immunodeficiency 

(SCID), and muscular dystrophy, (ii) acquired/infectious diseases – such as Hepatitis 

and HIV/AIDS, and (iii) multiple varieties of cancer.  Non-viral gene delivery 

approaches have received particular attention due their low toxicity, high nucleic acid 

storage capacity, and tailorability as compared to their viral counterparts.  However, 

the efficiency and clinical realization of non-viral delivery vehicles has been limited 

by an incomplete understanding of their assembly, subcellular trafficking, and 

intracellular release mechanisms.  Thus, the goal of this work was to develop 

strategies to understand and direct gene association and release using non-viral 

carriers, with the aim of improving current delivery platforms.  Specific milestones of 

these studies include (1) the identification of the structural and functional 

consequences of fluorescent labeling of polymeric carriers for intracellular 

investigations, (2) the development of materials with tunable gene association and 

release capacity, as well as (3) the identification of novel non-viral approaches to 

address the functional requirements of gene transfer while promoting versatile 

preparation methods and facile cell-responsive delivery. 

A systematic investigation of the impact of fluorescent modification of an 

established polymer carrier, polyethylenimine, indicated that the incorporation of 
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hydrophobic labeling moieties weakened gene association and promoted increased 

heterogeneity in polyplex structure.  Additionally, cellular investigations identified 

extracellular aggregation and reduced polyplex uptake as a result of this routinely 

employed structural modification.  In the design of controllable methods for 

promoting gene association and release, a polymeric delivery platform with light-

responsive groups along the cationic segment of the polymer backbone was designed 

to provide controlled nucleic acid assembly and a user-defined method for intracellular 

release.  Additionally, light-mediated polyplex destabilization demonstrated 

significant utility in siRNA delivery as observed through efficient siRNA release and 

enhanced protein silencing compared to a commercial Lipofectamine lipoplex.   The 

demonstrated benefits of this stimuli-responsive delivery method motivated a cell-

responsive approach to control gene association and release.  A novel polymer-peptide 

conjugate with functional capabilities for controlled release, cell targeting, and 

endosomal escape was developed to address the numerous functional requirements in 

the gene delivery pathway.  

Ultimately, the clinical realization of gene therapies will rely on the 

development of methods to elucidate and control gene association and release along 

the delivery pathway.  This will require the development of delivery vehicles whose 

physical and biochemical properties enable them to appropriately navigate the intra- 

and extracellular space.  In total, this dissertation provides new evidence of the role of 

structural modifications (including fluorescent probes, targeting ligands and stimuli-

responsive groups) for promoting efficient gene association and subsequent delivery 

and contributes to the growing body of literature to improve our fundamental 

understanding of the processing of non-viral carriers. 
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Chapter 1 

CURRENT STRATEGIES FOR NON-VIRAL GENE DELIVERY 

1.1 Motivation and Overall Goal of Thesis 

Gene transfer is a promising therapeutic approach and experimental tool for 

introducing plasmid DNA, oligonucleotides, short interfering RNA (siRNA), or 

messenger RNA (mRNA) into eukaryotic cells for a variety of research and drug 

discovery applications.  Specifically, gene therapy presents researchers with the 

opportunity to: (1) study gene function, (2) establish disease models, and (3) regulate 

protein expression.  Therapeutic strategies have been geared toward applications in 

disease treatment and regenerative medicine, including the development of materials 

for wound healing, infectious disease, as well as a range of acquired and heritable 

genetic diseases ailments.  

The vast majority of current gene delivery vehicles involve genetic 

modification of viruses, which have naturally evolved efficient mechanisms for 

internalization and transfer of their genetic material. Modification of these viral 

vectors then involves replacement of the viral genome with therapeutic nucleic acid 

prior to therapeutic application. As of January 2014, ~67% of ongoing worldwide 

clinical trials involved viral vectors and a number of these strategies have seen recent 

success in the clinic.
1
  In one such example, researchers at Amgen have developed a 

re-engineered virus for the selective infection of cancer cells demonstrating reduction 

in tumor occurrence, delivery to metastatic sites and complete tumor disappearance in 

11% of the patients in the study.
2
   Similar successes have been observed with the 



 2 

improvement in vision of patients of the Children’s Hospital of Philadelphia being 

treated for Leber’s congenital amaurosis.
3-6

  Despite these encouraging results and the 

high efficiency of transduction using viral methods, it is of note that there are no FDA 

approved gene therapies on the US market.  Unfortunately the viral delivery has faced 

several adverse effects associated with non-specific viral DNA insertion,
7-9

 the 

occurrence of carcinomas in a number of patients thought to be successfully treated,
10, 

11
 and in some cases patient death.

12, 13
  These roadblocks to the application of viral 

methods have led to increasing interest into non-viral delivery approaches. 

Non-viral gene delivery strategies use synthetic components to facilitate 

delivery. These vectors are an attractive alternative to their viral counterparts due to 

several advantageous properties, including low toxicity and a lack of innate 

immunogenicity.
14

  Additionally, these synthetic approaches can be molecularly tuned 

for improved control over gene delivery. Specifically, cell or tissue-specific 

functionalities can be incorporated into the design of non-viral vectors and other 

chemical modifications can be used to allow for spatial and temporal control of 

delivery.  Furthermore, non-viral polymer and lipid packaging materials are also easier 

to scale-up and have a higher stability for long-term storage compared to their viral 

counterparts.  

Unfortunately, the low gene transfer efficiency of non-viral delivery methods 

represents a major limitation towards their clinical application. While viruses have 

naturally evolved to transport their genetic material to intracellular targets non-viral 

carriers are much less efficient at overcoming the various stages of transport along the 

delivery pathway. Additionally, there are several poorly understood aspects of 

subcellular delivery and inconsistent behaviors across a number of non-viral carriers.  
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It has become increasingly evident that the success of non-viral gene therapy depends 

on effectively linking vector design and delivery approaches to address the complexity 

of the cellular space. Thus, the presented studies aimed to develop: (i) methods to 

understand gene association/release and (ii) novel design strategies to control gene 

association/release for improved delivery. The following sections will detail the 

current understanding of the delivery process, as well as some of the state-of-the-art 

methods that have been used to address the physiological barriers to efficient delivery.  

1.2 Improving Delivery: Addressing the Physiological Barriers to Non-viral 

Transfer 

The majority of non-viral carriers currently being explored for nucleic acid 

delivery are cationic in nature. These systems assemble by electrostatic interactions 

between the cationic groups in a lipid or polymer (N) and the anionic phosphates in 

the nucleic acid (P), leading to the formation of condensed lipoplexes (for lipid 

assemblies) or polyplexes (for polymer-based carriers).  The assembly of polyplex 

structures is routinely reported in terms of an N/P ratio, where efficiently condensed 

complexes possess a net positive charge (positive N/P) and are able to tightly 

condense and protect the nucleic acid during the stages of delivery. However, several 

extracellular and intracellular barriers restrict gene transfer from these structures.
15-20

  

As seen in Figure 1.1, the polyplexes must address multiple challenges including 

efficient transport through the blood stream and the extracellular space, cellular 

recognition and adhesion to the cell surface, cellular internalization, trafficking to the 

appropriate intracellular target, and unpackaging of the nucleic acid. The following 

sections will highlight the various physiological barriers to delivery as well as current 
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strategies and attempts to overcome these barriers to improve non-viral delivery 

methods.   

 

 

  

Figure 1.1  The physiological barriers that decrease the efficiency of non-viral 

gene delivery include a) stability in the bloodstream, b) accumulation 

into the target tissue, c) transport in the extracellular space, d) 

cellular adhesion and uptake, e) intracellular trafficking, and f) 

vector unpackaging. 
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1.2.1 Improving Extracellular Transport  

Although a number of non-viral vectors provide high gene transfer activity in 

vitro, there have been several limitations for in vivo applications.
21

  In particular, in 

vivo applications do not allow for the large therapeutic dosages and excess DNA 

which are possible in vitro, and also face several physiological barriers along the 

delivery pathway.  Barriers to delivery exist in the epithelial space, endothelial cell 

linings and the extracellular matrix surrounding the cells, which prevent direct access 

of macromolecules to the target cells. Additionally, nucleases in the extracellular 

space can degrade free nucleic acids rapidly, within 20 min following administration.
22

 

Therapies delivered via intravenous administration must travel through the 

bloodstream and overcome these physiological barriers for successful delivery at a 

target site. 

1.2.1.1 Prolonged Circulation 

One significant obstacle to effective delivery is clearance by the 

reticuloendothelial system (RES),
23, 24

 which is initiated by interactions between 

foreign particles and the phagocytic cells in the blood. Phagocytic cells in the blood 

and tissues serve key roles in the recognition and clearance of dying cells and invading 

microbes.
25-27

  These cells respond similarly to injected therapeutic particles, resulting 

in reduced therapeutic efficacy.
28, 29

  Numerous studies have demonstrated clearance 

by the RES within minutes if the delivery vector is not protected from opsonization.
23, 

24, 30, 31
  Hydrophobic and/or charged nanoparticles are particularly vulnerable to 

opsonization resulting in shorter circulation half-lives.
32, 33

  

A number of properties affect the circulation time of non-viral carriers and 

have been considered in the rational design of improved structures to prolong 
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circulation and improve transport.   Specifically, the carrier size, shape and surface 

coating have all been identified as factors that should be considered in designing long-

circulating particles. As such the following sections will discuss a number of strategies 

which have been used to reduce the rapid clearance from the blood stream and uptake 

by the liver and the spleen by modification of these properties.  

1.2.1.1.1 Effects of carrier size and geometry on in vivo circulation 

The carrier size has been shown to be a crucial determinant of the in vivo 

transport of nanostructures for drug and gene delivery, and a number of studies have 

demonstrated that smaller particles (10-200nm) are better at avoiding immune 

recognition and phagocytic clearance than larger structures.
34-36

   In one particular 

study, Fang and coworkers developed poly(methoxypolyethyleneglycol cyanoacrylate-

co-n-hexadecyl cyanoacrylate) (PEG-PHDCA) nanoparticles at 80, 170 and 240 nm to 

explore this phenomenon.
36

  In this work, they demonstrated less than 20% uptake by 

macrophages and a 24-fold increase in the serum half-life of their 80nm particles.  

Similarly, Pessault et al. identified that smaller PEGylated nanoparticles have longer 

blood-circulation half-life in their preparation of PEGylated gold nanoparticles.
34

 

More recent approaches to prolong circulation demonstrate that geometry plays 

a crucial role in the in vivo behavior of circulating therapies.
37

  In fact, in a study using 

polystyrene particle of various shapes and sizes, Champion and Mitragotri 

demonstrate that local particle shape determines whether macrophages initiate 

phagocytosis of circulating particles.
38

  A number of research groups have shown that 

non-spherical structures are favorable for prolonged circulation and exploited this 

result in the fabrication of delivery structures.
39-41

  For example, in the comparison of 

soft spherical assemblies with flexible filaments, Geng and coworkers found that the 
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in vivo circulation time for the nonspherical filomicelles was about 10 times longer 

than their analogous spherical counterparts.
41

 

1.2.1.1.2 Surface modifications and stealth coating  

Hydrophobic or charged nanoparticles have been shown to have a shorter 

circulation half –life than uncharged structures due to high levels of opsonization.
32, 33

  

As such, a number of delivery platforms have employed modified surface coatings to 

improve in vivo circulation.  

Passive “stealth coatings” have been the primary approach for prolonging in 

vivo circulation. With this strategy, therapies developed for systemic application are 

typically coated with an electrostatically neutral, hydrophilic surface layer to extend 

the circulation times of non-viral carriers in vivo.
42

  This “stealth coating” forms a 

flexible layer, providing steric hindrance for the adsorption of opsonins and resisting 

phagocytic uptake.
43, 44

 Figure 1.2 shows some of the approaches which have been 

used for applying a passive stealth coating.  Poly(ethylene glycol) (PEG) has been 

used as a stealth coating for delivery in the majority of studies,
28, 45-47

 however a 

number of polymers based on poly(oxazoline),
48

 polyvinyl alcohol,
49

 poly(glycerol),
50

 

poly-N-vinylpyrrolidone,
51

 and poly[N-(2-hydroxypropyl)methacrylamide]
52-54

 have 

also been investigated.  These hydrophilic polymers have been incorporated through 

various approaches including copolymerization in which the stealth polymer is 

prepared in a block copolymer architecture. This method allows for scalability in 

preparation, however a number of research groups have identified steric concerns with 

the stealth block reducing the complexation efficiency of the block copolymer.
55

  

Alternatively, several lipoplex and polyplex strategies have involved stealth 

modification following complexation.
56, 57

  While this method has reduced effects on 
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complexation efficiency, there are challenges with the scalability of this process.  In a 

novel approach, Davis and coworkers demonstrated the development of cyclodextrin-

based polymer (CDP) inclusion complexes with current clinical applications in siRNA 

delivery.
58

  These inclusion complexes, with surface cyclodextrins, allow for surface 

modification with PEG-adamantane and enable efficient siRNA and scalable 

preparation.  Despite successful use of passive stealth coatings for surface protection 

of a number of gene delivery vectors, the vast majority recognize a few disadvantages 

of surface modification in delivery. Specifically, the polymer coating has been shown 

to reduce polyplex interactions with the cell surface, hinder uptake in target cells and 

limit subsequent drug release in a number of carriers.
59-61

  Several attempts have been 

made to enhance the efficacy of these delivery vehicles by controlled cleavage of the 

polymer coating using stimuli responsive groups, which will be discussed in detail 

later in this chapter.  

As an alternative to passive “stealth” delivery approaches, active strategies to 

control immune suppression have recently come to the forefront.  In particular, in a 

recent study Discher and coworkers identified minimal “self” peptides by 

computational design of the CD47 membrane protein.
62

  This membrane protein has 

been shown to impede phagocytosis in mice and is reportedly a marker of “self”.
63

   In 

this work Discher et al. demonstrate delayed macrophage-mediated clearance of 

nanoparticles to promote persistent circulation.
62
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Figure 1.2  Surface modification of non-viral carriers for a) prolonged 

circulation and b) tissue and cell targeting. Stimuli-responsive 

groups allow for controlled deshielding of the stealth 

coating/polymers (green). Polyplex (DNA (red)-cationic polymer 

(blue)) shown as an example.  

1.2.1.2 Tissue targeting 

Provided the delivery vehicle remains stable during circulation, it must be able 

to navigate to a target cell. Unfortunately, developing methods to predictably control 

delivery to target tissues is a significant hurdle to effective delivery and there is 

currently no ‘magic bullet’ for targeted delivery. Targeted delivery approaches attempt 

to take advantage of the unique physical properties of the target tissues. For example, 

polyplex systems can be designed to passively accumulate in organs such as the liver 
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due to the presence of 100-200 nm sinusoidal capillaries along the endothelial wall 

and absence of basal lamina.
64

  Similarly, passive targeting approaches are often 

employed for delivery to tumor tissue due to the increased levels of vascularization 

and enhanced vascular permeability.  Tumor vessels are highly disorganized, with 

poor lymphatic drainage and enlarged gap junctions between endothelial cells. This 

'leaky' vascularization, as well poor lymphatic drainage leads to enhanced 

accumulation in the tumor vasculature, and is termed the enhanced permeability and 

retention (EPR) effect.  The EPR effect allows for the passive migration of 

macromolecules up to 400 nm in diameter into the tumor tissue. 
65

   However, efforts 

to utilize passive targeting approaches such as those employing the EPR effect suffer 

poor control over delivery and place restrictions on the types of therapies that can be 

delivered by this method. Specifically, this targeting approach requires that therapies 

are long-circulating to provide sufficient accumulation in the tumor tissue.   

Active targeting approaches can enhance the therapeutic efficacy of polyplexes 

by increasing accumulation at target sites. High affinity ligands including antibodies, 

aptamers, peptides, and various small molecules that bind to receptors on the cell 

surface have been incorporated into a number of polyplex delivery vehicles to improve 

targeting. 
66, 67

 Interestingly, a number of studies have indicated that the target ligand 

does not influence biodistribution and bulk localization, but instead influences the 

distribution within the tissue (i.e. in targeted cells versus non-targeted).  For example, 

Bartlett and coworkers demonstrated similar whole body distribution using untargeted 

and transferrin-targeted siRNA nanoparticles, but more pronounced gene inhibition in 

cancer cells using the targeted strategy.
68

  Similarly, Park et al. showed enhanced 

localization of targeted liposomes in tumor cells despite no enhancements in 
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accumulation in tumor tissues compared to untargeted controls.
69

 In a novel active 

targeting approach, studies by Schnitzer and coworkers demonstrate the utility in 

targeting caveolae to overcome the restrictive endothelial cell barrier and mediate 

active pumping of nanoparticles into the lung.
70

  Specifically, they use quantitative 

proteomics to identify aminopeptidase P (APP) concentrated in caveolae of the lung 

endothelium and demonstrate rapid caveolae-mediate transport (within seconds) of 

APP-targeted nanoparticles against a concentration gradient.  

Unfortunately, active targeting approaches have yet to demonstrate significant 

utility in a clinical setting.  Specifically, active targeting requires the identification of 

unique molecular targets that are expressed exclusively, or at significantly higher 

levels, in a target tissue. Only then can these methods provide predictable control over 

targeted non-viral delivery. 

1.2.2 Cellular Adhesion and Uptake  

Following arrival at a target cell, polyplexes must bind to the cell surface, be 

internalized, and traffic towards the specific intracellular target – typically either the 

nucleus (gene-encoding DNA) or cytosol (mRNA, siRNA, antisense DNA). However, 

transport across the cell membrane is one of the biggest hurdles to efficient gene 

transfer, as the lipophilic nature of the plasma membrane restricts cellular entry of 

most macromolecular therapeutics. Adhesion to the cell surface and subsequent 

endocytic internalization is typically accomplished by one of two methods:  targeted 

binding to receptors on the cell surface to facilitate directed uptake;
71

 or non-specific 

electrostatic binding to the anionic glycosaminoglycan (GAG) residues on the cell 

surface followed by non-selective endocytosis.
72

  During cellular uptake, the cell 
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invaginates portions of the plasma membrane and accompanying extracellular fluid.  

Endocytosis then delivers internalized cargo to sorting compartments within the cell, 

followed by trafficking to various subcellular destinations. The following sections 

discuss the various modes of cellular entry and the subsequent subcellular trafficking 

of internalized molecules.  

1.2.2.1 Ligand-mediated cellular uptake 

There has been considerable effort focused on designing carriers to improve 

the efficiency and specificity of cellular uptake. A number of ligands have been shown 

to stimulate targeted and non-specific uptake of therapeutic agents.  These materials 

can be divided into two distinct classes. The first class consists of targeting ligands 

with the potential to bind to specific cell-surface receptors with high affinity and 

selectivity. These include antibodies, small molecules, and a number of cell targeted 

peptides (CTPs) demonstrating high affinity for a targeted cell surface receptor. The 

second class utilizes materials with the ability to non-specifically interact with the cell 

surface and enhance cell entry. The majority of these materials are peptides derived 

from protein transduction domains (PTDs), or cell-penetrating peptides (CPPs). 

1.2.2.1.1 CTP-mediated uptake 

CTPs and conjugated structures primarily internalize by a receptor-mediated 

process.  This delivery strategy is an attractive option since it allows for cell-specific 

therapeutic delivery.  Various CTPs have been identified by combinatorial approaches 

to take advantage of this process.  These CTPs show high affinity and specificity upon 

interaction with cell surface receptors, and are internalized by receptor-mediated 

endocytosis. Such sequences are designed to take advantage of differences in the 



 13 

expression levels of key cell surface receptors that occur during the progression of 

various diseases.
73

  For example, in the last decade, receptor targeted strategies for 

cancer therapy have been widely researched. Perhaps the most notable CTP for this 

application is the arginine-glycine-aspartic acid (RGD) tripeptide is derived from the 

binding domain of fibronectin, and collagen and is also present in some isoforms of 

the basement membrane protein laminin.
74

  RGD serves as a ligand for the αvβ3 and 

α5β1 integrins which are upregulated in cancer cells.
75-78

  For targeted cancer therapy, 

researchers have demonstrated enhanced transfection when RGD moieties are grafted 

onto nanocarriers such as polymer conjugates, polyplexes, liposomes and micelles.
79

  

In addition to peptide-mediated targeting, there are also a number of well-

characterized targeting groups including cholera toxin B, folic acid, low-density 

lipoprotein, nicotinic acid, riboflavin and transferrin
80-82

 with potential utility for 

targeted gene delivery.  Additionally, a few of these targeting systems have seen 

translation to the clinic and are now being investigated in human trials. One 

particularly well known targeting system is the cyclodextrin-based siRNA delivery 

system in clinical development at Arrowhead Pharmaceuticals. This formulation, 

termed CALAA-01 utilizes a transferrin displayed on the nanoparticle surface to target 

transferrin receptors that are overexpressed in tumor cells,
83-86

 and has been shown to 

provide tumor-specific gene knockdown in patients with metastatic melanoma.
58

 

1.2.2.1.2 CPP/PTD-mediated uptake 

In the second strategy for stimulating cellular internalization, many carriers 

incorporate CPPs due to their demonstrated robust cellular uptake. These PTDs/CPPs 

are rich in positively charged amino acids such as lysine (K) and arginine (R), and 

initiate translocation across cell membranes by binding to anionic cell surface residues 
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through electrostatic interactions. The specific mechanisms for CPP-mediated delivery 

are very diverse and have not been completely elucidated. In fact, the preferred 

mechanism of CPP-mediated uptake has been shown to vary based on 

physicochemical properties, cargo, as well as cell type.
17, 87-92

  

The library of CPPs can be further dived into two groups according to their 

binding properties.  The first group of CPPs, classified by their non-amphipathic 

polycationic structure, consists of highly charged peptides, which show a high affinity 

for the anionic GAG chains on the cell surface. This group of CPPs shows tremendous 

diversity in their mode of cellular entry depending on the attached therapeutic cargo, 

as well as the mode of CPP incorporation into the nanostructure
90, 91, 93-99

  One such 

example, the transactivator of transcription (TAT) peptide has been one of the most 

widely studied CPPs due to its ability to transport a wide range of cargo across cell 

membranes.
95, 100

 TAT is derived from the transcriptional activator protein that is 

encoded by human immunodeficiency virus type 1 (HIV-1), and it has been used to 

deliver multiple therapeutics including genetic material, proteins, and the anticancer 

drugs doxorubicin and paclitaxcel.
98, 101

  TAT peptide has directed different 

internalization routes dependent on the attached cargo. Specifically, it has been 

suggested that TAT complexes with larger cargo preferentially internalize through 

endocytosis, whereas TAT complexes carrying smaller cargo internalize via direct 

membrane penetration/fusion
91

  which is a common uptake route for the second group 

of CPPs that will be discussed below. Researchers have also identified cargo-

dependent differences in the cellular distribution of TAT-associated structures 

following cellular uptake. For example, Guterstam and coworkers prepared a 

fluorescein isothiocyanate (FITC) labeled TAT peptide which displayed a diffuse 



 15 

cellular distribution following uptake.
87

 In contrast, the delivery of TAT-Cre 

constructs prepared using Cre recombinase of bacteriophage P1 and TAT fused to 

quantum dots demonstrated a vesicular distribution of peptide within the cell, 

suggesting the involvement of endocytosis and vesicular entrapment.
91

  

The second group of CPPs consists of amphipathic peptides with sequential 

hydrophobic and hydrophilic residues along their primary structure. The proposed 

cellular entry mechanism for this group of CPPs is direct membrane penetration.  

These peptides are thought to bind to and insert themselves into neutral and anionic 

membranes via hydrophobic interactions and have been shown to form transmembrane 

pores. For example, a synthetic peptide derived from the hydrophobic fusion peptide 

of HIV-1 gp41 and the hydrophilic nuclear localization sequence of SV40 large T 

antigen, known as MPG, is thought to form a β-barrel structure as part of a transient 

pore facilitating cell uptake.
102

 Structural and chemical investigations with and without 

an associated cargo have demonstrated strong MPG interactions and spontaneous 

penetration of lipid-phase and natural membranes.
103

  Specifically, circular dichroism 

analysis by Deshayes and coworkers using free peptide and MPG-oligonucleotide 

complexes revealed a transition from a non-structured conformation to a β-sheet upon 

interaction with phospholipids leading to induced membrane permeability.
102

 

1.2.2.2 Cellular uptake routes and subcellular trafficking 

There are multiple pathways through which polyplexes can actively enter cells 

and the precise mechanism is dependent on numerous factors including the size, 

charge, and surface functionality of the internalized molecule.
104, 105

  The most 

commonly discussed and extensively studied methods of internalization are shown in 

Figure 1.3.  These include macropinocytosis, clathrin-mediated endocytosis, and 
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caveolae-mediated endocytosis,
106-109

 which can shuttle cargo into cells following 

either non-specific internalization (in the case of macropinocytosis) or receptor-

mediated uptake. Carriers displaying a positive surface charge, such as cationic 

polyplexes, have the ability to non-specifically interact with the negatively charged 

cell surface and can be internalized by macropinocytosis. This process involves the 

formation of actin-coated vesicles on the surface and is usually preceded by membrane 

ruffling due to actin polymerization. Macropinosomes vary in their eventual 

intracellular fate and may merge into endosomes and lysosomes or recycle cargo back 

to the cell surface for exocytosis.
82, 88, 110-113

  

Cellular uptake may also occur through receptor–mediated endocytosis by 

binding to cell surface receptors and trafficking through clathrin or caveloae mediated 

endocytosis.  Clathrin-mediated endocytosis is currently the most well understood of 

the intracellular trafficking pathways.  Unfortunately, a disadvantage of targeting this 

mechanism for non-viral gene delivery is the eventual trafficking to lysosomes.
114, 115

  

The clathrin-mediated delivery route begins with binding to a cell surface receptor 

followed by receptor clustering and formation of a clathrin-coated pit. These pits pinch 

off from the plasma membrane to form clathrin-coated vesicles which sequentially 

traffic towards early endosomes, late endosomes and lysosomes.
114, 115

 

The formation of caveolae is believed to be receptor-mediated and is dynamin- 

and actin-dependent.
116-119

  The past few years have seen a tremendous increase in 

understanding of caveolae and their diverse trafficking pathways; however the exact 

mechanisms and pathway have not been completely elucidated.  Prior to 

internalization molecules associate with the cell membrane and then become trapped 

in relatively static caveolae on the plasma surface.  These caveolae experience short 
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range shuttling cycles as individual caveolae continuously internalize and fuse with 

the plasma membrane.  Ligand-stimulated phosphorylation of caveolae, caveolar 

association with dynamin at the neck of the caveolae, and cytoskeletal reorganization 

results in pinching off from the plasma membrane.
120-122

  Caveolae may then fuse with 

early endosomes and traffic through acidifying vesicles or fuse with pre-existing 

multicaveolae clusters known as caveosomes,
123, 124

 These caveosomes may then 

further traffic through a non-degradative pathway to the endoplasmic reticulum (ER) 

or Golgi complex.
125-129

 

 

 

Figure 1.3  The cellular uptake routes and trafficking pathways of non-viral 

gene delivery materials include (a) caveolae-mediated, (b) clathrin-

mediated, and (c) macropinocytotic endocytosis.  
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1.2.3 Intracellular Transport and Targeting 

Cellular entry through one of the previously discussed internalization routes 

initiates the trafficking of the internalized carriers through endocytic vesicles. These 

vesicles must then navigate the intracellular space to a specific subcellular target 

location. Navigating the intracellular space presents different requirements based on 

the type of genetic cargo. For instance, DNA delivery requires transport to the nucleus 

for transcription, while siRNA therapies require delivery to the cytosolic space of 

target cells for RNA interference (RNAi) and gene silencing. However, the subcellular 

trafficking of non-viral carriers is not completely understood and presents a major 

challenge for improving their efficacy.  The following sections will outline several key 

barriers to intracellular transport and will discuss current methods to effectively target 

cargo to desired subcellular locations.  

1.2.3.1 Endosomal Escape 

A number of endocytic trafficking pathways have the potential to lead to 

entrapment in the lysosome where the acidic pH can lead to degradation of nucleic 

acids.  Endosomal escape has been identified in numerous delivery systems as one of 

the major bottlenecks to successful delivery. Specifically, the transport of siRNA-

based therapies from endosomes into the cytoplasm is considered a major rate-limiting 

step for many delivery approaches.
130

 

As such, understanding the mechanisms for endosomal escape and designing 

features to aid in release are key requirements for improving cellular delivery of 

therapeutic agents and preventing lysosomal degradation.  Several approaches have 

been employed using known or hypothesized mechanisms to facilitate endosomal 
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escape and release of therapeutics into the cytoplasm. The following sections outline 

the various strategies currently employed to promote cytosolic release.  

Cationic carriers including polyethylenimine (PEI),
131

 polyamidoamine 

(PAMAM) dendrimers
132

 and imidazole-containing polymers
133, 134

 contain 

protonatable amines with a pKa between 5 and 7.  These polymers can buffer 

endosomal acidification by taking up protons and have been shown to be effective in 

stimulating endosomal escape of the associated polyplexes.
135

  Specifically, this 

buffering process is known as the ‘proton sponge effect’ and is the most widely 

reported mechanism for the endosomal escape of non-viral delivery structures.  In the 

endosome, protonation induces an influx of chloride ions and water. This then leads to 

an increase in osmotic pressure and eventually results in endosomal rupture and 

release of the contents of the endosome into the cytosol. Numerous publications 

support this buffering effect,
136-138

 although it is heavily debated and there are 

contradictory reports on its validity. In recent work, Andresen and coworkers cast 

doubt on the hypothesis through measurements of PEI concentrations in the lysosome 

and lysosomal pH.
139

 Their study shows that despite high levels of PEI accumulation 

in the lysosome, a small fraction may escape the endosomal pathway before reaching 

the lysosomes. They suggest that it is this fraction of polyplexes that may mediate 

transfection. Additionally, they demonstrate that PEI does not induce changes in 

lysosomal pH as previously suggested.  A number of publications argue that although 

the osmotic pressure built up during the acidification may be a contributing factor to 

eventual disruption; it is theoretically insufficient to cause endosome disruption on its 

own.
139

  Overall, the validity of this hypothesis requires rigorous testing as no 

conclusive evidence of this mechanism has been demonstrated. 
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As an alternative to endosomal buffering, a number of peptides, polymers and 

lipids have been identified with the capacity to directly destabilize the endosomal 

membrane. This process is thought to occur through one of two methods.  Specifically, 

these materials may destabilize the membrane directly or do so in response to an 

environmental trigger. Cationic peptides, such as polylysine (PLL) and melittin, 

possess an inherent ability to directly destabilize and penetrate the endosomal 

membrane.  These materials are thought to bind perpendicular to the anionic 

membrane, followed by direct insertion to form a pore.
140

  Covalently binding these 

peptides to a number of carriers has been shown to be particularly advantageous. In 

fact, incorporation with lipids and polymer carriers such as PEI was shown to 

significantly increase reporter gene expression in a range of cells.
141

 Specifically, the 

incorporation of melittin into PEI polyplexes led to a 700-fold increase in gene 

transfer of a luciferase reporter gene.
142

 

The second mechanism, triggered destabilization, has been shown to play an 

important role in intracellular delivery of pathogens. In particular, the majority of 

viruses have protein domains that undergo conformational changes upon exposure to 

an environmental trigger such as a change in pH. These conformational changes allow 

the protein to fuse with the lipid bilayer to facilitate membrane disruption.
143

  A 

number of lipids and short peptides derived from lytic domains in viruses display this 

fusogenic property.  For example, the HA2 subunit of the hemagglutinin (HA) 

glycoprotein on the surface of influenza viruses has been shown to contain most of the 

membrane fusion capability of the protein.
144, 145

  This glycoprotein undergoes a 

conformational change from a random coil to an α-helix, thereby exposing the N-

terminal lytic segment of HA2 upon acidification.  A number of pH-sensitive 
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amphipathic α-helical peptides were designed based on this subunit to facilitate 

membrane disruption. For example, the glutamic acid enriched HA2 analog, INF7, has 

been used in a number of gene delivery systems to facilitate triggered endosomal 

escape. Glutamic acid residues in the peptide sequence protonate under the acidic 

conditions in the endosome, triggering a conformational change from a random coil to 

an α-helix.
145

  In the α-helical conformation, the INF7 peptide has been shown to fuse 

with and penetrate the endosomal membrane to form pores.
145

 

Enhancements in gene transfection based on increased endosomal escape have 

also been demonstrated for a number of fusogenic lipids.
146-149

  For example, the 

neutral helper lipid dioleoyl phosphatidylethanolamine (DOPE) has been used in a 

number of non-viral lipoplex formulations, as well as in the commercial transfection 

agent Lipofectamine
TM

 as a gene delivery carrier. This lipid forms a stable bilayer at 

pH 7 and undergoes a transition to an inverted hexagonal structure below pH 6 leading 

to membrane fusion and destabilization.
150, 151

 Researchers have demonstrated the 

utility of this fusogenic lipid in a number of applications. Specifically, the addition of 

DOPE to quaternized lipidoids – a  combinatorial library of lipid-like materials 

screened for their siRNA and DNA transfection ability – was shown to significantly 

enhance DNA transfection.
152

  

1.2.3.2 Cytoplasmic Trafficking and Targeting the Nucleus 

Many types of therapeutic cargo require targeting to destinations other than the 

cytosol. For example, plasmid DNA and antisense therapies require nuclear delivery, 

enzyme replacement therapies function in endosomal and lysosomal compartments 

and proapoptotic drugs are active in mitochondria. However, subcellular targeting 

often proves to be an elusive goal.  Due to the complexity of the intracellular space, 
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objects greater than 26 nm in radius cannot effectively diffuse in the cytoplasm
153

 and 

require active transport mechanisms to reach their intracellular target.  

Therapies which are active in the nucleus face the additional barrier of the 

nuclear membrane. Passive transport of molecules less than 9 nm in diameter or less 

than 40 kDa can occur through nuclear pore complexes (NPC),
154, 155

 which span the 

nuclear envelope. In contrast, larger macromolecules require active transport for 

nuclear entry, which can be accomplished by utilizing nuclear localization signals 

(NLSs).
156

  Delivery mediated by NLSs  involves a widening of the nuclear pore 

promoting uptake of macromolecules as large as 50 MDa.
157

  A number of research 

groups have investigated the utility of synthetic NLSs for delivery to the nucleus.
158-160

  

By utilizing NLSs, nuclear uptake occurs via the importin-β pathway.  Import may 

involve binding directly to importin-β or indirectly through the adapter protein 

importin-α to guide the import substrate through the nuclear pore.  

NLSs present an advantageous targeting strategy for therapies which do not 

have free access or affinity for the nuclear compartment. This targeting method is 

particularly useful for delivery of DNA and antisense therapies which are active in the 

nucleus of the cell. Early strategies in developing nuclear targeted therapies involved 

the direct conjugation of the NLS to the therapeutic. Perhaps the most widely studied 

and well–characterized NLSs are the simian virus 40 large tumor antigen sequence 

(PKKKRKV), and M9 derived from nuclear ribonucleoprotein.    The incorporation of 

these and other NLSs has enabled the development of a number of non-viral carriers 

with improved nuclear targeting capacity.   NLSs have been incorporated through 

electrostatic interactions with the DNA molecule and have shown utility for nuclear 

delivery
161

 and retention.
162

  For example, in a study using PLL, the mu peptide (μ) – a 
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polypeptide demonstrating high efficiency for DNA condensation –and NLS-modified 

mu (NLS-μ), Akita and coworkers demonstrated enhanced levels of transgene 

expression following cytoplasmic delivery of NLS-μ polyplexes compared to PLL- 

and μ-containing structures.
163

  In a study to further understand the role of NLSs for 

the nuclear entry of polyplexes, Larsen and coworkers demonstrated a necessity for 

NLSs in promoting post-mitotic nuclear retention.
162

  Specifically, using polyplexes 

and nanoparticles of various sizes they demonstrated post-mitotic exclusion of PEI-

DNA polyplexes and untargeted nanoparticles and retention of histone H3 NLS/DNA 

polyplexes using a nuclear microinjection technique.   

Alternatively, the NLS can be incorporated through covalent conjugation 

methods, which have demonstrated utility in a number of studies.
164

  When using this 

method, care must be taken to avoid conjugation to the transcription cassette and 

subsequent hindrance of DNA activity.  A particularly interesting approach to 

incorporating NLS is the use of NLS-peptide nucleic acids (PNA), and this allows for 

control of the number of attached NLSs and their binding site on the DNA. For 

example, in a study by Brandén and coworkers, DNA hybridization with this NLS-

PNA conjugate and complexation with PEI resulted in increased uptake and up to 8-

fold enhanced plasmid transfection efficiency.
165

 

1.2.4 Approaches for Controlled Vehicle Unpackaging 

The final step of vector unpackaging presents a considerable challenge for non-

viral polyplex and lipoplex delivery systems.  Unfortunately, the electrostatic 

interactions that promote tight packaging and strong association in non-viral 

complexes limit accessibility to cellular machinery (e.g. transcriptional proteins, 

components of the RNA-induced silencing complex [RISC], etc.), thereby inhibiting 
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the intracellular activity of the therapeutic nucleic acid.
166, 167

  For example, Zabner et 

al. demonstrated the challenge of nucleic acid release due to tight electrostatic 

interactions using lipid DNA complexes.
167

  In this work, they showed that these 

complexes were unable to facilitate transgene expression following direct 

microinjection into the nucleus.  Larsen and coworkers found similar results in a 

complementary study using DNA/PEI polyplexes.
166

  Following nuclear 

microinjection of polyplexes and naked DNA, these researchers demonstrated 40% 

lower transfection efficiency for the complex compared to the free plasmid, 

highlighting a major need for an unpackaging mechanism. 

Although delayed unpackaging may hinder gene transfer, premature 

unpackaging can lead to nucleic acid release and degradation.  In fact, a number of 

studies have resulted in disassembly of non-viral materials due to interactions with 

extracellular components and rapid nucleic acid degradation.
168, 169

  As such, non-viral 

therapies face contradictory demands on delivery.  These materials must avoid 

destabilization by extacellular components and nuclease-mediated degradation, but 

also promote efficient release at an intracellular target. This requires that these 

structures provide controlled methods to alter their presentation of nucleic acids; 

however this has proven to be a difficult task for a number of non-viral carriers.  In 

fact, there are limited materials that effectively control the time and location of nucleic 

acid release.  For example, Zabner et al. demonstrated the challenge of nucleic acid 

release due to tight electrostatic interactions using lipid DNA complexes. In this work, 

they showed that these complexes were unable to facilitate transgene expression 

following direct microinjection into the nucleus.
167

 These delivery challenges 
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necessitate the design of structures with the ability to adapt to the evolving needs of 

the delivery pathway and controllably deshield the nucleic acid to promote its activity.   

Several strategies have been proposed for non-viral vector design to actively 

control the packaging and release of nucleic acids and maximize their delivery at a 

target site. In particular, a number of stimuli-responsive non-viral vectors have been 

developed to reduce carrier association in response to biological or applied stimuli, 

and release nucleic acids via changes in molecular self-assembly or surface charge. 

Figure 1.2 depicts some of the design approaches used for these responsive structures. 

The following sections will detail specific carriers that have been developed to address 

the key barrier of controlled release along the delivery pathway.  

1.2.4.1 Controlled release in response to biological stimuli 

The cellular environment provides a range of signals that can be employed to 

promote changes in carrier structure and drive nucleic acid release. In particular, cell-

responsive carriers have been developed to change their molecular conformation in 

response to local changes in biological signals including pH,
170-172

 redox potential
173

  

or enzyme concentration.
174-176

  These systems provide complementary functionality 

for both encapsulation and triggered release of nucleic acids.  

Numerous pH-responsive materials have been employed for intracellular 

nucleic acid release. These systems take advantage of the decrease in pH afforded by 

endocytic processing. One such example is the pH-sensitive, comb-like polymer 

developed by El-Sayed and coworkers to deliver siRNA.
177

  These polymers were 

demonstrated to degrade in acidic conditions due to hydrolysis of the hydrazone 

linkages connecting the cationic grafts to the polymer backbone.  Additionally, these 

materials were able to reduce targeted gene expression by 36-40% at both the mRNA 
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and protein levels following efficient polyplex uptake.  Similarly, Chen et al. 

described the development of antisense oligonucleotide therapeutics that provide time- 

and dose-dependent transfection in human adenocarcinoma cells demonstrating higher 

efficacy and lower cytotoxicity when compared to structures prepared with poly(D,L-

lactide-co-glycolide), 25 kDa branched PEI and Lipofectamine 2000 lacking pH-

responsiveness.
170

 

Systems with enzyme-responsive capability provide an attractive strategy for 

controlled release in response to local changes in enzyme concentration. For example, 

Grinstaff et al. reported several lipid-based amphiphiles containing both cationic 

headgroups to encapsulate DNA and terminal esters susceptible to enzymatic 

hydrolysis and charge reversal in the carrier. 
175

  These amphiphiles (within 

lipoplexes) successfully released DNA following enzymatic hydrolysis, and enhanced 

transfection efficiency 100-fold in comparison to amphiphiles without responsive 

groups.  In another strategy to incorporate enzyme responsiveness into carrier design, 

Chu and coworkers selected Cathepsin B, an endosomal/lysosomal endopeptidase,
178-

180
 as an enzyme target for triggered DNA release.

176
  Specifically, they developed 

copolymers containing an oligolysine capped with the liner peptide Phenylalanine-

Lysine-Phenylalanine-Leucine (FKFL), a Cathepsin B substrate, and demonstrated 

rapid polymer degradation in the presence of Cathepsin B. Furthermore, these 

polymers were less toxic than the non-degradable controls and PEI used in their study 

despite no significant improvement in transfection efficiency.  In work from the 

Sullivan and Kiick labs, Blocker and coworkers described an enzyme-responsive 

system for applications in wound healing. In this work, surface immobilization of 
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DNA polyplexes using a cell-responsive tether provided higher transfection in 

NIH/3T3 cells compared to non-labile tethers.
174

 

1.2.4.2 External or applied stimuli 

Additional advantages can be provided by non-viral gene delivery systems that 

respond to external or applied stimuli. Specifically, these systems provide the benefits 

of user-defined spatial and temporal control over delivery. Various materials have 

been developed to change their properties in response to an external or applied 

stimulus such as light, magnetic field, or ultrasound. Photo-responsive gene carriers 

are particularly appealing because of the versatility and spatial resolution afforded by 

light.  In particular, these systems provide the ability to minimize off-target effects by 

controllably releasing the nucleic acid therapy. 

Photoactive functional groups can undergo isomeric rearrangements or 

photochemical cleavage reactions depending on the specific functional group 

utilized.
181

  One particular example is the o-nitrobenzyl (o-NB) ester which absorbs 

UV and near-infrared light to form a carboxylic acid and a nitrosobenzaldehyde.
182

  

The potential for spatial and temporal control of nucleic acid release using light-

triggered carriers has made photo-responsive carriers of great interest. As such, there 

have increasing studies aimed towards successful incorporation of these photo-

responsive moieties for drug and gene delivery. In one such example, Liu et al. 

synthesized a photocleavable azobenzene-containing “catanionic” surfactant 

(consisting of a cationic and anionic mixture) /DNA complex for DNA delivery.
183

  

Following a 2-8 hour incubation with cells and subsequent 365 nm UV irradiation, 

these complexes were able to unpackage the vector and provide enhanced transfection.   
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1.3 Dissertation Synopsis 

Non-viral gene delivery presents a promising yet unrealized approach to 

disease treatment.  Despite the significant strides in the field of non-viral delivery, the 

therapeutic application of these materials is limited by an incomplete understanding of 

current carriers and their delivery mechanisms, as well as a lack of controllable 

delivery methods. The previous sections detailed our current understanding of the 

delivery process as well as several unresolved challenges in understanding the specific 

mechanisms of delivery and developing effective therapeutic materials.  This 

dissertation presents the developments of methods to understand gene 

association/release mechanisms and novel design strategies to control gene 

association/release.  The general outline for this work can be seen in Figure 1.4.  

Chapter 2 explores the structure/function relationship of fluorescent labeling tools that 

have been commonly utilized to understand the mechanisms of endocytic processing, 

using a traditional gene transfer polyplex as a model system.  This chapter investigates 

conditions necessary for maintaining polyplex structure and activity, while providing 

efficient and accurate reporting tools to improve our understanding of the intracellular 

pathway. The development of a light-responsive polymeric carrier for nucleic acid 

release is detailed in Chapter 3. This chapter details a versatile synthetic scheme for 

polymers with high affinity for DNA and demonstrates light-responsive release from 

these structures.  Chapter 4 then examines the cellular delivery potential of this light-

responsive polymer platform, and identifies an improved silencing capacity with this 

external trigger. Taken together, these two chapters highlight an adaptable delivery 

system with tunable affinity for both DNA and siRNA. Combining the knowledge of 

the extra- and intracellular requirements of the delivery pathway, Chapter 5 details key 
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aspects to the synthesis of modular carriers that combine stealth polymers, cell 

targeting ligands (e.g. RGD) and biologically responsive release linkers for controlled 

siRNA release.  Collectively, these studies address some of the key requirements for 

promoting high efficacy gene transfer and highlight several novel biomimetic 

materials as useful tools for controlling, investigating, and understanding gene 

delivery in the complex cellular environment.  

 

 

Figure 1.4 Outline of investigations of the gene association and release of non-

viral carriers. 
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Chapter 2 

STRUCTURE/FUNCTION RELATIONSHIP OF NON-VIRAL CARRIERS: 

WEAKENED GENE ASSOCIATION THROUGH THE INCORPORATION OF 

HYDROPHOBIC FLUORESCENT LABELS 

Recent research has highlighted a clear need for an improved understanding of 

the intracellular trafficking of non-viral structures. However, the intracellular space is 

very complex and necessitates controllable structures to effectively elucidate the 

stages of the delivery pathway. Fluorescent labeling is a regularly used approach to 

monitor delivery and disassembly; yet few studies investigate the effects of label 

incorporation on the structure and activity of gene transfer polyplexes. Herein, the 

impacts of label incorporation on polyplex assembly and gene transfer were detailed 

through the utilization of a model DNA-polyethylenimine (PEI) delivery system.   

This provides evidence that routine labeling strategies for polyplexes weakened the 

DNA-PEI binding affinity and induced significant polyplex aggregation, particularly 

in the cellular environment. Additionally, cellular internalization studies showed that 

increased labeling fractions led to reductions in polyplex uptake due to weakened 

complexation. These results not only provide insight into the assembly of these 

structures, but also help to identify labeling strategies sufficient to preserve activity 

while enabling detailed studies of trafficking and disassembly.   

2.1 Introduction 

Non-viral gene delivery carriers have attracted significant interest due to 

several advantageous properties not offered by their viral counterparts. Specifically, 
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non-viral vectors lack an innate immunogenicity, have a larger nucleic acid cargo 

capacity, are easier to produce and scale up, and offer molecular tunability in vector 

design.
1
  Despite these advantageous properties, non-viral vectors have seen low 

transfection efficiencies as a result of inefficient nucleic acid trafficking to 

intracellular targets such as the nucleus and cytosol.  In fact, the detailed subcellular 

trafficking and subsequent nucleic acid release mechanisms are still largely unknown 

for a number of non-viral carriers. A number of studies demonstrate the need for 

controlling subcellular trafficking and vector release.
2-5

 In particular, early work by 

Schaffer and Lauffenburger identified inefficient polyplex trafficking to the nucleus 

and insufficient plasmid release as key challenges preventing the activity of 

polycationic gene carriers.
6
 Using a series of fluorescently labeled polylysines as 

carriers for labeled DNA to monitor colocalization and intracellular 

compartmentalization, they reported high levels of polyplex accumulation within 

vesicular compartments in NR6 fibroblast cells. Interestingly, a number of the 

polyplexes unpackaged in the cytosol prior to nuclear localization.  Additionally, their 

results indicated that very few polyplexes localized in the cell nucleus despite the high 

levels of cellular accumulation. Recent studies by Peng and coworkers presented 

complementary results.
7
 Using two well-established transfection agents, PEI and 

Lipofectamine 2000, these authors demonstrated minimal levels of nuclear 

localization in bone mesenchymal stem cells (BMSCs) (20.69% and 30% for PEI and 

Lipofectamine, respectively) despite noting that as many as 80% of the MSCs 

internalized PEI polyplexes and 50% internalized Lipofectamine assemblies. These 

examples highlight a challenge that is common to a number of non-viral carriers: a 
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need for an improved understanding of subcellular trafficking and release to enhance 

the efficiency of gene delivery. 

Delivery vehicles are required to provide adequate control during cellular 

uptake, and subsequently traffic through a complex intracellular space consisting of a 

dense cytoskeletal network to enable compartment-specific delivery.
4, 6, 8-11

 

Endocytosis has been identified as the primary internalization mechanism for the 

majority of non-viral carriers including polyplexes and lipoplexes, and the specific 

mode of internalization is an important determinant of intracellular fate.
2, 4, 12-16

  

However, researchers are still unclear as to the precise endocytic pathways to target to 

promote efficacious gene transfer.  As outlined in chapter 1, cellular entry through 

endocytosis introduces the possibility to shuttle through an acidifying intracellular 

trafficking route.   A number of studies identify carriers that traffic to the lysosome 

and establish the proton sponge mechanism – with its characteristic cytoplasmic 

release event – as the mode of DNA release from polyplexes.
17-20

  Utilizing the proton-

sponge effect, gene delivery carriers with a high buffering capacity – due to the 

presence of protonable amines – are thought to induce an influx of chloride ions and 

water as a result of protonation leading to an increase in osmotic pressure and eventual 

endosomal rupture.  However, a number of other reports question the role of 

endosomal acidification in polyplex release and ultimate gene expression.  For 

example, the work of Andresen and coworkers disputes the possible proton-sponge 

hypothesis through measurements in the use of PEI which reportedly possesses an 

endosomal buffering capactity.
21

   Specifically, they identify low concentrations of 

PEI colocalized with the lysosomal compartment and minimal changes in lysosomal 

pH. Furthermore, a number of non-viral structures designed to exploit the acidification 
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process show limited or no improvements in activity. For example, Subramanian and 

coworkers demonstrate that the incorporation of endosomolytic HA-2 peptide does not 

increase transgene expression despite demonstrations of endosomal release.
22

   

Improving the efficacy of these vectors requires a mechanistic understanding of 

intracellular processing towards the rational design of improved therapies for gene 

transfer.  

A number of different approaches have been used to probe the endocytic 

processing of gene delivery vectors. These involve labeling vector components with 

radioactive, fluorescent, or electron-dense markers such as gold so that the localization 

of the markers (and carriers) can be easily monitored in cells by fluorimetric or other 

detection methods.
2, 12, 23, 24

  These labeling techniques are often used in combination 

with separation techniques – such as subcellular fractionation and flow cytometry – or 

endocytic inhibition studies. For example, radiolabeling methods provide quantitative 

determination of subcellular trafficking, yet these techniques typically require cellular 

separation by subcellular fractionation or other organelle isolation methods.
25

  A 

number of studies employ electron microscopy imaging of gold-labeled DNA or other 

carrier components to monitor endocytic processing.  For example, in work by Friend 

et al. imaging of gold-labeled DNA clearly indicates the presence of gold in vesicular 

compartments.
26

  Furthermore, through the use of this imaging technique they propose 

that their delivered liposomes may enter the nucleus by fusion with the nuclear 

envelope, creating vesicular and reticular intranuclear membranes. The favorable 

optical properties of gold have also expanded their use in nanoparticle formulations 

for bioimaging.  However, a number of studies report toxicity of these structures due 

to their physicochemical properties.  For example in a study by Uboldi et al., they 
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report compromised cell viability and proliferation in alveolar type-II cell lines A549 

and NCIH441 as a result of the stabilizing agent used for gold nanoparticle synthesis. 

An additional concern with the use of these systems to probe endocytic processing is 

the potential for differences in internalization and trafficking due to structural changes 

in these nanoparticles.
27

  Another strategy to probe endocytic processing involves the 

use of chemical inhibitors.  Chemical inhibitors such as chlorpromazine, filipin, and 

genistein have the ability to block key steps within specific endocytic pathways and 

hence identify the endocytic processing steps that direct intracellular activity.  

However, these inhibitors may also have indirect effects on other cellular processes 

that may confuse the results of these experiments.  For example, chlorpromazine, 

which is often used to block clathrin-mediated endocytosis by depleting adaptor 

proteins on the plasma membrane, has been shown to cause an inhibition of receptor 

recycling
28

 and inhibit clathrin-independent endocytosis in some cell lines.
29

 Similarly, 

Fujimoto et al. demonstrated that inhibitors of actin polymerization have variable 

effects on cellular processes and can alter transferrin-mediated endocytosis depending 

on the cell line examined and experimental conditions used.
30

 

Fluorescent labeling methods have been widely explored to probe intracellular 

trafficking and correlate specific vehicle transport pathways with gene transfer 

activity.  Additionally, these techniques offer the ability to differentiate the behavior 

of the cargo and carrier with spectrally distinct labels.  Fluorescent tracking of non-

viral structures is typically performed by applying a fluorescent tag to the nucleic acid, 

the carrier molecule, or both structures to probe colocalization or unpackaging.
6, 31

 

However, the addition of these labels has the potential to alter assembly and activity.  

Specifically, fluorescent molecules are typically hydrophobic, and have the potential 
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to promote polyplex aggregation, reduce the efficiency of complexation, and alter 

unpackaging in the cellular environment. In fact, several lines of evidence suggest that 

incorporation of fluorescent tags and other hydrophobic molecules alters assembly or 

activity of both free plasmids and plasmid-based assemblies.
31-34

  In work by Godfrey 

and coworkers employing the Oregon Green® 488 tag to monitor colocalization with 

labeled plasmids, they demonstrate a reduction in complexation ability of DNA-PEI 

polyplexes with the introduction of fluorescent labels and also identify the nuclear 

localization of PEI molecules with and without associated plasmid.  The impact of 

fluorescent labeling on gene association and subsequent trafficking is not directly 

addressed in this work, yet characterization of their assembled structures indicate the  

need for additional cationic PEI to efficiently condense the DNA compared to 

polyplexes formed with unmodified structures.
12

   Pack et al. also demonstrated the 

effects on DNA binding affinity of including hydrophobic residues in DNA-packaging 

molecules.  In this study, acetylation of up to 57% of the primary amines in 25 kDa 

PEI increased gene transfection efficiency due to weakened PEI-DNA binding 

interactions and enhanced intracellular unpackaging.
33

  Zheng and coworkers 

demonstrated a similar reduction in DNA binding affinity and enhancement in gene 

transfection following lipoylation of 1.8 kDa PEI, but also highlight the need to 

balance the charge density and the degree of modification due to an observed impaired 

DNA retardation in agarose gel electrophoresis.
32

  These studies emphasize concerns 

in the study of non-viral vectors that are often unaddressed in current studies of 

endocytic processing. Specifically, they indicate that hydrophobic molecules, 

including fluorescent dyes, impact the gene association of delivered DNA and may be 

a determinant of ultimate gene transfer efficiency due to the need to balance stable 
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DNA complexation with efficient intracellular release.  These studies further indicate 

the need to systematically probe the structure/function relationships of these 

hydrophobically-modified polymers towards the development of improved delivery 

structures. While the size and hydrophobicity of the fluorescent label is a major factor 

in selection prior to conjugation, there are limited studies that explore the 

structure/function relationship of these modified polymers.  

In the work presented in this chapter, the influence of a common hydrophobic 

fluorophore [e.g. Oregon Green® (OG) 488 labeled PEI] on DNA binding, 

complexation, and cellular activity was systematically investigated. The OG 

fluorescent dye has been routinely used as an optical reporter for probing 

internalization and intracellular trafficking when conjugated to various polymers,
35, 36

 

proteins,
37

 and therapeutic drugs.
38

 It also offers comparable green fluorescence to 

fluorescein with increased photostability and ready conjugation to amine-containing 

polymers by straightforward protocols.  The impacts of label incorporation on 

polyplex assembly and cellular delivery in the use of a model DNA-PEI delivery 

system are detailed in this chapter.  Specifically, these studies identify the interesting 

phenomenon of extracellular losses and intracellular aggregation with increasing label 

incorporation.  With these new insights this study provides an improved understanding 

of the structural and functional effects of label incorporation in non-viral carriers with 

the potential to improve current methods to elucidate intracellular processing. 
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2.2 Materials and Methods 

2.2.1 Materials 

Branched PEI (25 kDa) was obtained from Sigma (St. Louis, MO). The gWIZ 

mammalian expression plasmid encoding luciferase (6732 bps) was obtained from 

Genlantis (San Diego, CA), amplified in DH5α Escherichia coli in Lysogeny Broth, 

and purified with a QIAGEN Plasmid Maxi Kit (QIAGEN Inc., Valencia, CA) 

following the manufacturer’s protocols. The gWIZ vector contains 10 sequential 

copies of the repeated peptide nucleic acid (PNA) binding site (5′-AGAGAGAG-3′). 

PNA labeled with Alexa Fluor®555 (PNA-AF555) was obtained at >90% purity from 

Panagene (Daejeon, Korea). The PNA consisted of a maleimide-TCTCTCTC-

OOOJTJTJTJT-Lys with Alexa Fluor® covalently attached to the Lys terminus [O = 

8-amino-3,6-dioxactanoic acid; J = pseudoisocytosine]. The Oregon Green® 488 dye 

(carboxylic acid, succinimidyl ester) was purchased from Life Technologies 

(Carlsbad, CA). All other reagents were obtained from Fisher Scientific (Pittsburgh, 

PA) unless otherwise noted. 

2.2.2 Methods 

2.2.2.1 PEI and Plasmid Labeling 

PEI was fluorescently labeled with Oregon Green 488 according to the 

manufacturer’s protocols. Briefly, 60 L of prepared Oregon Green tag (10 mg/mL 

Oregon Green 488 in dimethyl sulfoxide) was added to 1.2 mL of a 10 mg/mL stirred 

solution of 25 kDa branched PEI in 0.1 M sodium bicarbonate. The mixture was 

stirred for 1 h in the dark at 25°C and subsequently was incubated for a second hour 

without stirring. The solution was dialyzed against water in 3000 MWC tubing, 
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lyophilized, and dissolved at 0.45 mg/mL in 20 mM HEPES, pH=6.0 for further 

experiments.  For experiments involving dual labeled polyplexes, polyplexes were 

formed with DNA that was prelabeled with PNA-Alexa-Fluor555 (PNA-AF555) at a 

weight ratio of 1:20 (DNA:PNA), as previously described.
39

  

2.2.2.2 Polyplex Formation and Characterization 

Polyplexes were formed at a concentration of 20 µg of DNA/mL with the 

gWIZ luciferase plasmid and mixtures of PEI according to a modification of 

established protocols.
39

  DNA solutions were formulated at 40 μg/mL in 20 mM 

HEPES buffer at a pH of 6. Polyplexes were then prepared in a stepwise fashion.  

First, Oregon Green 488-labeled PEI (PEI-488) solutions were added dropwise while 

vortexing. Polyplex solutions were incubated for 10 minutes at room temperature.  

Unlabeled PEI was subsequently added and the resulting polyplexes were incubated 

for a further 10 minutes prior to further analyses. Polyplexes were prepared to 

maintain a final DNA concentration of 20 μg/mL.  

2.2.2.3 Monitoring DNA Condensation using the Ethidium Bromide (EtBr) 

Exclusion Assay 

The polyplexes were analyzed by agarose gel electrophoresis according to 

standard protocols. For gel electrophoresis, 1% w/v agarose gels containing 0.5 µg of 

ethidium bromide/mL were formed in 1× tris/borate/ethylenediaminetetraacetic acid 

(Tris borate EDTA, or TBE) buffer. 20 µL of each polyplex solution was added to 5 

µL of gel loading buffer, and 20 µL of the mixture was added to a well of the gel. The 

gels were run at 100 V for 1 h and subsequently imaged using a BioRad Gel Doc XR 

(Hercules, CA).  
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2.2.2.4 Preparation of Polyplexes for Dynamic Light Scattering (DLS) 

 Polyplex solutions (1.5 µg DNA, 75 µL of solution) were mixed with 200 µL 

HEPES buffer and subsequently incubated at room temperature for 20 min prior to 

particle size determination.  DLS experiments were performed using a Melles Griot, 

632.8 nm, 75 mW laser, coupled with a Brookhaven Instruments Corporation BI-

200SM goniometer that had an inline 632 nm filter from Intor, Inc.  The intensity 

auto-correlation function was recorded at 90˚ and analyzed using a quadratic cumulant 

fit.  All light scattering experiments were performed at 25 ˚C.  

2.2.2.5 Cell Culture, Synchronization and Transfection 

CHO-K1 cells were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA). The cells were cultured according to ATCC protocols at 

37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin−streptomycin. Cells were 

passaged when they reached ~80% confluency. For cell synchronization, CHO cells 

were plated at ~7200 cells/cm
2
. 24 h after plating, lovastatin (Sigma) solutions in 

growth medium (e.g. serum/antibiotic-supplemented DMEM) were added to cells at a 

final concentration of 10 μM, and the cells were incubated for 32 – 36 h.
40, 41

  

Subsequently, the medium containing lovastatin was removed, the cells were washed 

with phosphate buffered saline (PBS), and fresh medium was added to cells to resume 

the cell division cycle. Cells were incubated for an additional 16 h so that transfection 

could take place during the S phase of cell division.  

Transfections were performed with PNA-AF555 labeled polyplexes and 

varying amounts of labeled PEI according to previously reported protocols.
39, 42-44

  

Immediately prior to transfection, the cells were washed with PBS and the media was 
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replaced with reduced serum Opti-MEM (Life Technologies).  Subsequently, prepared 

polyplex solutions containing 1 µg of DNA/cm
2 
of the plate area were added dropwise 

to each well.  Polyplex solutions were incubated with the cells for 30 minutes. 

Extracellularly-bound polyplexes were removed with a 10 μg/mL heparin wash for 15 

min at 37°C. Polyplex uptake was subsequently analyzed by immunocytochemistry 

(ICC) and flow cytometry. For flow cytometry, uptake was analyzed in two ways. To 

calculate the fraction of cells that had internalized polyplexes, scatter plots from 

untransfected cells were gated for autofluorescence, and the gates were used to 

determine the percentages of transfected cells that had internalized particles. To 

calculate the average polyplex concentrations per transfected cell, the mean 

fluorescence intensity (MFI) per cell of each transfected cell sample was calculated. A 

total of 10,000 cells were analyzed for each sample. 

2.2.2.6 Immunocytochemistry (ICC) and Cell Staining 

For ICC analyses, cells were fixed with 4% paraformaldehyde for 10 min 

following transfection. Cells were subsequently permeabilized with 0.2% Tween-20 in 

PBS (PBSt) and blocked with 3% BSA in 0.2% PBSt.   

2.2.2.7 Z-Stack Deconvolution and Fluorescence Microscopy 

The localization of polyplexes was monitored through Z-stack deconvolution 

microscopy on a Leica DMI 6000B inverted fluorescence microscope (Leica, Wetzlar, 

Germany) with a 63×/1.4-0.6 oil objective. Deconvolution procedures were performed 

in accordance with manufacturer algorithms using an automatically generated point 

spread function (PSF).  
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2.3 Results 

 

 

Figure 2.1  (a) Representative ethidium bromide (EtBr) fluorescence images 

showing the electrophoretic mobility of plasmid DNA in polyplexes 

formed at various N/P ratios. Polyplexes were formed with 

increasing ratios of PEI-488 to unlabeled PEI as shown. (b) 

Integrated optical density quantification of EtBr fluorescence in the 

wells of the gel for polyplexes containing unmodified PEI (black), 

25% PEI-488 (red), 50% PEI-488 (yellow), and 100% PEI-488 

(blue).  Optical densities are normalized to the highest well 

fluorescence in the gel. 

2.3.1 Fluorescent Labeling Decreases Polyplex Complexation Efficiency 

Agarose gel electrophoresis was performed to characterize DNA/PEI 

polyplexes and to determine the extent to which PEI-488 was capable of condensing 
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DNA.  Mixtures of PEI-488 and unlabeled PEI were used to form polyplexes at N/P 

ratios of 2, 4, 6, 8 and 10.  Gel electrophoresis (Figure 2.1) demonstrated the reduced 

mobility of DNA within all polyplex formulations as a function of increasing N/P 

ratio.  Specifically, for polyplexes prepared with unmodified PEI, reduced DNA 

mobility was observed at N/P = 2 and structures at N/P > 2 showed no DNA migration 

as tighter complexes were formed.  For structures prepared with unmodified PEI, 

minimal fluorescence was observed for structures formed at N/P ≥ 6, in agreement 

with typical studies of DNA complexation with 25 kDa PEI.  

As anticipated, the incorporation of fluorescent PEI-488 induced weakened 

DNA-PEI binding and caused the formation looser polyplex structures as indicated by 

the increasing fluorescence in the wells of the gel as a function of increasing fractions 

of PEI-488.  Similar to the findings with the unlabeled PEI structures, attenuated 

migration of DNA at N/P = 2 was observed in all labeled structures, as well as an 

increase in DNA fluorescence in the well as compared with the unbound DNA 

samples (e.g. N/P = 0).  At all N/P ratios, a similar general trend was observed of 

increased well fluorescence with increasing PEI-488. This trend becomes less apparent 

with increasing N/P ratio, for example in the case of structures prepared N/P = 8 

where there were minimal differences in the fluorescence in the wells of the gel.  

Furthermore, direct comparison of unmodified and labeled structures (100% PEI-488) 

indicates a clear difference in the complexation efficiency of these structures as 

ethidium bromide is entirely excluded at N/P = 6 for the unlabeled structures 

compared to N/P = 10 for the modified PEI. Image analysis and quantification of EtBr 

fluorescence intensity (Figure 2.1b) indicates distinct differences between 100% PEI-

488 labeled and unlabeled structures at all the N/P ratios tested, but deviates slightly 
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from visual observations for intermediate mixtures which indicate minor off-trend 

fluctuations with quantification. Furthermore, this quantification indicates the 

consistent observation of minimal changes in fluorescence for preparations above 50% 

labeling ratio. 

2.3.2 Label Incorporation Induces Polyplex Aggregation 

To further explore the effects of the weakened DNA-PEI binding that were 

observed in the DNA mobility studies, the polyplex sizes were examined using DLS to 

determine whether OG label incorporation induced polyplex aggregation. It was 

anticipated that the more loosely packaged (and EtBr-accessible) structures identified 

by electrophoresis would be more prone to aggregate due to hydrophobic interactions.  

For DLS analyses, polyplexes were prepared similarly to electrophoresis studies, but 

only at N/P ratios of 4, 6, and 8 as these ratios demonstrated polyplex formation for all 

formulations tested in electrophoresis (Figure 2.1a) and have previously demonstrated 

less toxicity than structures formed at higher N/P ratios.
45

 

As anticipated based on the minimal fluorescence observed in electrophoresis, 

DNA-PEI structures formed at N/P 6 and 8 were appropriately sized for endocytic 

uptake, with average hydrodynamic diameters, DH, below 200 nm.
46

  Despite no 

measurable differences in the average polyplex sizes for these structures, the dispersity 

of the labeled structures increased markedly with the incorporation of PEI-488  at N/P 

= 6 (Figure 2.2).  Structures prepared at N/P = 4 were notably larger than other 

formulations and indicated significant increases in polyplex diameter with the 

incorporation of PEI-488 with sizes > 200 nm for all formulation including the 

modified polymer.  
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Figure 2.2 (a) Hydrodynamic diameters of polyplexes prepared at N/P = 4 

(black), 6 (white) and 8 (red), and (b) average dispersity of 

polyplexes (representative data for N/P = 6) as assessed by dynamic 

light scattering.  Error bars represent the standard deviation of three 

separately prepared samples.  Similarly, the dispersity represents an 

average of three separate samples. 
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2.3.3 Looser Polyplexes are Less Efficient in Cell Entry and Result in 

Significant Extracellular Aggregation   

It was hypothesized that the reduced polyplex packing density and increased 

polyplex size dispersity demonstrated in electrophoresis and DLS would correlate with 

altered cellular uptake.  Thus, polyplex uptake efficiency was measured by 

fluorescence microscopy to monitor intracellular PNA-AF555 labeled DNA (DNA-

555)-containing polyplexes.  PNA labeling strategies have been used in a number of 

studies to probe the intracellular trafficking of DNA.   In the preparation of PNA-

labeled DNA, fluorescent PNA molecules (~5000 Da in size) label only a small 

fraction of DNA (~8 PNA molecules per plasmid in the work of Millili et al.) through 

sequence-specific hybridization to complementary DNA bases.
39

  The labeled DNA 

has been shown to exhibit similar structures and transcriptional activities as unlabeled 

materials, in part because the PNA labels are small in size relative to the DNA 

plasmid.
39, 47, 48

  The use of DNA-555/PEI-488 dual labeled structures provided the 

ability to explore the impacts of polymer labeling on both cellular uptake and 

intracellular colocalization of DNA and PEI.   

Polyplexes were prepared at N/P 6 (Figure 2.3), at which reduced polyplex 

packaging density and increased dispersity were particularly apparent based on gel 

electrophoresis and DLS analyses due to favorable sizes as compared to preparations 

at N/P 4 and reduced toxicity compared to higher charge ratios.
45

  Confocal imaging 

analyses revealed significant levels of extracellular DNA with this formulation.  The 

quantity of extracellular DNA qualitatively appeared to increase in the presence of 

increasing amounts of PEI-488 up to a labeling ratio of 50% PEI-488:PEI (Figure 2.3, 

magnified images).  For PEI-488:PEI labeling ratios greater than 50%, the amount of 

extracellular debris was relatively constant as the labeling ratio increased.  
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Intracellular polyplexes were evident in all samples; however, an increasing number of 

large, diffuse intracellular structures were observed with increasing PEI-488 (Figure 

2.3, arrows), particularly at 100% PEI-488.  Overlay images combining the DNA and 

PEI imaging channels revealed colocalization of both components in all samples; 

however, significant amounts of free extracellular DNA as well as free intracellular 

polymer were apparent under all labeling conditions.  
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Figure 2.3   Uptake of dual labeled polyplexes with varying degrees of PEI-488 

incorporation at N/P = 6. Representative fluorescence microscopy 

images showing a magnification of extracellular DNA-555 (far left), 

DNA-555 (red), PEI-488 (green), and overlaid channels (right).  

Arrows indicate aggregated unfocused structures. The scale bar is 25 

µm. 

2.3.4 High Degree of Labeling Reduces Polyplex Uptake 

To investigate if the extracellular losses observed in microscopy resulted in 

significant reductions in DNA uptake, the amount of intracellular polyplexes were 
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quantified by using flow cytometry to assess DNA-555 levels within the cells.  For 

each sample, a “pulse-chase” inspired approach was used to expose cells to polyplexes 

for a relatively short time period (30 min) and enable improved intracellular 

quantification.
49

  Both the uptake efficiency (percentage of cells that internalized 

polyplexes) and the average quantity of intracellular polyplexes per cell (mean 

fluorescence intensity) were subsequently quantified (Figure 2.4). It was hypothesized 

that the polyplexes prepared at N/P = 4, 6, and 8, which exhibited significant 

extracellular aggregate formation, would be internalized to a lesser degree. 

Quantification of uptake efficiencies demonstrated low levels of polyplex uptake for 

all structures (Figure 2.4 a) commensurate with the short pulse exposure approach. 

Structures prepared at low charge ratios N/P ≤ 4 have previously demonstrated 

low levels of uptake and gene transfer efficiency.
42

  Consistent with these studies, 

polyplexes prepared at N/P = 4 exhibited negligible levels of uptake as compared with 

other formulations, and hence it was not possible to detect differences in polyplex 

uptake with varying amounts of PEI-488. Polyplexes prepared at N/P = 8 also 

demonstrated negligible differences in uptake for all PEI-488 formulations.  This 

finding was consistent with the minimal differences in structure that were observed 

based on complexation and stability assays.  

Because polyplexes prepared at N/P = 6 demonstrated inefficient complexation 

in the presence of PEI-488, it was hypothesized that these structures would 

demonstrate reduced efficacy in polyplex uptake with increasing PEI-488 

incorporation.  As expected, these structures exhibited differences in intracellular 

accumulation associated with label incorporation.  Specifically, formulations prepared 

at ≥50% incorporated PEI-488 at N/P = 6 induced lower levels of uptake. Statistically 



 67 

significant differences were observed in the percentage of cells which internalized 

polyplexes when comparing unlabeled structures to those with 50% and 100% 

incorporated PEI-488. Additionally, all structures prepared at ≥ 50% label 

demonstrated significantly lower levels of uptake than the 25% sample.  

  

Figure 2.4  Quantification of DNA-555 uptake using dual labeled polyplexes 

with varying degrees of PEI-488 incorporation. (a) Percentage of 

CHO-K1 cells that internalize DNA-555 polyplexes, and (b) Mean 

fluorescent intensity per cell of CHO-K1 cells following polyplex 

internalization. N/P = 4 (black), 6 (diagonal stripes) and 8 (white). * 

indicates a statistically significant difference from samples 

containing 25% PEI-488 samples (p < 0.05).  ** indicates a 

statistically significant difference from unlabeled PEI samples (p < 

0.1).  Samples were analyzed by one-way analysis of variance 

(ANOVA). 
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2.4 Discussion 

Fluorescent tags are a routine tool for studying endocytic processing of non-

viral carriers due to several favorable features.  Specifically, fluorescent molecules are 

easy to visualize (in live and fixed cells) and they are safe compared to radioactive 

approaches and techniques using electron microscopy imaging. However, while 

published studies have demonstrated the reduced efficacy of these labeled structures,
31

 

little attention has been devoted to understanding the structure/function relationships 

in the development of these materials.  A detailed exploration of the assembly and 

activity of fluorescently-labeled gene carriers can allow for the rational design of more 

efficacious and reliable tools for understanding the mechanisms of intracellular 

processing.  Based on published studies indicating differences in gene association with 

label incorporation, a systemic study of the effect of label incorporation was 

performed and differences were identified in polyplex assembly, stability, and 

intracellular delivery.  

This work presents a model gene delivery system using a commercially 

available branched 25 kDa PEI modified by the incorporation of a fluorescent tag 

(Oregon Green® 488) for the delivery of DNA polyplexes. It was previously 

demonstrated that the incorporation of hydrophobic tags has the potential to weaken 

polyplex binding interactions and lead to improved gene transfer due to improved 

DNA accessibility.
32-34

  Building on this work, a systematic study of the impact of 

hydrophobic dye incorporation was performed.  These studies aimed to determine the 

effects of reduced binding interactions and increased hydrophobicity on extra- and 

intracellular polyplex stability and endocytic processing. Polyplexes prepared with 

modified PEI demonstrated similar characteristics to unmodified structures, yet 

exhibited systematically weakened binding interactions (Figure 2.1).  This was 
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anticipated because label incorporation sacrifices primary amines on the polymer 

carrier, thereby reducing the available charge for electrostatic interactions with the 

DNA backbone. Additionally, it was hypothesized that exposed hydrophobic residues 

further reduces the electrostatic condensation leading to the aggregation of these 

structures. Notably, polyplexes created using these labeled structures can be split into 

two distinct groups according to their assembly and function.  Preparations greater 

than 50% % PEI-488 demonstrated significant differences in complexation and 

delivery from unlabeled structures and those prepared at 25% PEI-488.  With the 

observation that PEI-488 has weaker DNA association that unmodified PEI, it was 

hypothesized that the observed groupings are a result of interactions during 

formulation.  In particular, for low percentages of PEI-488, the addition of a larger 

quantity of unmodified PEI in the second stage of formulation may provide sufficient 

electrostatic interactions to demonstrate favorable gene association. Conversely, the 

addition of small fractions of unmodified PEI (for preparations at higher percentages) 

may be insufficient to alter association in these structures.       

Interestingly, these differences in packaging efficiency manifested in structures 

with similar size, but increased dispersity (Figure 2.2).  Although the labeled 

structures were slightly larger than unmodified PEI polyplexes, all samples exhibited 

average diameters that were less than 200 nm.  It is likely that the PEI-488 might 

experience weakened (less efficient) interactions with DNA than unmodified PEI, 

leading to non-uniformity of the mixed structures and an increase in the dispersity. 

Furthermore, the increased polyplex dispersity is likely indicative of an enhanced 

tendency to aggregate as a result of exposed hydrophobic moieties from the dye.  
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To investigate how polyplexes with reduced packaging efficiency and 

increased tendency to aggregate were impacted by exposure to the cellular 

environment, polyplexes were delivered to cells and their uptake was monitored by 

fluorescence microscopy. Interestingly, fluorescence microscopy revealed the 

formation of extracellular aggregates in formulations prepared with the PEI-488 label.   

Additionally, these polyplexes showed diversity in sizes with the incorporation of the 

fluorescent tag (Figure 2.3).  In these in vitro studies, the cellular environment is able 

to prematurely unpackage the loosened structures and thus reveal instabilities and 

differences in hydrophobicity in the polyplexes that are not detectable by DLS.  For 

example, it was previously demonstrated that heparin is able to unpackage loosely 

associated structures more readily than those with stronger binding interactions.
50

  It is 

likely that many of the loose polyplex aggregates are disassembled (and hence unable 

to enter cells) by interaction with heparin and other extracellular polyanions, leading 

to the significant amounts of extracellular free DNA.   

The impacts of OG-488 on cellular uptake were quantified by flow cytometry 

(Figure 2.4).  Previous work has shown that polyplexes formed at low charge ratios 

are less efficient at packaging and delivering nucleic acids.
42

  As anticipated based on 

these previous observations, structures prepared at N/P = 4 demonstrated much lower 

levels of uptake than all other structures investigated in this study.  Interestingly, there 

were no observed differences in polyplex uptake for formulations prepared at N/P = 8.  

Based on studies by Yue and coworkers indicating as much as 70% of the PEI existing 

in free solution following assembly (for preparations at N/P = 10), it is likely that at 

this high charge ratio (N/P = 8) all formulations using PEI-488 were able to overcome 

the unfavorable interactions of DNA with PEI-488 due to the excess free polymer in 
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solution.
45, 51

  Interestingly, structures prepared at N/P = 6 led to a significant decrease 

in polyplex uptake for formulations prepared at greater than 25% incorporated label.  

Consistent with observations in fluorescence microscopy, it is likely that the loose 

extracellular structures and large aggregates that result from interactions with the cell 

environment are unable to efficiently enter cell due to premature unpackaging.  

2.5 Conclusions 

The studies detailed in this work highlight the importance of understanding 

structure/function relationships with diverse polymer structures, including not only 

fluorophores (as explored in this chapter), but also light-sensitive residues, targeting 

ligands and other modifying components used in the number of gene delivery 

applications.  Ultimately, the development of improved structures relies on employing 

similar methods to those detailed in this study to improve our understanding of the 

gene association and delivery. Using the systematic studies detailed in this work, a 

basis has been developed for the exploration of other non-viral carriers, some of which 

will be detailed in the remainder of this work.  
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Chapter 3 

CATCH AND RELEASE: PHOTOCLEAVABLE CATIONIC DIBLOCK 

COPOLYMERS AS A POTENTIAL PLATFORM FOR NUCLEIC ACID 

DELIVERY 

New approaches to polymer-based gene therapy are necessary to facilitate 

externally-stimulated nucleic acid release and to overcome the contradictory demands 

for intracellular delivery. On one hand, the binding interactions between nucleic acids 

and cationic polymers must be sufficiently strong to prevent nuclease-mediated 

degradation, while on the other hand, weak interactions are necessary to enable 

nucleic acid release within cells. To address this paradox, light-responsive, o-

nitrobenzyl-containing cationic block copolymers (BCPs) were synthesized using the 

following design criteria: (1) complete DNA complexation into polyplexes; (2) 

minimized charge content to retain binding; (3) salt and serum stability; and (4) a 

nucleic acid release mechanism. These BCPs were subsequently investigated their 

potential for plasmid DNA encapsulation and triggered release. The resulting BCPs 

combined PEG with a novel, photo-responsive block to facilitate tunable, salt-stable 

complexation and light-activated release.  

3.1 Introduction 

Non-viral carriers such as lipids, peptides, and synthetic polymers can deliver 

exogenous nucleic acids to dysfunctional cells to manipulate the expression of specific 

genetic targets and thereby modulate cellular function.
1
 Cationic polymers make up 

the majority of non-viral nucleic acid delivery vehicles due to their synthetic 
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versatility and ability to form electrostatic complexes (polyplexes) with anionic 

nucleic acids.
2
 The encapsulation of nucleic acids within these polyplexes can prevent 

enzymatic degradation, reduce serum protein adsorption, and promote cell membrane 

interactions/endocytosis.
3
 However, nucleic acid release is essential to permit binding 

by transcription factors (or other protein-based targets) and promote efficient gene 

expression.
4
 Thus, balancing the competing requirements of nucleic acid binding and 

release is a common challenge in developing successful delivery vehicles. 

Weak nucleic acid-polymer binding affinity is a substantial and well-

documented roadblock to efficient delivery as it leads to polyplex instability, 

premature nucleic acid release, and nucleic acid degradation.
4-6

   For example, Burke 

and Pun highlighted the importance of polyplex stability in the study of DNA/PEI 

polyplexes.
5
 In studies of in vivo delivery to liver tissues, the DNA/PEI polyplexes 

interacted with extracellular matrix components, which displaced the DNA from the 

polyplexes.  This premature polyplex disassembly resulted in reduced DNA 

internalization as well as degradation of DNA in the extracellular space. Strategies to 

improve nucleic acid encapsulation and polyplex stability include increasing the 

polymer concentration in the polyplex or the length of the polycation.
7, 8

  Specifically, 

Abdelhady et al. reported the effects of an increased polymer/nucleic acid ratio, i.e. 

increased polyplex charge density, using polyamidoamine dendrimers and plasmid 

DNA.
7
  That work reported degradation on the order of minutes for unprotected 

nucleic acids, but no degradation over several hours for polyplexes formed at 

nitrogen/phosphate (N/P) ratios > 1. In another example, Layman et al. investigated 

increased lengths of poly(2-dimethylaminoethyl methacrylate) that shielded DNA 

from degradation and increased gene expression by 20-fold as the weight-average 
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molecular weight (Mw) increased from 43,000 g/mol to 915,000 g/mol.
8
  In other 

work, Rice and coworkers enhanced polyplex stability through the incorporation of 

hydrophobic acridine groups into polycations imposed thermodynamic penalties for 

disassociation and enhanced binding affinities by coupling intercalation of the 

hydrophobic groups with electrostatic interactions.
9-11

  

Although several strategies exist to improve polyplex packaging, high affinity 

polymers present a challenge as they can impede nucleic acid release in the cell.
4, 10

  

Schaffer et al. and Choosakoonkriang et al. showed that increased polycation length 

(with poly(L-lysine) and polyethylenimine, respectively) decreased the transfection 

efficiency due to a lack of nucleic acid release from the polyplexes.
11, 12

   Also, 

Schaffer et al. and Erbacher et al. independently concluded that reduced cationic 

charge on poly(L-lysine) improved DNA delivery and enhanced polyplex dissociation 

in solution.
11, 13

  Additionally, several studies correlated increasing cytotoxicity to 

increasing cationic charge densities in polyplexes.
14-16

  These examples suggest that 

alternative nucleic acid packaging strategies are necessary to enable adaptation of 

polyplex stability in the presence of the evolving needs during delivery. 

The incorporation of stimuli-responsive functional groups into polymer/nucleic 

acid complexes provides complementary functionality for both stable encapsulation 

and triggered release of nucleic acids.
17

  For example, Abbott and coworkers 

developed ferrocene-containing cationic lipids with reduction/oxidation (red/ox) 

sensitive nucleic acid binding capacity.
18

  The authors showed that chemical or 

electrochemical oxidation/reduction of the ferrocene groups could reversibly alter the 

charge of the lipids and thereby produce shifts between lamellar (reduced) and 

amorphous (oxidized) lipoplex morphologies. In this case, the altered binding and 
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corresponding structural shifts were directly correlated with deactivation/activation of 

gene transfer due to redox triggered alterations in lipoplex stability and membrane-

binding potential 
19

. Subsequent studies demonstrated the ability to spatially control 

gene transfection in vitro, through application of chemical agents.
20

The above systems 

highlight the merits of stimuli-responsive constructs, and suggest enormous potential 

benefits for gene nanocarriers whose properties are sensitive to externally-applied 

stimuli.  Photo-responsive polymers are particularly appealing because of the 

versatility and spatial resolution afforded by light.  In particular, the o-nitrobenzyl (o-

NB) ester studied in this work absorbs UV or near-infrared light and undergoes an 

isomeric rearrangement to form a carboxylic acid and a nitrosobenzaldehyde.
21, 22

  The 

production of the carboxylic acid introduces a negatively charged carboxylate ion in 

aqueous conditions above pH ≈ 3.
21

  

Recent studies have detailed the incorporation of photo-responsive moieties 

into various polymeric systems for drug and gene delivery.
21, 23-26

   In particular, 

solution assemblies whose hydrophobic components contained the photo-responsive 

o-NB moiety could destabilize and release dyes or drugs upon irradiation with light.
27-

29
  In one such example, Johnson et al. synthesized a photocleavable polymer-drug 

conjugate that tethered doxorubicin to a poly(norbornene-PEG) bottle-brush 

copolymer using an o-NB derivative.
30

  The polymer was noncytotoxic in the absence 

of UV irradiation and demonstrated successful release of doxorubicin in breast cancer 

cells in vitro after UV irradiation. Other o-NB-containing systems include photoactive 

dendrons, metallic nanoparticles, and peptides that facilitate nucleic acid complexation 

and release.
31-33

  However, drawbacks preventing the clinical application of 

dendrimers, peptides, and nanoparticles include the difficulty of synthesis, scalability, 
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cost, and toxicity, which can be mediated using block copolymers (BCPs).
34-36

  To that 

end, the controlled and scalable synthesis of a photoactive and cationic diblock 

copolymer has been outlined and the following experiments demonstrate its 

noncytotoxicity, stable and tunable DNA binding, and capacity for light-triggered 

release.   

Based on the literature, essential criteria for new nucleic acid carriers include: 

(1) complete complexation and condensation of nucleic acids into polyplexes; (2) 

minimized charge content to reduce cytotoxicity yet retain binding capacity; (3) salt 

and serum stability; and (4) capability for nucleic acid unpackaging. These features 

were incorporated into the design of a block copolymer architecture that utilized PEG 

as a nonfouling/stealth component
37

 and a methacrylate-based cationic block to 

facilitate nucleic acid complexation. A PEG macroinitiator was employed to provide 

access to controlled radical polymerization (CRP) techniques, i.e., atom-transfer 

radical polymerization (ATRP). CRP enables tunable molecular weights, 

compositions, dispersities, and end-group functionalities. A vital building block in this 

scheme was the monomer, 5-(3-((tert-butoxycarbonyl)amino)propoxy)-2-nitrobenzyl 

methacrylate (Boc-APNBMA), which contained a methacrylate and protected amine 

functionality to facilitate ATRP. Photo-responsive character was introduced through 

the incorporation of an o-NB ester moiety. Cleavage of the Boc-protecting group 

following ATRP revealed the final cationic and photo-responsive block copolymer. 

The monomer and the subsequent protected and ionic block copolymers were prepared 

as depicted in Scheme 1. The placement of the photoactive o-NB ester between the 

polymer backbone and the ammonium cation is key to the block copolymer design as 

applied to nucleic acid delivery. This location leads to charge reversal and facilitates 
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the catch and release mechanism desired for efficiently delivering nucleic acids. Thus, 

this design combines the highlighted criteria, including: biocompatible/stealth PEG 

components; polymers with tailorable composition and molecular weights; cationic 

moieties that support tight polyplex formation; and photo-responsive functional groups 

for controlled spatiotemporal release of the nucleic acid.  

 

 
Scheme 1.  Synthesis of mPEG-b-P(APNBMA·HCl)n. 
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3.2 Materials and Methods 

3.2.1 Materials 

mPEG-b-P(APNBMA) copolymers were prepared by controlled radical 

polymerization (CRP) techniques, i.e., atom-transfer radical polymerization (ATRP) 

by Dr. Matthew Green as outlined in Scheme 1 (detailed synthetic methods shown in 

Appendix A). Intermediates and products were characterized using 
1
H NMR 

spectroscopy.  Water used in characterization was obtained from a Milli-Q water 

purification system (resistivity = 18.2 MΩ·cm). 1× Dulbecco’s phosphate buffered 

saline (DPBS) (150 mM salt concentration, with calcium and magnesium) was 

purchased from Fisher, Opti-MEM® I Reduced Serum Media (buffered with HEPES 

and sodium bicarbonate, and supplemented with hypoxanthine, thymidine, sodium 

pyruvate, L-glutamine, trace elements, and growth factors) was purchased from Life 

Technologies. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) sodium 

salt was purchased from Fisher and dissolved at 20 mM in ultrapure water, and then 

the pH was adjusted to ≈6 using 1.0 M HCl or 1.0 M NaOH. 

3.2.2 1
H NMR Spectroscopy  

Solutions of Boc-APNBMA, mPEG-b-P(Boc-APNBMA)n, and mPEG-b-

(APNBMA·HCl)n were prepared in CDCl3 or DMSO-d6. 
1
H NMR spectra were 

collected at 600 MHz using a Bruker AVIII 600 MHz spectrometer. 

3.2.3 Polyplex Formulation 

Polyplexes were formed using mixtures of the gWiz-GFP plasmid and mPEG-

b-P(APNBMA·HCl)7.9. DNA solutions were prepared at 40 μg/mL in 20 mM HEPES 

(pH 6.0). Polyplexes were formed by dropwise addition of polymer solution to an 
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equal volume of DNA while vortexing. Solutions contained polymer over the range of 

concentrations appropriate to form polyplexes at the desired ammonium to phosphate 

(N/P) ratio. Polyplexes were incubated at 23 °C for 10 min prior to further analyses. 

DNA condensation using the ethidium bromide exclusion assay. Polyplex formation 

was analyzed using agarose gel electrophoresis. Polyplexes were prepared at N/P 

ratios from 0 to 7 by mixing 0.5 μg DNA with the appropriate amount of polymer, and 

the resulting mixture was added to 5 μL of gel loading dye (2.5 mg/mL bromophenol 

blue in 3/7 (v/v) glycerol/water). Then, the polyplex solution was added to the wells of 

a 1.0% agarose gel containing 0.2 μg/mL of ethidium bromide. Gels were run at 100 V 

for 2 h and subsequently imaged using a Biorad Gel Doc XR. 

3.2.4 YOYO-1 Fluorescence Quenching Assay 

gWiz-GFP plasmid was mixed with the bisintercalating dye YOYO-1 iodide 

(Invitrogen) at a base pair/dye ratio of 50 and incubated at room temperature for 1 h. 

Polyplexes were formed at N/P ratios of 0, 1, 2, 3, 4, 5, 6, and 7 by combining 1 μg 

YOYO-1 labeled DNA and the appropriate amount of PEG-b-P(APNBMA·HCl)7.9 as 

described previously. Subsequently, 50 μL of polyplex solution was added to a 96-

well plate, and the fluorescence was measured using a GloMax Multi Detection 

System reader.  

3.2.5 Polymer/Polyplex Cleavage 

Polymer and polyplexes were prepared such that the final polymer 

concentration was 0.1 mg/mL. Solutions were loaded into a chamber prepared by 

sealing two glass slides with a rubber gasket. The chamber was irradiated with 365 nm 

light at 200 W/m
2
 (Omnicure S2000, Lumen Dynamics, Mississaugua, Ontario, 
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Canada) for 0 min, 10 min, 20 min, 40 min, and 60 min. Samples were removed from 

the chamber and collected for absorbance measurements (Thermo Scientific, 

NanoDrop 1000 Spectrophotometer) and agarose gel electrophoresis. 

3.2.6 Preparation of Polyplexes for Dynamic Light Scattering (DLS) 

Polyplexes (1.5 μg DNA, 75 μL of solution) were mixed with 200 μL HEPES 

buffer, H2O, PBS, or Opti-MEM, and subsequently incubated at 23 °C for 60 min 

prior to particle size determination. DLS experiments were performed using a CNI 

Optoelectronics Co., Ltd. 532 nm, 427.6 mW laser, coupled with a Brookhaven 

Instruments Corporation BI-200SM goniometer equipped with an inline 532 nm filter 

from Intor, Inc. The intensity auto-correlation function was recorded at 90° and 

analyzed using a quadratic cumulant fit. All light scattering experiments were 

performed at 25 °C.  

3.3 Results and Discussion 

Developing structure-property relationships is critical to the design and 

optimization of polymeric nanocarriers, and necessitates the synthesis of polymers 

with well-defined characteristics. Thus, ATRP of Boc-APNBMA from a mPEG-Br 

macroinitiator (5,300 g/mol, Đ = 1.05) was used to generate well-defined mPEG-b-

P(Boc-APNBMA) block copolymers. Boc-APNBMA content and overall copolymer 

molecular weight was tuned by manipulating the monomer to macroinitiator ratio. 

(Note: reaction time was held constant at 24 h.) The size exclusion chromatography 

(SEC) traces in Figure 3.1 demonstrate the shift in elution volume upon a change in 

the monomer to macroinitiator ratio. Narrow molecular weight distributions (Đ ≤ 1.16) 

for mPEG-b-P(Boc-APNBMA)n (where n represents the calculated degree of 
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polymerization of the Boc-APNBMA block) supported the controlled nature of the 

polymerization during Boc-APNBMA chain extension. 

 

 

Figure 3.1 Size exclusion chromatograms of mPEG-b-P(Boc-APNBMA)n. 

Analysis of 
1
H NMR spectroscopy data confirmed the chemical structures of 

the monomer, protected diblock copolymer, and cationic diblock copolymer (Figure 

3.2). After ATRP, the appearance of mPEG-associated resonances at ≈ 3.6 ppm, the 

elimination of resonances from the methacrylate C=C bond between 5.7-6.3 ppm, and 

the broadened resonances that correlated to the repeat unit functional groups supported 

the successful synthesis of mPEG-b-P(Boc-APNBMA)n. The disappearance of the 

resonances at 1.4 ppm following acid treatment indicated complete conversion of 

mPEG-b-P(Boc-APNBMA)n to mPEG-b-P(APNBMA·HCl)n. Comparing the 

integrations of the terminal methoxy (3.4 ppm), PEG methylene (3.6 ppm), and Boc 

methylene (1.4 ppm) resonances enabled the calculation of the number-average 
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molecular weights (Mn)s for mPEG-b-P(Boc-APNBMA)n, which were 8,400 g/mol 

and 14,600 g/mol for the two polymers depicted in Figure 3.1. Using a range of 

monomer to initiator ratios yielded a series of BCPs, and the two discussed herein 

illustrate our ability to tune and control molecular weight and dispersity. The 

integrations from the remaining resonances did not change following Boc 

deprotection, indicating that no cleavage of the pendant ester residues occurred during 

synthesis or workup. Table 3.1 summarizes the molecular weights obtained from 
1
H 

NMR spectroscopy and the dispersities obtained from SEC for the two protected 

polymers and their deprotected counterparts. 

 

 

Figure 3.2  
1
H NMR spectroscopy of Boc-APNBMA monomer (top) in CDCl3, 

mPEG-b-P(Boc-APNBMA)n (middle) in CDCl3, and mPEG-b-

P(APNBMA·HCl)n (bottom) in DMSO-d6. 
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Table 3.1 Characterization of mPEG-b-P(Boc-APNBMA)n using 1H NMR 

spectroscopy and SEC. 

 

 

Mn
a
 

(g/mol) 
Đ

b 
 

mPEG-Br 5,300 1.05 

mPEG-b-P(Boc-APNBMA)7.9 8,400 1.16 

mPEG-b-P(APNBMA·HCl)7.9 7,900 - 

mPEG-b-P(Boc-APNBMA)23.6 14,600 1.11 

mPEG-b-P(APNBMA·HCl)23.6 13,100 - 
(a) Determined using 1H NMR spectroscopy, and subsequently used to calculate the degree of polymerization for 
each polymer (7.9 and 23.6).  (b) Determined using SEC. 

It was expected that the lower molecular weight APNBMA block would 

provide adequate nucleic acid binding affinity based on the behavior of polymers with 

similar polycation valency.
11

  Therefore, investigations of the DNA complexation at 

various N/P ratios in this chapter were conducted using the mPEG-b-P(APNBMA)7.9,  

demonstration of DNA assembly with mPEG-b-P(APNBMA)23.6 is shown in 

Appendix A.  Two assays were employed to analyze polyplex formation in this work. 

The first assay, an ethidium bromide exclusion assay, probes the ability of cationic 

polymers to condense nucleic acids into polyplexes; ethidium bromide fluoresces upon 

intercalation between nucleic acid base pairs to reveal the location of the nucleic acids 

migrating down an electrophoresis gel. A tightly formed polyplex excludes the 

fluorescent dye, which reduces or eliminates fluorescence. The cationic mPEG-b-

P(APNBMA·HCl)7.9 complexed DNA into polyplexes at N/P ≥ 2, with tight polyplex 

formation occurring at N/P ≥ 5 as shown by the complete exclusion of ethidium 

bromide (Figure 3.3a). The second assay, a YOYO-1 iodide fluorescence quenching 

assay, quantitatively determined the level of fluorescence quenching induced by 

polyplex formation. YOYO-1 iodide labels DNA through intercalation binding 

interactions, and DNA packaging into polyplexes can position the bound YOYO-1 

iodide fluorophores in sufficient proximity for self-quenching. DNA complexation 
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with mPEG-b-P(APNBMA·HCl)7.9 produced decreased fluorescence as tighter 

polyplexes formed at higher N/P ratios (Figure 3.3b). A plateau in fluorescence 

occurred near N/P ≈ 5, supporting the ethidium bromide exclusion data in Figure 3.3a. 

 

 

Figure 3.3 DNA condensation by mPEG-b-P(APNBMA·HCl)7.9 monitored by 

(a) agarose gel electrophoresis and the(b) YOYO-1 fluorescence 

quenching assay.   

These complementary results suggested tight polyplex formation at N/P ≥ 5. 

Thus, polyplexes were formed at N/P = 5 and further analyzed using DLS to 

investigate polyplex size and salt stability. DLS analyses identified hydrodynamic 

diameters (DH, Figure 3.4a) of ≈150 nm for DNA/mPEG-b-P(APNBMA·HCl)7.9 

polyplexes at N/P > 3, suggesting potential compatibility with the size limits for 

endocytic internalization into cells.
38

   Increasing the N/P ratio led to slight decreases 

in DH, which corresponded to the tighter polyplexes as determined by fluorescence 

quenching. 
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Polyplex stability to high salt and/or serum-containing environments is an 

additional key criterion for predicting the in vivo performance of gene delivery 

vehicles. High salt environments can induce polyplex aggregation and precipitation, 

and enzymes in serum containing environments can initiate degradation of loosely 

bound nucleic acids.
39

  The DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplexes exhibited 

no change in size following incubation in mild buffered solution (HEPES buffer), 

Opti-MEM or water over a period of 60 min at 23 °C. Incubation in cell-culture grade 

PBS solutions containing physiological saline (150 mM salt) only modestly increased 

polyplex DH by ≈ 40 nm (1.4-fold), which suggested improved polyplex stability in 

high salt media relative to other nucleic acid carriers in the literature.
40

  In comparison, 

Johnson et al. reported an increase of approximately 1 μm (10-fold) for the DH of 

DNA/polyethylenimine and DNA/poly(L-lysine) polyplexes over 15 min in PBS; 

these two cationic polymers are common commercially available carriers used in 

nucleic acid delivery.
40

  In the present work, the nearly constant polyplex sizes 

suggested greater stability in the high salt conditions commonly encountered in vitro 

and in vivo (Figure 3.4b), and indicated a potential for extension to cell-based 

applications. 
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Figure 3.4  Characterization of the DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplex 

size and stability. (a) Hydrodynamic diameters of polyplexes formed 

at various N/P ratios in HEPES buffer.  (b) Hydrodynamic diameters 

of polyplexes at N/P = 5 after a 60 min incubation in various salt 

solutions.  The data in (a) and (b) were collected using DLS. 

As mPEG-b-P(APNBMA•HCl)7.9 demonstrated potential as a vehicle for 

nucleic acid condensation and packaging, UV irradiation studies were preformed to 

assess the polymer’s efficacy for light-triggered nucleic acid release. mPEG-b-

P(APNBMA•HCl)7.9 was irradiated with 365 nm light at an intensity of 200 W/m
2
 and 

the relative characteristic absorbance of the o-NB ester at 316 nm was monitored to 

determine the extent of photocleavage. These UV irradiation conditions have been 

previously used in cellular applications of photocleavable polymers with minimal 

toxicity.
41

  The polymer absorption spectra displayed dramatic decreases up to 20 min, 

small changes from 20 min to 40 min, and no change in the characteristic absorbance 

between 40 min and 60 min (Figure 3.5a).  The ability to tune the photocleavage 

reaction through variations in irradiation time, polymer properties, and polyplex 

formation introduced an additional attractive feature to this platform.  The decreased 

absorbance as a function of irradiation time followed an exponential decay, and fitting 

the decay enabled the determination of an exponential decay constant (τ = 340 s for n 
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= 7.9 and τ = 220 s for n = 23.6) (Appendix A).  The exponential decay constant for 

the DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplexes was 160 s. These calculated decay 

constants are consistent with the experimentally observed data, with nearly complete 

conversion occurring at approximately 3τ in all cases.  In principle there is no reason 

to expect that the longer polymer chain should have a significantly lower decay 

constant than the shorter chain length, however further experiments would be needed 

to identify a dependence between polymer chain length and photocleavage decay 

constants.   

 

 

Figure 3.5 UV-visible spectroscopy of (a) mPEG-b-P(APNBMA·HCl)7.9 

following exposure to 200 W/m
2
 for 0 (black), 2.5 (red), 5 (blue), 10 

(green), 20 (orange), 40 (purple), and 60 (teal) min; and (b) 

DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplexes following exposure to 

200 W m-2 for 0 (black), 2.5 (red), 5 (blue), 10 (green), 20 (orange), 

40 (purple), and 60 (teal) min.  (c) Gel electrophoresis of 

DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplexes following exposure to 

UV at varying irradiation times. 



 93 

Subsequent  irradiation of DNA/mPEG-b-P(APNBMA·HCl)7.9polyplexes 

using the same irradiation conditions yielded similar UV-Vis absorbance spectra over 

time, and behavior similar to the polymer absorbance spectra was seen in the polyplex 

absorption spectra (Figure 3.5b). The UV-Vis absorption findings suggested complete 

cleavage of the o-NB ester in both the polymer and polyplex, and negligible screening 

of UV light from the DNA. Visualization of polyplex destabilization and unpackaging 

using gel electrophoresis confirmed that longer irradiation times reduced electrostatic 

interactions (Figure 3.5c). The DNA migrated through the gel at UV irradiation times 

≥ 20 min, which suggested polyplex destabilization and DNA release. The reduced 

migration in the gel in comparison to free DNA indicated that the photocleavage 

reaction products either inhibited the mobility of the DNA through direct interactions 

or changed the gel characteristics such that migration was limited. Cowman and 

coworkers reported several experimental parameters that influenced the mobility of 

hyaluronan in agarose gels, including buffer composition, buffer salt concentration, 

agarose percentage (i.e. gel pore size), etc.
42

  One possible explanation is that the 

cleaved fragments continue to interact with the DNA and screen the electric field, 

which would increase the apparent molecular weight and distribution.  Regardless of 

the reduced DNA mobility, the supposition of photo-triggered polyplex disassembly 

remained sound based on the clear shifts in DNA migration behavior following light 

irradiation.  

3.4 Conclusions 

In summary, this work presents the synthesis of a new photo-responsive, 

methacrylate-based monomer using controlled polymerization techniques to generate a 

pair of block copolymers with tunable block lengths and narrow molecular weight 
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distributions. The polymer with the shorter cationic block length, mPEG-b-

P(APNBMA·HCl)7.9, effectively complexed DNA into salt-stable polyplexes with 

sizes appropriate for cellular internalization. Furthermore, the development of block 

copolymers with varying chain lengths introduces the possibility for tunable 

association with other therapeutic nucleic acids such as messenger RNA (mRNA) – 

with similar molecular weights as the plasmids investigated in this chapter – or short 

interfering RNA (siRNA) – with a significantly smaller molecular weight.  Irradiation 

with UV light cleaved the o-NB ester and facilitated DNA release. Considering the 

favorable complexation and release of DNA, investigations into the spatiotemporal 

efficacy and control of these photocleavable block copolymers as nucleic acid delivery 

vehicles and the influence of cationic block length on nucleic acid encapsulation and 

release are discussed in the following chapter. These promising findings suggested 

that the mPEG-b-P(APNBMA·HCl)n design could address a key paradox in gene 

carrier design through the simultaneous incorporation of ammonium cations for strong 

binding and an externally-triggered mechanism to allow defined release. 
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Chapter 4 

LIGHT-TRIGGERED UNPACKAGING OF SIRNA POLYPLEXES FOR 

IMPROVED GENE SILENCING  

An important challenge in gene delivery is the development of gene transfer 

structures that remain stably associated in the extracellular space, yet efficiently 

disassemble to release nucleic acid in the cytosol.  This controllable release 

characteristic is particularly important for the delivery of short interfering RNA 

(siRNA), which has increased susceptibility to enzymatic degradation if released 

prematurely, yet lacks silencing activity if release is delayed.  Chapter 3 introduced 

this photocleavable copolymer platform with tailorable molecular weights/ binding 

capacity and demonstrated the ability to create stable extracellular assemblies, 

promote light-induced polymer cleavage, charge reversal and subsequently weakened 

DNA binding.  Building on the promising characteristics of this photocleavable 

platform, the work presented in this chapter explored the implementation of PEG-b-

P(APNBMA)n block copolymers as controllable, stealth carriers for siRNA delivery 

and was aimed at defining a copolymer design and polyplex assembly conditions to 

promote the formation of nuclease inaccessible structures with the capacity for light-

triggered release. Due to its demonstrated weaker electrostatic binding than DNA, this 

shorter and more rigid nucleic acid was hypothesized to allow for strong enough 

binding to promote tight association and stability, but weak enough binding to 

promote triggered siRNA release.
1
   These studies aimed to controllably release 

siRNA in the intracellular compartment to enhance its gene silencing efficacy.  The 
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preparation of these structures indicated tight association with siRNA and favorable 

cytoplasmic distribution following transfection.  Furthermore, in vitro UV treatment 

facilitated ~70% reduction in protein expression compared to untreated cells, thus 

highlighting utility of the light-trigger in promoting siRNA transfer. 

4.1 Introduction 

RNA interference (RNAi) has emerged as a promising gene delivery strategy 

due to its ability to mediate sequence specific post-transcriptional gene silencing.
2-6

  

However, the direct application of siRNAs has been limited by their increased 

susceptibility to enzymatic hydrolysis, rapid clearance from systemic circulation, 

limited cellular uptake, and inability to efficiently traffic to the cytoplasm of the cell.
7, 

8
     Significant strides have been made to improve the nuclease stability of siRNAs 

including 2’-fluoro and 4’-thio chemical modifications.
5
  However, efficient delivery 

still necessitates a packaging strategy to protect against enzymatic degradation and to 

overcome the anionic plasma membrane.  Unfortunately the key delivery requirements 

of stability during circulation and efficient cytoplasmic release place contradictory 

demands on siRNA delivery vehicles.  Specifically, carriers should provide (1) stable 

binding during circulation and transport to ensure extracellular stability, and (2) the 

capacity for intracellular unbinding to provide efficient polyplex disassembly and 

cytoplasmic siRNA release.  

In recent years a number of strategies have been employed to improve the 

extracellular stability of siRNA complexes.  However, the rigid structure of siRNA 

has made it much more difficult to package than DNA molecules and has also limited 

clinical translation of siRNA structures.
9
  For example, in a well-known study, Davis 

and coworkers highlighted the importance of polyplex stability in the development of 
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siRNA/cyclodextrin-containing polymer (CDP) complexes for treatment of Ewing’s 

sarcoma.
10

  When introduced into systemic circulation, the siRNA/CDP polyplexes 

assembled at the glomerular basement membrane (GBM).  Furthermore, the 

heterogeneity observed in confocal microscopy suggested a loss in nucleic acid 

content due to interactions with heparin sulfate on the GBM.  Several efforts have 

focused on improving the stability of siRNA encapsulation including structural 

modifications to the cargo (through multimerization) or developing modified polymers 

(with increases in molecular, charge density, or by the incorporation of hydrophobic 

residues) to facilitate more stable binding.  For example, Park and colleagues 

developed methods to adjust the binding association of the cationic polymer and 

siRNA.  Specifically, with the development of self-crosslinked siRNA multimers, they 

were able to form more stable and compact polyplex assemblies using linear 

polyethylenimine (LPEI) as a carrier because of substantially increased nucleic acid 

molecular weight and the presence of flexible chemical linkers in the backbone.
11-13

 

Various publications have explored the preparation of siRNA polyplexes through the 

complementary approach of modifying the polymer charge density.  In one such 

example Liu and coworkers showed efficient siRNA complexation with the use of 

high molecular weight chitosan in contrast to low molecular weight chitosan, which 

was not able to condense siRNA to form discrete NPs because of the short chain 

length of the polymer.
14

  While some these approaches to improve affinity have 

proven beneficial for reducing nuclease degradation, the enhanced binding stability 

has the drawback of reducing intracellular release and siRNA activity.
15, 16

  

Specifically, in the previously mentioned work of Park and coworkers they observed 

low levels of gene silencing due to their tight polyplex association, despite a 
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demonstrated efficiency in siRNA packaging and high levels of cellular uptake.  

Similarly, in the preparation of linear PEI (LPEI) polyplexes for siRNA delivery, 

Shim and coworkers highlighted the need for mechanisms to control the unpackaging 

of their condensed polyplex structures, which demonstrated limited siRNA 

unpackaging and low gene silencing efficiency despite efficient cellular uptake and 

cytoplasmic localization of these structures.
15

  As such, a delivery strategy that 

balances the requirements of strong binding stability during circulation and reduced 

binding stability in the cytosol is particularly attractive for improving siRNA delivery.  

Indeed, delivery approaches with triggered release strategies provide a method to 

address the requirement of strong binding and efficient release.  Additionally, a 

triggered release strategy employing an external trigger would be particularly 

attractive because it would introduce the ability to provide user-defined spatiotemporal 

control of release. 

Chapter 3 reported on a UV-cleavable polymer platform with a tunable nucleic 

acid binding region that combines polycationic and photosensitive units to enable 

triggered release of polycationic groups.   By employing the tunable binding capacity 

of this polymer platform in the delivery of siRNA – with demonstrated weaker 

electrostatic association that DNA carriers,
1
 this chapter identifies  strong siRNA 

association and stability of these photocleavable structures and efficient siRNA release 

and gene silencing in response to a light-trigger.  
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4.2 Materials and Methods 

4.2.1 Materials 

Photocleavable mPEG-b-P(APNBMA)n polymers were synthesized via atom 

transfer radical polymerization as previously described in Chapter 3.  ON-

TARGETplus siRNA [anti-glyceraldehyde 3-phosphate dehydrogenase (anti-

GAPDH)] as well as a non-targeting siRNA sequence were purchased from 

ThermoFisher Scientific (Pittsburgh, PA).  A bicinchoninic acid (BCA) protein assay 

kit and bovine serum albumin (BSA) were purchased from Pierce (Rockford, IL). 

Dulbecco’s modification of Eagle’s medium (DMEM) and phosphate buffered saline 

(PBS) solutions were obtained from Corning Life Sciences - Mediatech Inc. 

(Manassas, VA).   The ECL Plus Western Blotting Detection Kit was obtained from 

GE Healthcare Bioscience, Buckinghamshire, UK.  Antibodies for Western blotting 

were obtained from AbCam (Cambridge, CA). Other Western blotting reagents and 

inhibitors were obtained from Pierce Biotechnology (Rockford, IL, USA).  All other 

chemicals and reagents were purchased from Sigma (St. Louis, MO). 

4.2.2 Polyplex Formulation and Characterization 

Polyplexes were formed using mixtures of the ON-TARGETplus siRNAs and 

PEG-b-P(APNBMA•HCl)n polymers.  Prior to complexation, siRNA solutions were 

prepared at 40 µg/mL in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer, pH = 6.0.  Polyplexes were formed by dropwise addition of polymer 

solution to an equal volume of siRNA while vortexing.  Polymer solutions contained 

polymer over the range of concentrations appropriate to form polyplexes at the desired 

polymer nitrogen to siRNA phosphate (N/P) ratios.  Polyplexes were incubated at 

room temperature for 10 minutes prior to further analyses.  
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Polyplex formation was analyzed using agarose gel electrophoresis.  For 

electrophoresis, 25 µL of polyplex solution was added to 5 µL of loading solution (3/7 

(v/v) glycerol/water).  Then, the polyplex solution was added to the wells of a 4.0% 

agarose gel containing 0.5 µg/mL of ethidium bromide.  Gels were run at 100 V for 1 

h and subsequently imaged using a Biorad Gel Doc XR (Hercules, CA). 

For the nuclease stability assays, 20 μL of each polyplex solution was 

incubated with 10 μL mouse serum for 4 h at 37°C. The nuclease activity was 

terminated by adding 8 μL of a buffer comprised of 0.16 M EDTA, 0.67 M NaOH, 

and 0.16 M NaCl, and placing the terminating solutions on ice for 10 min.  The 

polyplex solutions were subsequently analyzed by gel electrophoresis as previously 

described. 

A CNI Optoelectronics Co., Ltd. 532 nm, 427.6 mW laser, coupled with a 

Brookhaven Instruments Corporation BI-200SM goniometer equipped with an inline 

532 nm filter from Intor, Inc. was used for DLS analyses. The intensity auto-

correlation function was recorded at 90° and analyzed using a quadratic cumulant fit. 

All light scattering experiments were performed at 25 °C. 

4.2.3 Photocleavage and siRNA Release 

Photocleavage studies were performed using 300 μL of siRNA polyplex 

solution or solutions with polymer alone.  Solutions were loaded into a chamber 

prepared by sealing two glass slides with a rubber gasket. The chamber was irradiated 

with 365 nm light at 200 W/m
2
 (Omnicure S2000, Lumen Dynamics, Mississaugua, 

Ontario, Canada) for 0 min, 5 min, 10 min, 20 min, 40 min, and 60 min. Samples were 

removed from the chamber and collected for absorbance measurements (Thermo 

Scientific, NanoDrop 1000 Spectrophotometer) and agarose gel electrophoresis. 
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4.2.4 Cell Culture and Synchronization 

The mouse embryonic fibroblast (NIH/3T3) cell line used in these studies was 

obtained from American Type Culture Collection (ATCC, Manassas, VA). The cells 

were cultured according to ATCC protocols at 37°C and 5% CO2 in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin; all cell culture chemicals were purchased from Fisher 

(Pittsburgh, PA).   

Cells were plated at a density of 2,000 cells/cm
2 

and incubated overnight. To 

synchronize the cells, the medium was removed the following day and replaced with 

fresh DMEM containing 0.75% FBS and antibiotics, according to standard 

procedures.
17

  The cells were grown for an additional 48 h, and then the cells were 

released 12 h prior to transfection by replacing the low serum medium with fully 

supplemented growth medium. 

4.2.5 Cell Transfection  

For all transfections with PEG-b-P(APNBMA·HCl)n polymers, cells were 

seeded into 6-well plates at a density of 15,000 cells/cm
2
.  Growth medium was 

replaced with Opti-MEM and polyplex solutions containing 3 pmol siRNA/cm
2
 were 

added dropwise to the cells 24 h post-seeding. After a 3 h incubation with the 

transfection reagents, the cells were washed once with PBS and complete growth 

medium was added to each well.  

For transfections with UV treatment, cells were allowed to recover for 30 min 

in complete growth medium following the 3 h transfection.  Subsequently, the medium 

was replaced with Opti-MEM and the samples were irradiated for 20 min at 365 nm 

(I0 = 200 W/m
2
).   Cells were subsequently washed once with PBS and supplemented 
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with complete growth medium for the remainder of the culture period.  

Lipofectamine
TM

 RNAiMax- mediated transfections were performed according to the 

manufacturer’s protocol.   

4.2.6 Immunocytochemical (ICC) Analysis and Cellular Uptake of Polyplexes 

Cells were synchronized, incubated for an additional 12 h following 

synchronization, and transfected using polyplex suspensions containing 3 pmol 

siRNA/cm
2
 labeled with 1.5 eq YOYO-1 Iodide. Transfections were halted after 1, 2, 

or 3 hours of polyplex exposure and the cells were rinsed with PBS, washed with 10 

μg/mL heparin, and washed again with PBS prior to further treatment. 

To prepare the cell samples for ICC analyses, the cells were fixed with 4% 

paraformaldehyde in PBS for 15 min. Cells were subsequently permeabilized with 

0.2% Tween-20 in PBS (PBSt) and blocked with 3% BSA in 0.2% PBSt. Cells were 

stained with 4 μg/mL Hoechst dye solution and stored at 4°C prior to imaging.  Flow 

cytometry was used for quantification of cellular uptake. Cells were collected for 

analysis by standard trypsin-mediated collection protocols and resuspended in PBS, 

filtered through a 35 μm nylon mesh to remove aggregates, and stored at 4°C until 

analysis. Polyplex uptake efficiency was calculated as the percentage of cells 

containing polyplexes. Specifically, scatter plots from untransfected cells were gated 

for autofluorescence and the percentage of cells with fluorescence levels above the 

autofluroescence threshold was determined by comparison with the gate position. A 

total of 10,000 cells were analyzed for each sample. 



 108 

4.2.7 Western Blot Analysis 

Gene silencing by siRNA/PEG-b-P(APNBMA)23.6 polyplexes was analyzed by 

standard Western blotting analyses. Forty-eight hours after the start of transfection, 

protein was extracted from NIH/3T3 cells by incubation of the cells with a lysis 

solution composed of 0.5% Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 

5 mM Tris-HCl (pH 7.4), 5 mM ethylene diamine tetraacetic acid (EDTA), and 1×Halt 

Protease and Phosphatase Inhibitor cocktail. For each sample, total protein content 

was measured using a BCA Protein Assay Reagent Kit. Equal amounts of cellular 

protein from each cell extract were subjected to 4-20% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto a 

polyvinylidene fluoride (PVDF) membrane.  The membrane was blocked in 5% BSA 

in Tris-HCl buffered saline containing 0.1% Tween 20 (TBSt, pH 7.4) for 1 h at room 

temperature and then incubated with an anti-GAPDH rabbit monoclonal IgG primary 

antibody (in 1× TBSt) overnight at 4°C.  Subsequently, the membrane was incubated 

with a solution of goat anti-rabbit polyclonal IgG antibody conjugated to horseradish 

peroxidase (HRP) in 1× TBSt buffer for 1 h at room temperature. Target proteins were 

visualized with the ECL Plus chemiluminescent substrate. The membrane was 

subsequently stripped using Restore Western Blot stripping buffer and reprobed for 

actin using an anti-actin rabbit polyclonal IgG and the HRP conjugated secondary 

antibody. 

4.2.8 Serum and RNase 1 Stability of siRNA/PEG-b-P(APNBMA)23.6 Polyplexes  

Unbound siRNA (1 μg) and PEG-b-P(APNBMA)23.6 polyplexes with 1 μg of 

siRNA were incubated in 25 μL of whole mouse serum for 2 h. The nuclease activity 

was terminated by adding 20 μL of a buffer comprised of 0.16 M EDTA, 0.67 M 
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NaOH, and 0.16 M NaCl, and placing the terminating solutions on ice for 10 min. The 

extent of polyplex disassembly was subsequently analyzed by gel electrophoresis.  To 

determine the ability to resist nuclease-mediated degradation, polyplexes were 

incubated with 0.5 ng/μL solutions of RNase 1 for 10 minutes at 37°C.  siRNA was 

subsequently displaced from the polyplexes using 1 μL of a 10 mg/mL solution of  

sodium dodecyl sulfate (SDS) in ddH2O.  The extent of siRNA degradation was 

subsequently analyzed by gel electrophoresis 

4.2.9 Cell Toxicity 

Polymer toxicity was evaluated in NIH/3T3 cells using the Alamar Blue (AB) 

assay according to the manufacturer’s protocols.  Polymer solutions were prepared in 

Opti-MEM at the specified concentrations.  The cells were rinsed once with PBS and 

incubated with polymer solutions for 3 h at 37 °C, 5% CO2.  Subsequently, the cells 

were rinsed with PBS and the medium was replaced with complete growth medium.  

After 48 h, AB was added directly into culture medium to a final concentration of 10% 

(v/v) for viability/proliferation measurements, and the AB-containing solutions were 

incubated for an additional 18 h at 37 °C, 5% CO2.  AB fluorescence was measured 

using a GloMax-multi detection system plate reader (Promega, Madison, WI).  To 

determine the baseline fluorescence, AB was added to media without cells. 
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4.3 Results and Discussion 

4.3.1 Characterization of siRNA/PEG-b-P(APNBMA)n Polyplexes 

4.3.1.1 siRNA Condensation/Ethidium Bromide Exclusion 

Efficient siRNA condensation typically requires higher N/P ratios and/or 

higher molecular weight polycations as compared with DNA condensation.
1
   Hence, 

we sought to test the siRNA binding capacity of PEG-b-P(APNBMA)n block 

copolymers are a function of molecular weight/cationic chain length.  PEG-b-

P(APNBMA)n  block copolymers were added to siRNA at various charge ratios, as 

depicted in Figure 4.1, and the resulting solutions were analyzed via gel 

electrophoresis.    As seen in Figure 4.1a, PEG-b-P(APNBMA)7.9 was unable to 

efficiently condense siRNA based on the minimal changes that were observed in 

ethidium bromide fluorescence and the migration of siRNA for all tested N/P ratios.  

While there was an initial reduction in ethidium bromide fluorescence as PEG-b-

P(APNBMA)7.9 was added to siRNA, further polymer addition above an N/P ratio of 

40 did not induce additional complex formation.   Several research groups have 

indicated similar reductions in siRNA complexation efficiency for carriers 

demonstrating high affinity for DNA.
9, 14

  In fact, poly-L-lysine (PLL) – a polycation 

routinely used for DNA delivery – does not form complexes with short 

oligonucleotides.   As demonstrated in Figure 4.1b, preparation of polyplexes using 

PEG-b-P(APNBMA)23.6 provided sufficient cationic charge for stable binding 

interactions and complexation with siRNA.   Upon addition of PEG-b-

P(APNBMA)23.6 at N/P 0.5 there was an initial ~83% reduction in ethidium bromide 

fluorescence.  Further addition of the polymer resulted in a lack of migration (N/P ≥ 1) 

but indicated low levels of fluorescence in the wells.  Above an N/P of 4, the free 
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siRNA band and fluorescence in the wells of the gel disappeared almost completely, 

suggesting that PEG-b-P(APNBMA)23.6 condensed siRNA with high efficiency.  The 

high affinity PEG-b-P(APNBMA)23.6 for siRNA suggests the presence of additional 

(non-electrostatic) interactions during association.  As demonstrated in a number of 

similar cationic systems, siRNA is often difficult to package with linear cationic 

polymers.  For example, as seen in work by Byrne and coworkers, the linear 

architecture of PLL hinders complexation of siRNA into compact structures as 

demonstrated by ethidium bromide accessibility and large aggregate structures 

revealed in DLS.
18

  Similar to studies of Rice and coworkers demonstrating enhanced 

polyplex association through the incorporation of hydrophobic acridine groups into 

polycations, a possible explanation for the strong association of siRNA/ PEG-b-

P(APNBMA)23.6 is the combined effect of electrostatic interactions and intercalation of 

the hydrophobic acridine groups.
19
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Figure 4.1  Characterization of siRNA/PEG-b-P(APNBMA)n polyplexes.  

Representative siRNA mobility assay in 4 wt% agarose gels stained 

with ethidium bromide. Polyplexes were prepared with (a) PEG-b-

P(APNBMA)7.9 and (b) PEG-b-P(APNBMA)23.6.  Lane 1 of both gels 

is siRNA alone (N/P = 0) while the remaining lanes show siRNA 

complexed with polymer at varied N/P ratios. Tabulated values 

indicate integrated optical density quantification of the free siRNA 

band. 

4.3.1.2 Physical characterization of polyplexes formed with PEG-b-

P(APNBMA)23.6  

The hydrodynamic diameters of siRNA/PEG-b-P(APNBMA)23.6 were 

measured by DLS (Figure 4.2a) to determine whether these structures would be 
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suitable for cellular uptake. Additionally, an aim of this study was to evaluate whether 

the polyplex sizes decreased with increased binding affinity based on the observation 

of decreased ethidium bromide intensity in the well with increased N/P.  Polyplexes 

were formed at varied charge ratios ranging from N/P = 2 to 8 as these compositions 

enabled efficient siRNA complexation based on electrophoresis.  As indicated in 

Figure 4.2, samples were below the size limit for endocytic uptake (< 200 nm).
20-22

  

Furthermore, the size of siRNA/PEG-b-P(APNBMA)23.6 polyplexes was relatively 

constant for N/P 2 to 6 and indicated a decrease in polyplex size at N/P = 8, which 

corresponded to the tighter polyplex formation demonstrated in electrophoresis and 

indicated in previous investigations of polyplex size changes in response to increased 

cationic charge (N/P).     

 

Figure 4.2 Polyplex characterization using dynamic light scattering. (a) 

Hydrodynamic diameters of polyplexes as determined by DLS. (b) 

Hydrodynamic diameters of polyplexes following 3 h incubation in 

polyplex formulation buffer, 20 mM HEPES pH 6 (black), Opti-

MEM  (white) and PBS with 150 mM salt concentration (diagonal 

stripes). * indicates a statistically significant difference from other 

samples (p < 0.05).  Samples were analyzed by one-way analysis of 

variance (ANOVA). 
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Gene delivery polyplexes require colloidal stability to minimize salt-induced 

flocculation and nuclease stability to avoid non-specific protein adsorption and 

subsequent opsonization.
23, 24

  As detailed in Chapter 1, stealth coatings such as 

protective PEG layers can be incorporated to promote colloidal  and nuclease stability 

of gene delivery structures.
25-28

  Thus, it was hypothesized that the protective PEG 

layer in these polyplexes could provide a steric barrier against aggregation and reduce 

the driving force for non-specific protein adsorption.   

Polyplexes were incubated in PBS (150 mM salt) or Opti-MEM transfection 

medium to investigate their ability to remain stable during transfection.  Samples were 

also incubated in formulation buffer (20 mM HEPES, pH 6) as a negative control.  

Subsequently, the average hydrodynamic diameters of the polyplexes following 

incubation in the various media were measured by DLS to determine whether 

physiological salt or serum induced appreciable changes in polyplex size 

(representative data for polyplexes prepared at N/P 4 shown in Figure 4.2b).  

Polyplexes exhibited no change in size following incubation in Opti-MEM or PBS 

solutions over a period of 1 h at 23 °C.  Polyplex sizes also remained constant at ~130 

nm after a 3 h incubation in Opti-MEM.  In contrast, incubation in PBS over a 3 h 

period resulted in a slight but minimal increase in polyplex size (to ~ 146 nm), 

although polyplexes still retained sizes that were below the reported threshold for 

efficient endocytic uptake and gene silencing.
21

  In the study of the cationic polymer 

PEI and N-(2-hydroxypropyl(methacrylamide)) (HPMA)-oligolysine polyplexes, 

Johnson et al. demonstrated salt-induced aggregation of PEI polyplexes with the 

incorporation of PEI and steric stabilization conferred by HPMA.
29

  Based on the 

relative stability of the polyplex structures detailed in this chapter, and the minimal 
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increase in hydrodynamic diameter with PBS incorporation, these studies highlight the 

utility of the PEG block in polyplex preparation due to improved stability compared to 

uncoated materials.
29

   

An electrophoresis assay was performed to assess the ability of PEG-b-

P(APNBMA)23.6 polyplexes to resist serum-mediated disassembly (Figure 4.3a). Gel 

mobility shift assays on free siRNA treated with mouse serum (Lane 2) demonstrated 

a modest broadening of the siRNA band due to degradation and no other fluorescence 

in the lane except for the nonspecific background present in serum samples (Figure 

4.3a Lane 8).   Polyplex samples treated with serum indicated the presence of siRNA 

in the well for all N/P ratios tested and no free siRNA band. These data suggest that 

the siRNA is not displaced from the polymeric delivery components with serum 

incorporation. Electrophoresis was similarly used to assess the ability to resist 

nuclease degradation (Figure 4.3b). Polyplexes prepared at N/P = 4 were incubated 

with RNase 1 and subsequently incubated with SDS to facilitate polyplex disassembly.  

In contrast to samples treated with whole mouse serum, electrophoresis of free siRNA 

indicated significant siRNA degradation increased mobility of the degradation 

product.  This is likely due to the use of concentrated RNase.  Treatment with SDS 

(Lane 4) indicated liberation of siRNA from the polyplexes and similar migration to 

free siRNA.  Addtionally, RNase 1 incubation and subsequent treatment with SDS 

(Lane 5) indicated similar siRNA mobility and band intensities as compared to free 

siRNA (Lane 1) and siRNA released from polyplexes using SDS (Lane 4).  These 

results and identify improved RNase 1 resistance of PEG-b-P(APNBMA)23.6 

polyplexes compared to free siRNA. 
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Figure 4.3 (a) Comparative stability of free siRNA and siRNA/PEG-b-

P(APNBMA)23.6 polyplexes in serum. Polyplexes were prepared at 

N/P = 2, 4, 6, 8 and analyzed via electrophoresis. (b) Stability of 

siRNA polyplexes (N/P = 4) against RNase 1-mediated degradation. 

4.3.1.3 Effect of UV irradiation on the binding of siRNA/ PEG-b-

P(APNBMA)23.6 polyplexes 

Given the efficient packaging and favorable properties in physiological media 

of siRNA/PEG-b-P(APNBMA)23.6 polyplexes, UV irradiation studies were performed 

to assess the efficacy of siRNA release. The free PEG-b-P(APNBMA)23.6  copolymer 

as well as siRNA/PEG-b-P(APNBMA)23.6  polyplexes were irradiated with 365 nm 

light and the cleavage reaction was monitored in two ways. UV/Vis spectroscopy was 

used to monitor changes in the characteristic absorbance of the o-NB ester at 316 nm 

to investigate the extent of polymer cleavage in free vs. complexed polymer. 

Additionally, electrophoresis experiments were performed on irradiated samples to 

determine the amount of released siRNA.  
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Figure 4.4 Absorbance spectral changes in (a) PEG-b-P(APNBMA)23.6 and (b) 

siRNA/ PEG-b-P(APNBMA)23.6 following exposure to UV irradiation 

(365 nm, 200 W/m
2
) for 0 (black), 5 (red), 10 (orange), 20 (green), 40 

(blue), or 60 (purple) minutes. Arrows indicate increasing irradiation 

time.  

The polymer absorbance spectra displayed a dramatic decrease in absorbance 

up to 10 min of UV exposure and small changes at longer times (Figure 4.4a).  

Irradiation of siRNA/PEG-b-P(APNBMA)23.6 polyplexes yielded similar results under 

the same conditions with a large decrease in absorbance within 10 min of treatment.  

Interestingly, the absorbance spectra of the polyplex-bound polymer showed more 

visible absorbance shifts than those of the free polymer following the initial 10 min 

exposure, indicating a slightly reduced rate of polymer cleavage within these polyplex 

structures.  One plausible reason for this observed minimal decrease in cleavage is a 

reduced accessibility of the polymer due to confinement in the polyplex structure as 

compared with the free polymer in solution.  As previously seen for the shorter 

cationic block length, the decreased absorbance as a function of irradiation time 

followed an exponential decay for both polymer and polyplex preparations.  In 
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particular, both formulations similarly indicated ~100% cleavage of the o-NB group 

by monitoring the change in 316nm absorbance (Appendix A). 

 

 

Figure 4.5 Electrophoretic gel migration patterns of free siRNA (far right) or 

siRNA/PEG-b-P(APNBMA)23.6  polyplexes after exposure to UV 

radiation (365 nm, 200 W/m
2
) for varying periods of time (0 - 60 

min). 

The irradiated polyplexes were collected and analyzed via electrophoresis to 

determine the extent of light-induced siRNA release.  While little siRNA migration 

was observed after short periods of light exposure (<10 min or less irradiation), free 

siRNA migrated down the gel after the polyplexes were exposed for 20 min or more.  

Quantification of free siRNA band intensities by ImageJ analysis revealed ~20% free 

siRNA for the 20 min irradiation condition, and increasing amounts of free siRNA 

were observed as a function of increasing irradiation times.  As shown in Figure 4.5, 

siRNA release appeared to be incomplete after 60 min exposure despite indications of 

efficient polymer and polyplex cleavage seen in Figure 4.4.  Although this apparent 

inconsistency may be due to incomplete polymer cleavage, it is also possible that 

siRNA may continue to associate with nitrobenzyl groups restricting ethidium 
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bromide intercalation/fluorescence.  In contrast to photorelease experiments involving 

DNA/PEG-b-P(APNBMA)7.9 polyplexes (Chapter 3), UV irradiation of siRNA 

polyplexes stimulated enhanced polyplex dissociation.  As seen in previous studies 

employing siRNA as the polyplex cargo, it is likely that the shorter and more rigid 

structure of siRNA leads to the formation of polyplexes with weaker binding 

interactions and therefore facilitates more efficient dissociation.
1
  While both DNA 

and siRNA may continue to associate with short cationic polymer fragments, this 

reduction in polyvalency is unlikely to provide sufficient interactions in the siRNA 

preparations to maintain complexation.   

 

4.3.2 siRNA/ PEG-b-P(APNBMA)23.6 Polyplexes are Internalized by Cells 

Gradually and at High Levels 

Efficient cell uptake is an important condition for successful nucleic acid 

delivery.  Given that PEG-b-P(APNBMA)23.6 was able to form compact, salt- and 

serum-stable polyplexes, its ability to mediate cellular uptake in NIH/3T3 cells was 

tested.   Polyplex uptake was visualized using fluorescence microscopy and quantified 

by flow cytometry.  Polyplexes were formulated with siRNA that was pre-labeled with 

1.5 eq YOYO-1 iodide. Microscopy images showed clear uptake of labeled polyplexes 

with the appearance of intracellular YOYO-1-labeled structures at short time points 

(<1 h; Figure 4.4a). The punctate appearance of many of these structures suggested 

polyplex entrapment in vesicular compartments within the cell, consistent with 

previous studies investigating the trafficking of siRNA polyplexes
15

 and other 

nanostructures.  Notably, even after 1 h, a diffuse polyplex staining pattern was 

apparent.  After 3 h, there was a clear increase in intracellular YOYO-1 iodide as well 
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as a loss of the punctate structures and a shift to a uniformly diffuse intracellular 

distribution (Figure 4.4c).  Although the staining pattern alone cannot confirm 

cytoplasmic localization of these polyplexes, as seen in multiple studies demonstrating 

similar staining following transfection, the release of these polyplex structures is one 

possible explanation for the increasingly diffuse staining pattern.
30

  For example, in 

work by Kim and coworkers, they identify the cytoplasmic escape of 

siRNA/poly(cystaminebisacrylamide-diaminohexane) polyplexes through confocal 

imaging of Cy3 modified siRNA polyplex preparations.
30

   A number of polymer and 

peptides with high primary amine content, including poly lysine have demonstrated a 

membrane penetrating capacity due to charge-based interactions with the anionic 

membrane. Thus it is possible that the cationic block introduces membrane penetration 

functionality in the polyplex structure, thus destabilizing the endosomal membrane to 

facilitate polyplex escape. 
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Figure 4.6 Representative images showing the internalization of siRNA 

polyplexes in NIH/3T3 cells, where the siRNA was labeled with 

YOYO-1 Iodide (green), and the nucleus was stained with Hoechst 

(blue).  (a) Untreated cells.  (b) and (c) siRNA/PEG-b-

P(APNBMA)23.6 polyplexes at 1 h and 3 h post-transfection, 

respectively.  Polyplexes were formulated at N/P = 4. Arrows indicate 

punctate polyplex structures. The scale bar represents 25 μm.  

Flow cytometry was used to quantify the efficiency of cellular uptake and the 

amount of intracellular YOYO-1 iodide-labeled siRNA polyplexes. Although the 

siRNA/PEG-b-P(APNBMA)23.6 polyplexes were internalized by only a small fraction 

of cells by the 1 h time point (Figure 4.7), the levels of polyplex internalization were 

comparable to the levels observed using polyplexes prepared with commercially 
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available Lipofectamine RNAiMax.  Notably, the uptake efficiency of siRNA/PEG-b-

P(APNBMA)23.6 polyplexes gradually increased compared to siRNA/Lipofectamine 

structures, whose uptake levels remained low after a 3 h treatment (Figure 4.7).  

Additionally, the average intracellular concentration of siRNA increased up to 3 h 

post-transfection for the PEG-b-P(APNBMA)23.6 assemblies (Figure 4.8).     

 

 

Figure 4.7 Cellular uptake of fluorescently-labeled siRNA complexes. 

Lipofectamine RNAiMax (black); PEG-b-P(APNBMA)23.6, N/P = 4 

(diagonal stripes). Polyplex uptake as a percentage of cells that 

internalized polyplexes. Data were obtained with flow cytometry 

measurements. Each data point represents the mean ± standard 

deviation for a total of three separately prepared samples. * indicates 

a statistically significant difference at a given time point between the 

PEG-b-P(APNBMA)23.6 and Lipofectamine polyplexes (p < 0.001).  

Samples were analyzed by one-way analysis of variance (ANOVA). 
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Figure 4.8 Cellular uptake of fluorescently-labeled siRNA complexes. 

Lipofectamine RNAiMax (black); PEG-b-P(APNBMA)23.6, N/P = 4 

(diagonal stripes). The mean fluorescence intensity (MFI) of the cells 

that had internalized polyplexes. MFI is expressed in arbitrary units. 

Data were obtained with flow cytometry measurements. Each data 

point represents the mean ± standard deviation for a total of three 

separately prepared samples.  * indicates a statistically significant 

difference at a given time point between the PEG-b-P(APNBMA)23.6 

and Lipofectamine polyplexes (p < 0.001).  Samples were analyzed by 

one-way analysis of variance (ANOVA). 

4.3.3 Polymer, Polyplex and UV Treatment do not Compromise NIH/3T3 Cell 

Viability 

Polyplexes can be cytotoxic due to numerous factors including molecular 

weight, degree of branching, ionic strength of the solution, zeta potential and particle 

size.
31, 32

  For example, both PLL and PEI polyplexes have been shown to induce 

apoptosis in a number of cell lines.
33
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carrier design have been shown to reduce cellular toxicity due to reduced non-specific 

interactions with blood components and proteins.
34

  Under the same conditions used in 

this work (I = 200 W/m
2
, 20 min exposure), previous studies have demonstrated that 

the cellular viability is not influenced by the treatment with UV light.
35

  However, the 

combined transfection and UV treatment experiment has the potential to reduce 

cellular viability. Hence, the Alamar Blue (AB) cell survival assay (Invitrogen) was 

used to determine whether the PEG-based PEG-b-P(APNBMA) design and/or the UV 

exposure conditions maintained cellular viability.   

The two PEG-b-P(APNBMA) copolymers demonstrated substantially reduced 

toxicity as compared to PEI , with IC50  values of  1.05 μM and 0.77 μM for PEG-b-

P(APNBMA)7.9 and PEG-b-P(APNBMA)23.6, respectively (Appendix B).  In these 

studies, it is of note that significant PEI toxicity in the tested concentration range 

precluded calculation of an IC50 in the polymer under the conditions tested.  As 

anticipated, PEG-b-P(APNBMA)23.6 demonstrated modestly increased toxicity 

compared to the shorter cationic polymer. Increased charge molecular weight/ cationic 

chain length have been previously shown to correlate with greater toxicity,
36

 thus the 

increased molecular weight (and cationic charge) in the longer cationic polymer is 

likely responsible for this observed increase.  Previous studies have indicated 

significant toxicity when using the cationic polymer PEI (particularly at N/P ≥ 10, ~ 

0.2 µM PEI working concentration),
37

 thus a rapid loss of cell viability was anticipated 

as demonstrated in Appendix B. 

The Alamar Blue cell proliferation assay was also used to investigate the effect 

on cellular viability of siRNA/PEG-b-P(APNBMA)23.6 treatment, as well as the effect 

of the combined polyplex/UV transfection conditions.  As anticipated, quantification 
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of the cellular viability in all samples revealed greater than 90% survival.  

Additionally, no additive/synergistic effects were observed in cells that were treated 

with UV light in combination with siRNA/PEG-b-P(APNBMA) polyplexes vs. UV 

light alone (Figure 4.9).  

 

 

Figure 4.9 Cell viabilities 48 h after polyplex treatment, UV exposure, or the 

combination of polyplexes and UV exposure.  Percent viabilities are 

relative to untreated cells. Each data point represents the mean ± 

standard deviation for a total of at least three separately prepared 

and analyzed samples.  The untreated sample is shown in black as a 

control. 

Based on observations of complete polymer cleavage at 20 min (for both short 

and long chain lengths) and the ability to release ~15% of siRNA from the polyplexes 

as indicated by ethidium bromide fluorescence, irradiation times up to 20 min (at 365 

nm, 200 W/m
2
) are viable for treatment with siRNA/PEG-b-P(APNBMA)23.6 

polyplexes.  In contrast, greater than 40 min of irradiation was necessary to visualize 

DNA release from DNA/PEG-b-P(APNBMA)7.9 polyplexes as indicated in Chapter 3 

(Figure 3.5c).  However, irradiation times of this length have resulted in a significant 

0

20

40

60

80

100

Control Polyplex UV Polyplex + UV

V
ia

b
ili

ty
 (

%
 o

f 
ce

lls
)



 126 

decrease in cellular viability (Appendix B), suggesting the need for faster 

photocleavage and improved nucleic acid release to provide a viable platform for 

DNA delivery.   

4.3.4 Protein Silencing Capacity of Photocleavable Polyplexes 

 

 

Figure 4.10 NIH/3T3 cell extracts collected 48 h post siRNA transfection and 

analyzed by Western blot using antibodies directed against GAPDH 

and actin.  Cells were treated with GAPDH targeted siRNA/PEG-b-

P(APNBMA)23.6 polyplexes with and without UV exposure.  

Lipofectamine lipoplexes were prepared using non-targeting and 

GAPDH targeting siRNAs as negative and positive controls 

respectively.  Samples contained 20 μg total protein as determined by 

the BCA assay. 

siRNA/PEG-b-P(APNBMA)23.6 polyplexes were assessed for their gene 

silencing activity in NIH/3T3 cells as shown in Figure 4.10.    Samples were irradiated 

following a 3 h transfection based on the observation of the apparent cytoplasmic 

release of siRNA polyplexes by 3 h (Figure 4.6).  The UV treatment of an anti-

GAPDH PEG-b-P(APNBMA)23.6 sample exhibited higher GAPDH inhibition than 

Lipofectamine, which is widely used for its high in vitro transfection efficiency yet 

demonstrates significant toxicity.
38

  Specifically, quantification of the integrated 

optical density ImageJ analysis of the Western blot indicated ~70% and ~45% 
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reduction in GAPDH levels (relative to an untreated cell sample) in the siRNA/PEG-

b-P(APNBMA)23.6/UV sample and the Lipofectamine control, respectively.  Based on 

the combined results of siRNA release (Figure 4.5) and protein silencing (Figure 

4.10), it is of note that complete siRNA release from the irradiated polyplexes does not 

appear to be necessary for enhanced gene silencing. This is potentially due to the 

catalytic nature of siRNA delivery
5
 in addition to the potential for the cell to further 

loosen these compromised polyplexes following user-initiated cleavage.  In contrast, 

the non-targeted delivery strategy (ON-TARGETplus Non-targeting siRNA 

complexed with Lipofectamine) only minimally affected GAPDH levels, thus 

demonstrating the specificity of gene silencing in this study.   Several investigations 

into the silencing effect of siRNA/Lipofectamine complexes reveal greater than 80% 

knock-down when monitoring mRNA levels.  It is likely that investigation into the 

direct silencing effect on mRNA levels will further support the potency of this 

delivery carrier.  Additionally, these results demonstrated that siRNA/PEG-b-

P(APNBMA)23.6 polyplexes were able to induce controlled gene silencing in vitro.  It 

is possible that further enhancements in mRNA degradation/protein silencing can be 

demonstrated by careful timing of the UV treatment prior to quantification of mRNA 

and protein levels.  

4.4 Conclusions  

The work presented in this chapter highlighted a promising stimuli-responsive 

cationic carrier for gene delivery. As indicated by enhanced silencing capacity 

(compared to Lipofectamine and samples without UV irradiation) the stimuli-

responsive aspect of this delivery platform provided significant utility for protein 

silencing.  This siRNA delivery platform introduced several favorable features which 
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demonstrate a unique strategy for enhancements in current siRNA delivery strategies.   

Specifically, the capacity for efficient cytoplasmic release and distribution, as well as 

the user-controlled release mechanism incorporated in this structure introduce 

significant versatility into the delivery platform by allowing an on/off mechanism for 

siRNA release at various stages of gene delivery.  
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Chapter 5 

DEVELOPMENT OF A CELL-RESPONSIVE SIRNA CONJUGATE FOR 

TARGETED CANCER TREATMENT 

5.1 Introduction 

As mentioned in the previous chapters, siRNAs have a unique ability to induce 

gene silencing through RNA interference (RNAi), and have enormous therapeutic 

potential in the treatment of a range of acquired and heritable diseases.
1-3

  The use of 

siRNAs presents a particularly attractive cancer treatment strategy due to the wide 

range of protein targets associated with this cellular dysfunction.
4-7

  In one particular 

approach, Alnylam Pharmaceuticals investigate the use of lipid nanoparticles (LNP) 

delivering siRNA for the treatment of transthyretin-related amyloidosis (ATTR).   

These siRNA/LNPs (drug name ALN-TTR02) enabled rapid dose-dependent gene 

knockdown in Phase II trials and showed tremendous potential for continued clinical 

investigation due to their capacity for efficient siRNA encapsulation, scalable and 

reproducible development, and blocked 85% of the expression of the disease-causing 

TTR protein.
8
  siRNAs have exhibited similar promise in a current clinical study by 

Calando Pharmaceuticals.  In their approach, using transferrin receptor-targeted 

cyclodextrin-based polymer (CALAA-01) for solid tumor directed delivery against the 

M2 subunit of ribonucleotide reductase (RRM2) – a protein involved in DNA 

replication) – they demonstrated enhanced tumor targeting capability and efficient 

RRM2 knockdown.
9
    Despite the tremendous strides towards the successful 

application of gene silencing for cancer treatment, it is of note that there are currently 
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no siRNA treatments on the market and limited clinical applications of siRNA for 

cancer treatment.  Based on the design features of these current clinical strategies, it is 

evident that future clinical success relies upon detailed consideration of the functional 

and practical requirements on the delivery vehicle to design improved structures. 

As outlined in Chapters 1 and 4, the functional requirements for siRNA 

delivery vehicles include improved extracellular stability, targeted cellular localization 

and uptake, controlled cytoplasmic release, and siRNA liberation from the carrier.  

Furthermore, the delivery vehicle faces the practical requirement of scalable and 

reproducible formulation, as well as a facile delivery strategy.  Building on the 

discussions in the previous chapters, the work presented herein aims to develop a well-

defined siRNA delivery vehicle to combine targeted delivery with controlled siRNA 

release. Specifically, the siRNA delivery vehicle presented in this chapter contains 

multiple functional components as outlined in Figure 5.1 including: (1) a non-fouling 

scaffold to facilitate improved stability during circulation, (2) cell-targeting/binding 

capability for improved uptake in cancer cells, (3) endosomal destabilizing capability 

to facilitate cytoplasmic release, and finally (4) a controlled siRNA release mechanism 

to allow for siRNA liberation from the delivery structure.  
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Figure 5.1 Versatile PNA-peptide-PEG (PPP) for siRNA delivery. (a)  Peptides 

and PNA (red) assemble on a PEG scaffold (blue) to form PPP. (b)  

PPP conjugates self-assemble with siRNA via hydrogen bonding 

between PNA arms and 5’-sense extensions on siRNA. (c) Cell-

binding arms (green) stimulate endocytosis, and endosomolytic arms 

(orange) promote endosomal rupture and carrier release.  The 

lysosomal endopeptidase cathepsin L (lightning bolt) releases the 

siRNA from the conjugates via cleavage of the cathepsin L-cleavable 

peptide (purple).  

The presented nanoconjugate provides numerous functional capabilities for 

siRNA delivery.  A four-arm star polyethylene glycol (PEG) scaffold provides 

(PNA)

+ (1)

+

(siRNA)

(2)

Cytoplasm

Endosome
pH ~ 7 Endosome

pH ~ 5

(3)
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multiple reactive sites to incorporate biological functionalities.  PEG has previously 

been included in a number of gene delivery carriers for its ability to enhance in vivo 

resistance to salt aggregation and protein adsorption.
10-12

  Thus, the incorporation of 

PEG in this structure is hypothesized to provide enhanced stability during delivery. 

The cell-binding arm is incorporated in the conjugate to facilitate efficient cellular 

uptake.  Targeting strategies have been utilized in a number of cancer therapies due to 

observed differences in expressed proteins associated with numerous cellular 

dysfunctions.
13

  For example, transferrin (TF) is widely used as a tumor-targeting 

ligand for the delivery of anticancer drugs, such as the aforementioned CALAA-01 

strategy, because the TF receptor is overexpressed on the surface of various fast-

growing cancer cells.
14, 15

  Similarly, the αvβ3 integrin is overexpressed not only on 

tumor endothelium, but also on cancer cells in a number of malignancies.  As such, the 

arginine-glycine-aspartic acid (RGD) tripeptide, which serves as a ligand for αvβ3, has 

been used in a number of cancer therapies to deliver associated therapies by targeting 

tumor endothelium and subsequently targeting cancer cells following extravasation of 

the therapeutics.
16, 17

  The carrier design presented in this work involved either the 

RGD tripeptide or the cell penetrating trans-activating transcriptional activator (Tat) 

peptide due to its known ability to enhance cellular uptake of attached cargo.
18-21

  The 

addition of this cell-binding arm in the nanoconjugate design presents an attractive 

feature in the delivery vehicle to improve and direct cellular uptake.   

As mentioned is Chapter 4, the unpackaging of siRNA delivery structures is a 

primary hurdle towards efficient gene silencing.
22

  As such, the conjugate design 

included a cathepsin L-cleavable linker peptide to confer cell-responsive siRNA 

release functionality into the delivery vehicle. Cathepsin L is a lysosomal 
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endopeptidase that is expressed at high levels within tumor cells;
23-25

 and thus it was 

hypothesized that the incorporation of this cleavable sequence would provide a cell-

triggered approach for siRNA release.   siRNA-binding capability was conferred 

through the incorporation of a peptide nucleic acid (PNA) due to its demonstrated 

sequence-specific binding to complementary nucleic acids in other applications.
26

   

This tailorable, multifunctional construct addresses the need for well-defined 

siRNA delivery vehicles to promote efficacious delivery. The work presented in this 

chapter presents a series of synthetic strategies aimed towards the successful 

development of this multifunctional structure due to its potential to synergistically 

enhance siRNA delivery as a cancer treatment strategy.  

5.2 Materials and Methods 

5.2.1 Materials 

All fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids were purchased 

from EMD Chemicals (Darmstadt, Germany). The bis-PNA (maleimide-

OOTCTCTCTC-OOO-JTJTJTJT-CONH2, where O = 8-amino-3,6-dioxaoctanoic acid 

and J = pseudoisocytosine) was obtained with greater than 90% purity from Panagene 

(Daejeon, Korea) for solution-based coupling.  Custom siRNAs were designed to 

provide silencing capability against glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (sense: 5'-GUGUGAACCACGAGAAAUAUU-3'; extended sense: 5'-

AGAGAGAGUUUGUGUGAACCACGAGAAAUAUU-3'; antisense: 5'P-

UAUUUCUCGUGGUUCACACUU-3'). The sequences were designed with 5’-

phosphorylation on the antisense strand and 3’ UU characteristic of endogenous 

siRNAs .
27-29

  The sequences also included 2’-fluoro modifications to provide 
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increased stability, increased specificity and reduced immunogenicity of the siRNA 

duplex in cellular studies.
30, 31

  Sequences were annealed according to the 

manufacturer’s protocols.  The PNA-binding sequence contained a 5’-sense extension 

to facilitate siRNA/PNA hybridization.  All custom siRNAs were prepared by 

ThermoFisher Scientific (Pittsburgh, PA).  Fmoc and Benzhydryloxycarbonyl (Bhoc) 

peptide nucleic acid (PNA) monomers were purchased from PolyOrg, Inc 

(Leominster, MA).  10 kDa 4-arm PEG was purchased from Creative PEGworks 

(Winston Salem, NC) and used without further purification.  All other chemicals were 

purchased from Sigma (St. Louis, MO) unless otherwise noted. 

5.2.2 Methods 

5.2.2.1 Peptide Synthesis and Purification 

Peptide synthesis was performed by standard Fmoc-mediated solid phase 

strategies with a Protein Technologies, Inc. (Tucson, AZ) Tribute series peptide 

synthesizer. Peptides were synthesized on a rink-amide ChemMatrix resin (PCAS 

Biomatrix, Inc., Saint-Jean-sur-Richelieu, Canada). Cleavage of the peptides from the 

resin was performed using a cocktail consisting of 5 wt% phenol in 95 vol% 

trifluoroacetic acid (TFA), 2.5 vol% double distilled H2O (ddH2O), and 2.5 vol% 

triisopropyl silane for 2-4 h. The peptides were precipitated from the cleavage solution 

using ice-cold diethyl ether and centrifuged at 3,220g for 4 min at 4 ºC. The ether was 

decanted and the peptides were redissolved in ddH2O, frozen and lyophilized to 

remove any trace amounts of ether. Purification of the peptides was performed by 

reverse-phase high performance liquid chromatography (RP-HPLC), on an UFLC 20 

series instrument from Shimadzu, Inc. (Columbia, MD) with 0.1% TFA in ddH2O and 
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0.1% TFA in acetonitrile as the mobile phase. Purification was performed using 

gradient flow through the column at a rate of 5 mL/min through a Viva C18 (21 mm × 

150 mm, 5 μm particle diameter) column from Restek (Lancaster, PA). Peptide elution 

was monitored by absorbance measurements at 210 nm.  

Protected peptides were synthesized using a slightly modified strategy.  

Peptide fragments were prepared on a 2-Chlorotrityl Resin ChemMatrix resin (PCAS 

Biomatrix, Inc., Saint-Jean-sur-Richelieu, Canada).  Cleavage of the peptides from the 

resin was performed using a 1:1:8 by volume mixture of acetic 

acid/trifluoroethanol/dichloromethane for 30 min. The peptides were precipitated in 

water, filtered and washed to yield protected fragments.  

5.2.2.2 PNA Synthesis 

PNA synthesis was performed in a similar fashion, but with slight 

modifications.  Synthesis was performed by Fmoc/Bhoc strategies on a rink-amide 

ChemMatrix resin.  Cleavage of PNA from the resin was performed using a cocktail 

consisting of trifluoromethane sulphonic acid:TFA:m-cresol (2:8:1) for 90 minutes on 

ice prior to ether precipitation and purification.  

5.2.2.3 Formation of Cell-responsive Conjugates 

5.2.2.3.1 Solution Phase Thiol-acrylate Reaction 

A thiol-acrylate coupling reaction was utilized for peptide-PEG conjugation as 

previously described.
32

  The reactants were dissolved in a 0.1 M sodium phosphate 

(pH = 8.0) buffer solution at the desired molar ratio and was allowed to proceed for at 

least 90 min, with 25 μL samples removed every 15 min to enable assessment of the 

progress of the reaction. To monitor the extent of the reaction, the reaction samples 
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were placed in a solution containing 521 μL of 0.1 M sodium phosphate (pH 8.0) and 

10 μL of a 4 mg/mL solution of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB or 

Ellman’s Reagent), and were incubated for 15 min at room temperature. The 

absorbance of these solutions was analyzed at 412 nm on a Nanodrop 1000 

Spectrophotometer (Thermo Scientific, Wilmington, DE). The peptide thiol 

concentration was determined using a calibration curve made with acetyl cysteine. 

After 90 min, the samples were stored at -20 °C until purification. Purification and 

characterization of conjugates were performed using RP-HPLC and mass spectrometry 

analyses as previously described. 

5.2.2.3.2 PNA-siRNA Hybridization and Characterization 

PNA-binding siRNA was incubated with maleimide-PNA in a 20 mM 

HEPES buffer (pH 7.4) overnight at 37 °C. After incubation, the samples were 

analyzed by gel electrophoresis on a 4% agarose gel containing 0.5 μg ethidium 

bromide/mL and visualized on a Bio-Rad Gel Doc XR (Hercules, CA). 

5.2.2.4 Mass Spectrometry  

The molecular weight of the peptides, polymers and conjugate structures was 

determined using either electrospray ionization (ESI) mass spectrometry (MS) on a 

Thermo Finnigan LCQ MS or matrix assisted laser desorption ionization time of flight 

(MALDI-TOF) MS on a Bruker Daltonics Omniflex System. For ESI analysis, 

samples were dissolved at ~0.01 mg/mL in acetonitrile or methanol based on the 

solubility of the product to be analyzed. The matrix utilized for MALDI-TOF analysis 

was α-cyano-4-hydroxycinnamic acid (HCCA) (Sigma, St. Louis, MO) dissolved at a 
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concentration of 32 mg/mL in 50% ddH2O and 50% acetonitrile. MS analysis was 

performed using a Bruker Daltonics Omniflex System (Billerica, MA). 

5.2.3 Results and Discussion 

Synthesis of PPP conjugates was approached by: (1) solution-phase and (2) 

solid-phase synthetic strategies.  The following sections discuss some of the main 

points in each preparation.  

 

 

Figure 5.2 Solution-based approach to PPP conjugate formation.  PNA (red); 4-

arm star PEG (blue); peptide1 = cathepsin L-cleavable peptide; 

peptide2 = targeting/endosomolytic peptide sequence. 
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5.2.3.1 Solution-based Methods for PPP Preparation  

The solution-phase approach to PPP preparation is shown in Figure 5.2.  As 

outlined in this approach, the first stage of conjugate formation involves the coupling 

of a PNA and peptide via either a thiol-maleimide or alkyne-azide coupling strategy, 

which have both demonstrated high efficiency in preparation of bioconjugates.
33, 34

  A 

cysteine terminated TAT peptide (TAT-C: NH2-CGRKKRRQRRR-COOH) was used 

for initial proof of concept verification of the thiol-maleimide reaction. Thiol groups 

spontaneously react and couple preferentially with maleimides at acidic pH (e.g. pH < 

6.5-7.5), however at higher pH (>8.0), maleimides will favor a reaction with primary 

amines (such as those on lysine and arginine residues).
35

 Thus the reaction between 

maleimide-PNA and TAT-C peptide was performed in 20 mM HEPES, pH 7.4 to 

obtain the conjugate structure.  RP-HPLC indicated complete conversion of maleimide 

PNA when using a 2-fold molar excess of thiol-functionalized peptide, which can be 

recovered for further reaction following RP-HPLC purification (Figure 5.3). 

 

 

Figure 5.3 RP-HPLC of model thiol-maleimide reaction using TAT-C peptide 

and PNA-mal. The product was purified by RP-HPLC with a 

gradient of 0.1% TFA in ddH2O (A) and 0.1% TFA in acetonitrile 

(B) as the mobile phase on a Viva C18 (4.2 mm × 150 mm, 5 μm 

diameter) column from Restek.  
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As a result of the successful demonstration of maleimide-thiol chemistry for 

PNA-peptide formation, the cathepsin L-cleavable peptide was prepared by SPPS.  An 

important concern in the synthesis of the cathepsin L-cleavable sequence in this 

scheme (peptide1: NH2-CRDAKLKWGDRC-CONH2) is its potential to either form 

dimers due to the multiple cysteines or undergo head-to-tail cyclization as a result of 

terminal cysteines.  RP-HPLC of this cleavable sequence indicated a high purity 

peptide, which was collected for MS analysis.  The peptide had an expected molecular 

weight of 1506.8 g/mol (Figure 5.4), however, mass spectrometry revealed ionization 

states corresponding to the formation or a disulfide bridged ring structure ([M + H]
+
: 

1504.7 g/mol,[ M + 2H]
2+

: 752.86, [M + 3H]
3+

: 502.27) and quantification of free 

thiols suggested that < 10% free thiols were available for the reaction (Appendix C). 

 

 

 

Figure 5.4  (a) RP-HPLC and (b) MALDI-TOF MS of cathepsin L-cleavable 

peptide (NH2-CRDAKLKWGDRC-CONH2). 

Opening the ring via the use of a reducing agent is one potential route to enable 
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tris-(2-carboxyethyl) phosphine (TCEP) was used to obtain a reduced peptide 

(Appendix C); however, removal of TCEP through RP-HPLC led to re-cyclization of 

the peptide.  Furthermore, the known reactivity between maleimides and TCEP 

precluded the inclusion of the reducing agent in the PNA-peptide reaction (Appendix 

C).
36

  Based on these results, an alternative coupling approach – alkyne-azide 

cycloaddition – was proposed for PNA-peptide conjugation.   

The alkyne functionalized cathepsin L-cleavable sequence (NH2-

GCRDGAKLKĠG-CONH2, where Ġ = propargylglycine) was prepared via SPPS and 

purified by RP-HPLC (Appendix C).   The copper catalyzed Huisgen azide-alkyne 

cycloaddition (CuAAC) reaction (Scheme 2, step 1) has been used extensively in 

peptide chemistry due to the favorable reaction conditions, high efficiency and 

versatility of this chemical reaction.
37, 38

   Additionally, the triazole formed in the 

reaction is particularly attractive due to its resistance to enzymatic degradation, 

hydrolysis, and oxidation.
38

   CuAAC has been employed in peptide conjugation to 

biomolecules, polymers, nano-particles as well as in the preparation of cyclic 

peptides.
34, 39, 40

  Thus, this synthetic scheme has the potential to provide improved 

efficacy for PPP formation following the CuAAC reaction. 

Additional steps towards the solution phase preparation of PPP conjugates 

involved sequential conjugation and purification thiol-acrylate reactions between 

cysteine-containing peptides and a four-arm PEG acrylate.  This 4-arm star polymer 

has previously demonstrated utility in the preparation of multifunctional carriers for 

gene delivery through efficient thiol-acrylate Michael’s-type coupling.
32

  Specifically, 

in the preparation of multifunctional DNA conjugates, Sakiyama-Elbert et al. 

investigated the effects of various peptide functionalities on the rates of conjugate 
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internalization, trafficking, and subsequent transfection.
32

  As mentioned in Chapter 1, 

a number of peptide ligands have demonstrated significant utility in facilitating uptake 

of conjugated molecules.
41

  For example, in the preparation of PEGylated siRNA/PEI 

nanoparticles with an RGD peptide ligand attached at the distal end of the 

polyethylene glycol (PEG), Woodle and coworkers effectively targeted tumor 

neovasculature to deliver siRNA inhibiting vascular endothelial growth factor 

receptor-2 (VEGF R2) expression.  Specifically, through intravenous administration 

into tumor-bearing mice they demonstrated tumor-specific uptake, specific inhibition 

of protein expression within the tumor and inhibition of both tumor angiogenesis and 

growth rate.
41

  Thus, an integrin binding ‘RGD’ peptide sequence, and the cell-

penetrating TAT-C peptide were used in the preparation of peptide-PEG conjugates. 

The integrin binding sequence used in this study was NH2-GRGDSPGDRCG-

CONH2, where serine and proline sequences were included due to conservation in the 

native motif of fibronectin, which has been implicated in carcinoma development.
42, 43

  

 

 

Figure 5.5 (a) RP-HPLC and (b) MALDI-TOF MS of integrin binding peptide 

(NH2-GRGDSPGDRCG-CONH2). 
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The integrin binding sequence was prepared by SPPS and subsequently 

purified via RP-HPLC and characterized by MS (Figure 5.5).  Peptide-PEG conjugates 

were prepared using the TAT-C peptide via thiol-acrylate chemistry using a three-fold 

molar excess of peptide to preferentially target the preparation of a three-arm 

functionalized conjugate. Monitoring the extent of the thiol-acrylate reaction showed 

that the majority of free thiols reacted over the course of 90 min as shown in Figure 

5.6. Quantification of peptide conversion indicated ~75 ± 6% conversion of free thiols 

in the TAT-C preparation.   In the absence of PEG, disulfide bridge formation between 

peptides can possibly consume free thiols. However, the free thiol concentration 

remained constant based on Ellman’s assay quantification of sulfhydryl groups 

suggesting that disulfide formation is significantly slower than the thiol-acrylate 

reaction.   
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Figure 5.6 Representative data of normalized free thiol concentration over time 

when forming TAT-PEG conjugates. The concentration was 

determined using an Ellman’s assay, and the thiol concentrations 

were normalized to the initial concentration in the solution. 

Experiments were performed with solutions of TAT peptide (white) 

and a mixture of TAT and PEG (solid). The data represent the mean 

± std. error (n=3). 

RP-HPLC of TAT-PEG conjugates indicated a mixture of structures.  As 

shown in Figure 5.7, the peptide eluted off the column at approximately 12 min, and 

the PEG eluted off the column at approximately 38 min with a gradient of 1.25% 

acetonitrile/min.  Various peptide-PEG derivatizations eluted between the peptide and 

PEG samples. A similar elution profile was seen for RGD-PEG conjugate structures 

(Appendix C). 
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Figure 5.7 The RP-HPLC trace of a representative peptide-PEG reaction. The 

absorbance of the elutant was measured at 210 nm over time. 

Peptide-PEG fractions are (a) tetra-, (b) tri-, (c) di-, and (d) mono-

functionalized PEG-peptides. 

The various peaks were collected and analyzed by MALDI-TOF MS to 

confirm the identity of the compounds seen in RP-HPLC. As shown in Fig. 5.8, the 

various peptide-PEG conjugates were identified by the spacing of approximately 1,500 

Da, which is the approximate molecular weight of the TAT-C peptide (1499.8 Da). It 

was found that the PEG with 4-arms functionalized with the TAT conjugate is peak a 

in Fig. 5.7, 3-arm functionalized PEG is peak b, 2-arm functionalized PEG is peak c, 

and 1-arm functionalized PEG is peak d. These purified structures can then be further 

reacted with additional peptide to create multi-functional vehicles. 
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Figure 5.8 Molecular weight of the TAT-PEG conjugates as determined by 

MALDI-MS. 

5.2.3.2 Partial Solid-phase Methods for PPP Preparation  

Although solution-phase approaches provide a high efficiency coupling 

strategy for the preparation of bioconjugates, solid-phase preparation techniques are 

particularly attractive due to the ease of purification of prepared structures, the 

amenability to automation, and the potential to minimize losses due to the attachment 

to solid support.  Specifically, the immobilization and conjugate growth on a resin 

bead during this process allows for easier removal of excess reactant or byproducts.  

PPP preparation using a solid-phase approach is outlined in Figure 5.9.   
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Figure 5.9 Solid-phase approach to PPP conjugate formation.  PNA (red); 4-

arm star PEG (blue); peptide1 = cathepsin L-cleavable peptide; 

peptide2 = targeting/endosomolytic peptide sequence. 
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The synthesis starts with the SPPS of the PNA (NH2-OOTCTCTCTC-OOO-

JTJTJTJT-CONH2) followed by the addition of the cathepsin L-cleavable segment (or 

a linker fragment to be used as a control in cellular studies).   Although stepwise 

elongation, in which the amino acids are connected step-by-step in turn, may be ideal 

for a number of short peptides less than 50 residues in length, a number of peptides 

resist facile synthesis.  The difficulty in the preparation of these peptides may arise 

due to unfavorable solvation of the peptide chains on the solid support, as well as the 

structure of the growing peptide fragment up to that point of synthesis.
44

  For example, 

sequences containing alanine, valine, isoleucine, methionine, aspartic acid or 

glutamine are prone to aggregation during chain growth.
44, 45

  A number of strategies 

can be employed to improve the yield and efficiency of synthesis, such as the use of 

solid-phase resins demonstrating higher degrees of swelling during synthesis to better 

solvate the growing peptide chain.  Fragment condensation provides another approach 

to improve the yield and efficiency of synthesis.  Using this technique, protected 

peptide fragments are coupled in solution or to a growing peptide chain on the solid 

support allowing for rapid preparation of larger peptides.
46, 47

   The use of purified 

fragments in this way can be particularly advantageous for synthesis and purification 

of long/difficult to synthesize peptides as the side products from incomplete couplings 

may be more easily removed as they differ by the size of the size of the fragment.  

Thus, in the preparation of PPPs using a solid-phase synthetic route, the cleavable 

peptide and non-cleavable control were synthesized on a hyperlabile H-glycine-2-

chlorotrityl (H-Gly-2-ClTrt) resin so that they would be amenable to the fragment 

condensation approach.  
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The linker sequence (Fmoc-GGG-COOH) and protected cathepsin L-cleavable 

fragment (Fmoc-AK(Boc)LK(Boc)G-COOH) were synthesized via SPPS using a H-

Gly-2-ClTrt resin to provide a carboxylic acid functionality of the C-terminus of the 

peptide for further coupling.  These fragments were subsequently cleaved from the 

resin using mild conditions to ensure the preparation of protected fragments.  The MS 

analysis of protected peptide fragments presents a challenge when the charged 

residues are shielded by protecting groups. In particular, these peptides become more 

difficult to ionize.  As such, salt-doping techniques can be employed to direct the 

ionization of these fragments by adding an excess of the doping agent. Salt-doping of 

the protected linker and cleavable fragments using potassium chloride gave rise to 

intentionally formed K
+
 adducts (Figure 5.9) demonstrating the successful preparation 

of these protected fragments.   

 

 

Figure 5.10 Linker (Fmoc-GGG-COOH) and Cathepsin L-cleavable (Fmoc-

AK(Boc)LK(Boc)G-COOH) sequences were synthesized on a H-Gly-

2-ClTrt resin. Peptides were dissolved at 10 mg/mL in DMF. 

MALDI-TOF mass spectra were obtained for the peptides using α–

Cyano-3-hydroxycinnamic acid as the matrix with KCl as an 

additive, giving rise to intentionally formed K
+
 adducts. 
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Synthesis of the PNA was subsequently performed on the ChemMatrix rink 

amide resin due to its demonstrated improved solvation compared to polystyrene-

based solid-phase supports used in traditional synthesis approaches.
48

  The preparation 

of PNAs is often a difficult and laborious process involving repeated couplings and a 

large excess of Fmoc/Bhoc monomers to obtain a high purity product.
49, 50

  However, 

strategies such as lowered resin loading (lower functional amines on resin surface for 

PNA growth), repeated coupling steps, and increased monomer concentration have 

demonstrated utility in improving PNA synthesis yields.
49, 50

   Additionally, yields 

may be improved by incorporating capping steps in the synthetic strategy. This 

involves the treatment of unreacted/truncated fragments with a large excess of a highly 

reactive, unhindered acid derivative, usually acetic anhydride or benzoyl chloride and 

pyridine, to limit subsequent growth of unwanted deletion sequences.
51

  The PNA 

chain was prepared via SPPS and a small fraction was cleaved from resin for 

characterization prior to the fragment condensation reaction. 

As shown in Figure 5.10, analysis of synthesized PNA resulted in a broad RP-

HPLC peak of the crude PNA. The main fraction (10 - 25 min) was collected for 

subsequent MS analysis. It is of note that PNA sequences are much more difficult to 

analyze than their peptide analogues due to their neutral backbone.  The synthesized 

PNA showed limited ionization in MS techniques despite the addition of numerous 

doping salts.  A number of studies have reported the development of PNAs with 

charged groups flanking the PNA sequence. Improved ionization may potentially be 

possible by the incorporation of additional cationic residues in the peptide nucleic 

acid, which would involve a slight modification in the synthetic strategy.  Cationic 
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residues may be incorporated at either terminus of the PNA to promote improved 

ionization.   

 

 

Figure 5.11 Validation of PNA synthesis via RP-HPLC. (PNA: maleimide-

OOTCTCTCTC-OOO-JTJTJTJT-CONH2, where O = 8-amino-3,6-

dioxaoctanoic acid and J = pseudoisocytosine). 

5.2.3.3 PNA-siRNA Hybridization and Characterization 

PNAs are nucleic acid analogs that contain a peptide backbone and can 

hydrogen bond to complementary DNA (or RNA) via either conventional Watson-

Crick base pairing in the anti-parallel direction or Hoogsteen base pairing in the 

parallel direction.  An attractive feature of PNA hybridization is the improved thermal 

stability conferred onto duplexes formed by these structures due to the lack of 

electrostatic interactions.
52

  Furthermore, symmetric PNA oligomers linked by a 

flexible spacer have been shown to form a stable triplex with complementary 

nucleobases.
26, 52

  Studies have demonstrated that conjugation of molecules to the 5’ 
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end of the sense strand of siRNA does not alter intracellular activity and RNAi.
53-55

  

Thus, siRNAs were designed with a 5’-sense extension to facilitate hybridization with 

PNA.   

PNA-binding and non-binding siRNA sequences were incubated with PNA 

over a range of ratios and the resulting mixtures were analyzed via electrophoresis to 

validate the hybridization reaction (Figure 5.12).  As anticipated, there was no 

observed change in mobility of the non-binding siRNA (left), yet hybridization using a 

PNA-binding siRNA(right) indicated a reduced mobility of migrating siRNA with 

PNA incorporation.  Furthermore, continued addition of PNA resulted in a 

disappearance of the original sense-extended siRNA band as more of the siRNA/PNA 

triplex is formed.  Saturation of siRNA is observed at mole ratios above 1, which is 

anticipated given the single binding site (consisting of 8 nucleotides) on each siRNA 

molecule.   

 

 

Figure 5.12 siRNA-PNA Conjugation. Anti-GAPDH PNA-binding and non-PNA-

binding siRNAs were incubated with PNA and analyzed by agarose 

gel electrophoresis. 
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5.2.3.4 Advantages and Disadvantages of Selected Solution- and Solid-phase 

PPP Preparation Techniques 

While the synthetic approaches outlined in this chapter both demonstrate utility 

in PPP preparation, several factors should be considered for further pursuit of either 

method. Solution-phase approaches offer high coupling yields during individual 

coupling steps.  However, approaches that are entirely solution-based require careful 

consideration of reaction conditions (and reactive groups) that are compatible with the 

peptide side chains and PNA nucleobases to limit unwanted byproducts that may be 

difficult (or impossible) to remove. Additionally, the development of complicated 

structures – with numerous functional segments and reaction steps – necessitates 

repetitive purification, which may cause substantial losses in product preparation.   

Solid-phase methods for PNA-peptide synthesis have seen increased use as a 

facile strategy for preparing bionconjugate strutcures.
56-58

  However, the small losses 

in each of the coupling and deprotection steps place a practical limit on the final 

conjugate length.  Additionally, truncations during synthesis may result in difficult 

purification and a low overall yield.  The fragment condensation/block coupling 

approach outlined in this work offers a promising strategy to circumvent challenges 

resulting from truncated sequences and coupling losses. However, a number of factors 

must be considered in using this approach.  Specifically, the protected peptide block 

may have limited solubility in the synthesis solvent leading to slow coupling and poor 

yields. Additionally, protected fragments place steric constraints on fragment 

condensation.   

It is of note that the solid phase approach detailed in this work offers improved 

versatility over the purely solution-based synthetic approach, and provides a promising 

strategy for PPP preparation.  Specifically, the synthesis can be performed on the solid 
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support as well as validated on resin at steps throughout the PNA-peptide chain 

growth.  Additionally, modified amino acids – such as those with alkyne or azide 

functionalized residues – can be incorporated to allow for an efficient orthogonal 

conjugation strategy.  In this way the preparation of the full multi-functional conjugate 

can realize the benefits of both solution- and solid-phase strategies.  
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Chapter 6 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

6.1 Summary and Future Directions 

Extensive research surrounding non-viral carriers has led to several promising 

strategies for delivering nucleic acids, and has highlighted multiple potential 

opportunities for improved design. However, an incomplete understanding and control 

of the assembly, subcellular trafficking, and disassembly of these carriers has limited 

their clinical and commercial realization.  This dissertation presents novel design 

approaches and mechanistic studies to improve the current understanding of nucleic 

acid assembly-and-release behavior in non-viral carriers.   Specifically, a systematic 

exploration of a model delivery approach highlighted the impact of structural changes 

on polyplex assembly and stability.  Additionally, two novel stimuli-responsive 

approaches were investigated to provide improved spatiotemporal control in the 

delivery of siRNA. The general outline of this work can be seen in Figure 6.1. 

 

 

   



 164 

 

Figure 6.1 Outline of investigations of the gene association and release of non-

viral carriers  

Numerous to attempts to elucidate the intracellular trafficking of non-viral 

vehicles have involved the development of modified carriers – with fluorescent, 

radioactive or electron-dense markers – to probe cellular delivery and endocytic 

processing, yet few studies explore the effects of these structural modifications on 

their ultimate function.  Thus, in Chapter 2, the importance of understanding 

structure/function relationships in gene delivery carriers was highlighted. Specifically, 

a systematic study of a dye-labeled model delivery vehicle, DNA-PEI-Oregon Green 

488, was performed to determine the effects on endocytic processing of routinely used 

hydrophobic probes.  Polyplexes were prepared at varying N/P ratios where the 

amine/cationic component contained mixtures of PEI and PEI-488 (reported as the % 

of incorporated PEI-488). 

In these studies, weakened gene association was observed as a result of the 

incorporation of the hydrophobic fluorescent label.   Thus, the effects of reduced 

binding interactions and increased hydrophobicity on extra- and intracellular polyplex 
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stability and endocytic processing were determined. Through DLS analysis, this 

weakened packaging efficiency was manifested in structures with similar size but 

increasing dispersity.   Furthermore, in vitro studies showed that the cellular 

environment was able to prematurely unpackage the loosened structures.  These 

studies exposed instabilities and differences in hydrophobicity in the polyplexes that 

were not detectable by DLS.  Specifically, fluorescence microscopy revealed the 

formation of extracellular aggregates in formulations prepared with greater than 50% 

PEI-488 label that were unable to efficiently enter cells (Figure 6.2).  
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Figure 6.2 Exploring the structure/function relationship of fluorescent polymer 

carriers. (a) Quantification of ethidium bromide fluorescence for 

polyplexes containing unmodified PEI (black), 25% PEI-488 (red), 

50% PEI-488 (yellow), and 100% PEI-488 (blue).  (b) Uptake of 

modified DNA delivery structures at N/P 4 (black), N/P = 6 (white), 

and N/P = 8 (red). 

0

0.2

0.4

0.6

0.8

1

2 4 6 8 10

N
o

rm
al

iz
e

d
 In

te
gr

at
e

d
 In

te
n

si
ty

N/P

(a)

0

50

100

150

200

250

300

0 25 50 75 100

H
yd

ro
d

yn
am

ic
 d

ia
m

e
te

r 
(n

m
)

% Labeled PEI

% PEI-488
‡Average
Dispersity

0 0.191

25 0.293

50 0.259

75 0.230

100 0.275
‡Dispersity values for N/P = 6

a)

b)

(b)



 167 

These results indicate that understanding structure/function relationships is a 

critical requirement in designing model materials to explore the assembly and 

endocytic processing of current nucleic acid delivery strategies.  Furthermore, these 

studies identify the need for continued exploration of polyplex assembly and 

trafficking.  Numerous studies have noted heterogeneity in polyplex structures as a 

result of standard vortex or pipet mixing techniques.
1
  Thus, the step-wise preparation 

of these polyplexes through the vortex mixing technique outlined in Chapter 2 is one 

potential area for study.  Systematic changes in the formulation method of these 

polyplexes – adjustments in the order of mixing, etc. – and subsequent analysis using 

the studies outlined in Chapter 2 may identify improved preparation methods for 

controlling the delivery of these non-viral carriers. Additionally, a logical next step in 

this study is to explore the trafficking of these structures through intracellular 

organelle staining techniques using the “pulse-chase” strategy as outlined in Chapter 

2. 

Having identified the importance of understanding and controlling gene 

association, material structures were developed to both stably binding and controllably 

release nucleic acids.  Thus, in Chapter 3, fundamental engineering tools were 

extended to the rational design of block copolymers (BCPs) for controlling gene 

association and nucleic acid presentation to cells.  In this study, a novel cationic 

polymer was designed with functional capabilities for (1) efficient nucleic acid 

complexation into polyplexes; (2) minimized charge content to retain binding; (3) salt 

and serum stability; and (4) triggered nucleic acid release. 
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Figure 6.3  A photo-cleavable polymer carrier for controlling DNA/siRNA 

association and release. 

The polymer consisted of a non-fouling PEG block to form a stealth coating 

corona following complexation and a novel photo-responsive block with pendant 

amines to facilitate tunable, salt-stable NA complexation and light-activated release as 

shown in Figure 6.3.  The polymer was synthesized with tunable block lengths and 

narrow molecular weight distributions.  Furthermore, electrophoresis and scattering 

studies indicated the ability to effectively complex DNA into salt-stable polyplexes 

with sizes appropriate for cellular internalization. In studies aimed at promoting 

polyplex disassembly, irradiation with UV light cleaved the o-NB ester and facilitated 

DNA release. Considering the favorable complexation and release of DNA, Chapter 4 

discusses the influence of cationic block length on nucleic acid encapsulation and 
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release, and the ability of these materials to provide spatiotemporal release in NIH/3T3 

cells. 

In Chapter 4, a copolymer design and polyplex assembly condition were 

sought to promote the formation of nuclease inaccessible siRNA structures with the 

capacity for light-triggered intracellular release.  Based on the weaker binding of 

siRNA assemblies compared to DNA delivery structures, 
2
 it was hypothesized that 

PEG-b-P(APNBMA)n would form polyplexes with both strong electrostatic 

association and an enhanced capacity for light-triggered release.  As anticipated, 

electrophoresis analysis of preparations using PEG-b-P(APNBMA)23.6 revealed 

efficient siRNA complexation.  Conversely, PEG-b-P(APNBMA)7.9 interactions were 

insufficient to yield efficient polyplex structures.  Further study of siRNA/PEG-b-

P(APNBMA)23.6 revealed that these salt- and serum-stable structures could effectively 

liberate siRNA, as seen in electrophoresis, following as little as 20 min of light 

exposure.  Additionally, the internalization of fluorescently labeled structures revealed 

favorable cytoplasmic distribution of these polyplexes following a 3 h transfection and 

high levels of uptake compared to transfections performed with Lipofectamine 

lipoplexes.  Thus, combining electrophoresis and microscopy observations, gene 

silencing experiments were performed to determine the effects on gene silencing of 

UV-induced polyplex disassembly.  These experiments showed that triggered siRNA 

release within the cytoplasm stimulated a ~50% reduction in targeted protein levels 

(Figure 6.4).   
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Figure 6.4 Application of photo-cleavable PEG-b-P(APNBMA)23.6 for siRNA 

release. (a) Representative image of siRNA release and quantification 

of ethidium bromide fluorescence intensity of siRNA band, (b) 

cellular distribution of YOYO-1 iodide labeled siRNA polyplexes 

(green) following 3 hour transfection, and (c) protein expression 

following UV irradiation of treated cells. Cell nuclei stained with 

Hoescht dye (blue). 

The favorable results of these studies necessitate further exploration of the 

PEG-b-P(APNBMA)n platform for NA delivery.  First, the unpackaging of these 

structures in cell-free and in vitro settings should be investigated in additional detail.  

Through the use of fluorescent tags for nucleic acid and polymer labeling, Förster 

resonance energy transfer (FRET) studies can be utilized to provide detailed 

information on the disassembly of these structures following exposure to a UV trigger.   

In vitro studies can provide complementary details on the unpackaging of these 

structures.  In previous studies in the Sullivan group nuclear microinjection enabled 

the exploration of the kinetics of DNA unpackaging and subsequent protein expression 

using green fluorescent protein (GFP) encoding DNA as therapeutic cargo.
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studies using this UV cleavable polymer could provide valuable insight into the utility 

of this photo-cleavable group (and UV treatment) on DNA expression.  Furthermore, 

the use of the microinjection technique provides an elegant approach to directly 

control the localization of the therapeutic nucleic acid immediately prior to irradiation.  

Fluorescence microscopy revealed distinct differences in the intracellular distributions 

of siRNA/PEG-b-P(APNBMA)23.6 polyplexes after a 1 h and 3 h transfection.   Based 

on this observation, it is likely that employing UV treatment at varying transfection 

times could impact the efficacy of protein silencing.  A study of this nature can be 

performed to optimize the timing of siRNA release to provide enhanced protein 

silencing.   Additionally, quantitative real-time polymerase chain reaction (qRT-PCR) 

may provide additional insight into the activity of these materials through direct 

measurement of the levels of the mRNA substrate. 

Another potential area of improvement for delivery from these structures is 

modification of the polymer design. Tuning the molecular structure of the integrated 

photolabile group modifies the efficiency of the photolysis reaction. For example, 

incorporating an α-methyl group onto the benzylic carbon has been shown to enhance 

the relative cleavage kinetic rate by a factor of at least five.
4
  Thus, modifications to 

the polymer structures have the potential to dramatically enhance cleavage and 

subsequent protein expression/gene silencing, and can be applied to the 

aforementioned studies.  Additionally, targeting ligands may be incorporated as 

another functional modification to this delivery platform to improve its potential for in 

vivo application.   

Following the introduction of a system to control gene association through 

stimuli-responsive polymer cleavage, the work of Chapter 5 introduced the design of a 
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novel nanoconjugate with combined features for cellular targeting and controlled 

assembly/release.  Specifically, cell-binding moieties are incorporated to allow for 

interactions with cell surface receptors and direct cellular uptake; endosomolytic arms 

introduce a method to control the cytoplasmic release of the nanoconjugate; and 

finally, siRNA-binding arms allow for nucleic acid association through non-

electrostatic interactions and cell-triggered liberation of siRNA from these structures 

due to the incorporation of cleavable linker (shown in Figure 6.5).   
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Figure 6.5 Versatile PNA-peptide-PEG (PPP) for siRNA delivery. (a)  Peptides 

and PNA (red) assemble on a PEG scaffold (blue) to form PPP. (b)  

PPP conjugates self-assemble with siRNA via hydrogen bonding 

between PNA arms and 5’-sense extensions on siRNA. (c) Cell-

binding arms (green) stimulate endocystosis, and endosomolytic 

arms (orange) promote endosomal rupture.  The lysosomal 

endopeptidase cathepsin L (lightning bolt) releases the siRNA from 

the conjugates via cleavage of the cathepsin L-cleavable peptide 

(purple). 

Solution-based methods afforded efficient preparation of PNA-peptide and 

peptide-PEG conjugates towards the preparation of the full PNA-peptide-PEG (PPP) 

(PNA)

+ (1)

+

(siRNA)

(2)

Cytoplasm

Endosome
pH ~ 7 Endosome

pH ~ 5

(3)
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assembly. High conversion of peptide thiols was demonstrated (75 ± 6% for TAT-C 

peptide) in the preparation of TAT-functionalized PEG.  Furthermore, RP-HPLC 

purification and MALDI-TOF MS demonstrated the successful preparation of varying 

derivatizations of TAT-PEG conjugates.  However, these solution-based studies 

highlighted the need for multiple rounds of purification in the preparation of the full 

PPP assembly. A solid-phase strategy was similarly investigated as a more facile 

approach to PPP preparation. Using this method, PNA and a protected Cathepsin L-

cleavable peptide precursor were prepared for on-resin PPP preparation.  However, the 

neutral nature of the prepared PNA hindered attempts at MS characterization.  

Separately from the solution- and solid-phase PPP preparation strategies, a siRNA 

sequence was designed and revealed sequence-specific hybridization with PNA 

afforded by a 5’-sense extension.   

The investigations detailed in this Chapter highlighted the potential for 

efficient conjugate design and preparation by using a combined solution- and solid-

phase strategy to minimize the losses that may be encountered during the purifications 

of the solution-phase approach. In fact, the synthesis of the PNA-peptide arm and PEG 

conjugation on resin affords the potential to improve the yields and efficiency of 

conjugate preparation with fewer intermediate purification steps. The PPP designed in 

the studies of Chapter 5 is primarily proof of principle. Thus, further exploration of the 

construct will be necessary to provide full comprehension of this delivery system.  

Importantly, a detailed understanding of the functional utility of the individual 

components in the PPP conjugate is still needed. 

Following the preparation of this nanoconjugate, initial studies should 

investigate its ability to promote in vitro gene silencing in a cancer cell line.   Due to 
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the demonstration of the Cathepsin L upregulation in a range of cancer cells,
5-7

 the 

B16-F0 cancer cells previously used in the Sullivan lab would provide a useful system 

for study.  Despite the overexpression of Cathepsin L in cancer cells this protease 

exists in range of cell lines.  Thus, the cell-specificity of the system should be 

investigated in multiple cell lines to explore the potential for off-target silencing. An 

additional area for exploration is the unpackaging of these PPP structures.  Thus, cell-

free studies using the Cathepsin L protein, and conjugates prepared with FRET labels 

on both siRNA and the PPP scaffold would provide valuable insight into their the 

disassembly and subsequent siRNA release.  Additionally, similar studies using a 

scrambled sequence would be particularly useful in understanding the release profile 

from the PPP construct.  In vitro investigations into the utility of the RGD targeting 

ligand may involve pre-saturation of cell surface receptors with an RGD peptide prior 

to the delivery of the targeted conjugate.   

6.2 Final Perspective 

Due to the complex nature of the gene delivery pathway a better understanding 

of the assembly and subsequent trafficking of gene delivery carriers is necessary to 

realize the potential of nucleic acids as therapeutics. Thus, strategies to control gene 

association and release from these carriers are particularly attractive for therapeutic 

delivery.  Stimuli-responsive carriers introduce the favorable feature of controlled 

methods to release nucleic acids and enhance the efficiency of nucleic acid 

presentation to cells.  However, the challenges associated with in vivo delivery 

highlight the need to develop structures that address the extra- and intracellular 

barriers to delivery including stable extracellular association, prolonged circulation, 

and controlled intracellular destabilization at an intracellular target.  With the observed 
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laboratory and clinical successes of DNA and siRNA delivery, collaborative efforts in 

non-viral carrier design and delivery have the potential to significantly enhance the 

field of non-viral gene delivery. 
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PREPARATION AND CHARACTERIZATION OF PHOTOCLEAVABLE 

POLYMERS 

Materials.  Di-tert-butyl dicarbonate (Boc2O), 5-Hydroxy-2-

nitrobenzaldehyde (HNBA), bromopropylamine hydrobromide, 18-crown-6, sodium 

borohydride (NaBH4), triethylamine (Et3N), methacryloyl chloride, concentrated 

hydrochloric acid (HCl), anisole, copper bromide (Cu(I) Br), N,N,N’,N’,N”-

pentamethyldiethylenetriamine (PMDETA), methoxy PEG (mPEG), bromoisobutyryl 

bromide, calcium hydride (CaH2) and anhydrous 4.0 N HCl in dioxane were 

purchased from Sigma Aldrich and used as received.  Potassium carbonate (K2CO3) 

was purchased from Sigma Aldrich and dried at 120 ˚C for at least 18 h before use.  

Tetrahydrofuran (THF), sodium bicarbonate (NaHCO3), diethyl ether, sodium sulfate 

(Na2SO4), methanol, acetone, ethyl acetate, and hexanes were purchased from Fisher 

Scientific and used as received.  Dichloromethane (DCM) was purchased from Fisher 

Scientific and distilled from CaH2 prior to use.  Deionized water (DI water) used 

during monomer and polymer synthesis and for dialysis was obtained from an in-

house source.  Water used in characterization was obtained from a Milli-Q water 

purification system (resistivity = 18.2 MΩ·cm).  1× Dulbecco’s phosphate buffered 

saline (DPBS) (150 mM NaCl, with calcium and magnesium) was purchased from 

Fisher, Opti-MEM® I Reduced Serum Media (buffered with HEPES and sodium 

bicarbonate, and supplemented with hypoxanthine, thymidine, sodium pyruvate, L-

glutamine, trace elements, and growth factors) was purchased from Life Technologies.  

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) sodium salt was 
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purchased from Fisher and dissolved at 20 mM in ultrapure water, and then the pH 

was adjusted to ≈6 using 1.0 M HCl or 1.0 M NaOH. 

 

Synthesis of tert-butyl(3-bromopropyl)carbamate.  Bromopropylamine 

hydrobromide salt (10.03 g, 45.8 mmol) was dissolved in 300 mL of THF in a 500 mL 

round-bottomed flask.  A solution of NaHCO3 (7.77 g, 92.4 mmol) in DI water (180 

mL) was added, and the solution became cloudy.  Boc2O (10.04 g, 46.0 mmol) was 

weighed out in a scintillation vial, dissolved in 10 mL THF, and added to the round-

bottomed flask.  The solution was stirred at 23 ˚C for 18 h.  Afterward, the reaction 

was quenched with 300 mL of DI water to form two clear, colorless layers.  This 

mixture was extracted with diethyl ether (100 mL, 3×), and the organic phase was 

washed with brine (100 mL, 3×).  Then, the organic phase was dried over Na2SO4 and 

concentrated on a rotary evaporator to yield a clear, slightly yellow liquid.  The 

product was recrystallized from hexanes 3× at -20 ˚C, yielding white crystals.  Then, 

the product was dried under reduced pressure, and characterized using 
1
H NMR 

spectroscopy.  
1
H NMR (600 MHz, CDCl3) δ 4.66 (s, 1H), 3.44 (t, J = 6.5 Hz, 2H), 

3.27 (q, J = 6.3 Hz, 2H), 2.05 (p, J = 6.4 Hz, 2H), 1.44 (s, 9H). 

 

Synthesis of 3-(hydroxymethyl)-4-nitrophenol (HMNP).  HNBA (10.01 g, 

59.8 mmol) was dissolved in 300 mL of methanol and cooled to 0 ˚C.  NaBH4 (4.64 g, 

122.6 mmol) was added slowly over 20 min.  The reaction bubbles violently upon 

NaBH4 addition, take caution!  The reaction proceeded for 2 h after NaBH4 addition.  

Afterward, the reaction was quenched with 70 mL of 5% HCl(aq), and the solvent was 

removed using a rotary evaporator to yield a white solid.  The product was 
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characterized with 
1
H NMR spectroscopy.  

1
H NMR (600 MHz, DMSO) δ 10.92 (s, 

1H), 8.05 (d, J = 9.0 Hz, 1H), 7.26 (d, J = 2.7 Hz, 1H), 6.79 (dd, J = 9.0, 2.8 Hz, 1H), 

5.52 (d, J = 4.8 Hz, 1H), 4.82 (d, J = 3.8 Hz, 2H). 

 

Synthesis of tert-butyl(3-(3-(hydroxymethyl)-4-

nitrophenoxy)propyl)carbamate (HNPC).  HMNP (3.52 g, 20.8 mmol) and dried 

K2CO3 (7.21 g, 52.1 mmol) were dissolved in 100 mL of acetone and heated for 15 

min at 60 ˚C in a two-neck round-bottomed flask equipped with a reflux condenser 

and a Teflon-coated septum.  Then, a solution of tert-butyl(3-bromopropyl)carbamate 

(7.44 g, 31.2 mmol) in minimal acetone was added using a syringe, and the solution 

was stirred for 10 min.  Subsequently, a solution of 18-crown-6 (0.55g, 2.0 mmol) in 

minimal acetone was added via syringe, and the solution was heated under reflux for 

18 h.  Following the reaction, the solution was concentrated using a rotary evaporator 

to yield a brown liquid.  The product was dissolved in 50 mL of DCM and washed 

with DI water (50 mL, 3×).  Then, the organic phase was dried over Na2SO4 and 

removed using a rotary evaporator, yielding a brown oil.  The oil was added to 

hexanes resulting in two phases: a brown oil and cloudy supernatant.  The mixture was 

heated until the supernatant became clear (40-50 ˚C), after which the supernatant was 

discarded.  The oil was washed twice more to yield the purified product, which was 

dried under vacuum to yield a brown solid. The product was characterized using 
1
H 

NMR spectroscopy.  
1
H NMR (600 MHz, DMSO) δ 8.13 (d, J = 9.1 Hz, 1H), 7.33 (d, 

J = 2.6 Hz, 1H), 7.01 (dd, J = 9.1, 2.8 Hz, 1H), 6.95 (t, J = 5.3 Hz, 1H), 5.60 (t, J = 5.5 

Hz, 1H), 4.85 (d, J = 5.5 Hz, 2H), 4.11 (t, J = 6.1 Hz, 2H), 3.08 (q, J = 6.6 Hz, 2H), 

1.86 (p, J = 6.5 Hz, 2H), 1.36 (s, 12H). 
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Synthesis of 5-(3-(Boc-amino)propoxy)-2-nitrobenzyl methacrylate (Boc-

APNBMA).  Et3N (2.51 g, 24.8 mmol) and HNPC (4.20 g, 12.8 mmol) were dissolved 

in 400 mL of DCM in a 500 mL round-bottomed flask and cooled to 0 ˚C.  

Methacryloyl chloride (1.50 g, 14.4 mmol) was added slowly, and the solution was 

stirred for 23 h.  After the reaction, the solution was washed with 5% HCl(aq) (75 mL, 

3×), saturated NaHCO3(aq) (100 mL, 3×), and DI water (70 mL, 3×).  The organic layer 

was dried over Na2SO4 and concentrated on a rotary evaporator to yield a brown oil.  

The product was further purified using silica gel column chromatography (1/1 ethyl 

acetate/hexanes mobile phase) to yield a white solid, which was dried under vacuum 

and characterized using 
1
H NMR spectroscopy (final yield 2.55 g).  

1
H NMR (600 

MHz, DMSO) δ 8.21 – 8.16 (d, 1H), 7.15 – 7.09 (m, 2H), 6.94 (t, J = 5.5 Hz, 1H), 

6.11 (s, 1H), 5.79 – 5.74 (m, 1H), 5.51 (s, 2H), 4.12 (t, J = 6.1 Hz, 2H), 3.08 (q, J = 

6.5 Hz, 2H), 1.93 (s, 3H), 1.85 (p, J = 6.3 Hz, 2H), 1.36 (s, 11H). 

 

Synthesis of methoxy poly(ethylene glycol) isobutyryl bromide (mPEG-

Br).  mPEG (5.0 g, 1.0 mmol) and Et3N (0.38 g, 3.7 mmol) were dissolved in 25 mL 

of dry DCM in a 50 mL round-bottomed flask equipped with a magnetic stir bar and 

cooled to 0 ˚C.  To this solution, α-bromoisobutyryl bromide (0.4 mL, 3.2 mmol) was 

added dropwise, and the solution was allowed to warm to 23 ˚C and stirred for 18 h.  

After the reaction, the solution was quenched with 1 mL of water and washed with a 

saturated NaHCO3 solution (aq; 25 mL, 3×).  The organic layer was dried over 

Na2SO4 and concentrated on a rotary evaporator.  Then, mPEG-Br was dissolved in 

methanol, precipitated in cold diethyl ether, and pelleted via centrifugation at 4000 
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rpm at 4 ˚C for 15 min.  The precipitation and centrifugation steps were repeated twice 

to yield a white powder.  
1
H NMR (600 MHz, CDCl3) δ 4.35 - 4.29 (m, 2H), 3.64 (s, 

459H), 3.37 (s, 3H), 1.93 (s, 6H). 

 

Synthesis of mPEG-b-P(Boc-APNBMA)n.  As an example, for the synthesis 

of mPEG-b-P(Boc-APNBMA)7.9, Boc-APNBMA (0.60 g, 1.5 mmol) and mPEG-Br 

(0.54 g, 0.10 mmol) were weighed out and transferred into a glove box.  Inside a glove 

box, a solution of Cu(I)Br (15 mg, 0.10 mmol) and PMDETA (21 mg, 0.12 mmol) in 

4 mL of anisole was prepared in a 25 mL round-bottomed flask equipped with a 

magnetic stir bar.  Then, mPEG-Br and Boc-APNBMA were dissolved in 4 mL of 

anisole and transferred into the round-bottomed flask, which was then sealed with a 

rubber septum.  The flask was transferred out of the glove box and heated to 70 ˚C.  

After 24 h, the diblock copolymer was precipitated in cold diethyl ether, and pelleted 

via centrifugation at 4000 rpm at 4 ˚C for 15 min.  The pellet was dissolved in 

minimal methanol and the precipitation and centrifugation were repeated twice to 

yield a white powder.  Then, the polymer was added to DI water, yielding a cloudy 

solution.  mPEG-b-P(Boc-APNBMA)n was pelleted via centrifugation at 4000 rpm at 

4 ˚C for 25 min, which removed residual mPEG-Br macroinitiator. 

 

Synthesis of mPEG-b-P(APNBMA·HCl)n.  As an example, for the synthesis 

of mPEG-b-P(APNBMA•HCl)7.9, mPEG-b-P(Boc-APNBMA)7.9 (0.72 g, 0.09 mmol) 

was placed in a 25 mL round-bottomed flask equipped with a magnetic stir bar and 

sealed with a rubber septum.  The flask was purged with Ar (gas) for 10 min, and then 

cooled to 0 ˚C.  An anhydrous 4 N HCl solution in 1,4-dioxane (15 mL) was added, 
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and the solution was stirred for 2 h.  After the reaction, the polymer was precipitated 

in cold diethyl ether, redissolved in DI water and dialyzed (3500 MWCO) against DI 

water for 24 h with three solvent exchanges. 

 

 

Figure A.1 DNA condensation by mPEG-b-P(APNBMA·HCl)23.6 monitored by 

(a) agarose gel electrophoresis and the (b) YOYO-1 fluorescence 

quenching assay.  

Determination of Exponential Decay Constant.  The relative absorbance 

data was fit with an exponential decay.  The decay follows the relationship: 

      
  

 
, 

in which I is the relative absorbance, t is time (s), and τ is the decay constant 

(s).  Increasing the molecular weight of the cationic block caused a decrease in the 

decay constant (340 s for n = 7.9 and 220 s for n = 23.6), which suggested an 

accelerated photocleavage.  Furthermore, the use of mPEG-b-P(APNBMA·HCl)7.9 to 

encapsulate DNA into polyplexes decreased the decay constant to 160 s.   
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Figure A.2 Normalized absorbance at 316 nm for (a) mPEG-b-

P(APNBMA·HCl)7.9, (b) mPEG-b-P(APNBMA·HCl)23.6, and (c) 

DNA/mPEG-b-P(APNBMA·HCl)7.9 polyplexes as a function of UV 

irradiation time.  The log of the normalized intensity was plotted 

against time to determine τ [I = exp(-t/τ), in which I is normalized 

absorbance, t is time, and τ is the exponential decay constant]. 
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CELLULAR TOXICITY OF PHOTOCLEAVABLE POLYMERS 

 

Figure B.1 Cell viability upon exposure to mPEG-b-P(APNBMA·HCl)7.9 (black), 

mPEG-b-P(APNBMA·HCl)23.6 (red), and PEI (white) at various 

concentrations. IC50 values of mPEG-b-P(APNBMA·HCl)7.9 and 

mPEG-b-P(APNBMA·HCl)23.6 are 1.05 μM and 0.77 μM respectively.  
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Figure B.2 Cell viability upon exposure to 365 nm light at 200 W/m
2
 for 10, 20, 

and 40 min. 
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CHARACTERIZATION OF FUNCTIONAL PEPTIDES AND CONJUGATES 

 

 

Figure C.1 Quantification of free thiols in cathepsin L-cleavable peptide (NH2- 

CRDAKLKWGDRC-CONH2).  
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Figure C.2 RP-HPLC demonstration of PNA/TCEP side reaction showing (a) 

cathepsin L-cleavable peptide, (b) reduced peptide, (c) PNA, (d) 

PNA-peptide preparation with TCEP included, and (d) PNA and 

TCEP. 

 

Figure C.3 The RP-HPLC trace of a representative RGD peptide-PEG reaction. 

The absorbance of the elutant was measured at 210 nm over time. 

a)

b)

c)

d)

e)




