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using kinetic modeling.  (A) Schematic of important biological 
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through the kinetic model.  (B) Cellular uptake levels as a function of 
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GAPDH protein expression levels relative to the levels of the loading 
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no siRNA treatment.  Results are shown as the mean ± standard 
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Figure 5.3: Silencing efficiency fold change of mPEG-b-P(APNBMA)/PAA 

ternary siRNA polyplexes.  siRNA was substituted with PAA on a 

weight percent basis, and the molecular weight of PAA was varied.  
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shown as the mean of data obtained from three independent 
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P(APNBMA)/PAA (30/70, 240 kDa) ternary siRNA polyplexes and 
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Figure 5.10: Heparin-induced siRNA release from polyplexes incorporating QDs. 

Varying amounts of QDs were added during mPEG-b-

P(APNBMA)/240 kDa PAA/QD siRNA polyplex formation.  

Following complex formulation, heparin was added at a 

heparin:siRNA weigh ratio of 5:1 and incubated for 30 min.  (A) 

Cartoon schematic of polyplex formation.  (B)  The solutions were 

subjected to gel electrophoresis.  (C) The amount of free siRNA from 

the agarose gels was quantified using ImageJ.  Results are shown as 

the mean ± standard deviation of data obtained from three independent 
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Figure 5.12: Light-induced polyplex disassembly of mPEG-b-P(APNBMA) 
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(red).  Results are shown as the mean ± standard deviation of data 
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The FRET ratio following 10 min of irradiation.  The results are 

reported as the average fluorescence of three independent samples for 
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Figure 5.13: FRET-based detection of polyplex disassembly inside cells.  (A) 

Representative flow cytometry histograms showing the fluorescence 

intensity distributions of cells treated with light for various lengths of 

time.  (B) The median FRET fluorescence intensity of cells treated 

with light for various lengths of time, normalized to cells that were not 

treated with 365 nm light (0 min).  Results are reported as the mean ± 

standard deviation of data obtained from three independent 
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also were measured using UV-Vis spectroscopy.  (C) The peak 
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Figure 6.1: Photo-controlled IL1β protein silencing with mPEG-b-P(APNBMA) 

polyplexes, Lipofectamine RNAiMAX lipoplexes, and hybrid 

nanocomplexes.  AoAFs were treated with siRNA using the various 
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relative to the levels of the loading control glyceraldehyde 3-
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Figure 6.5: Dynamics of IL1β and CDH11 protein silencing following a single 

dose (A) or double dose (B) of siRNA.  Kinetic modeling was used to 

predict the temporal IL1β (dashed red line) and CDH11 (dashed blue 

line) protein expression following doses of siRNA.  Initial protein 
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were verified experimentally using western blotting.  Data points 

represent the normalized IL1β (red diamonds) or CDH11 (blue 

squares) protein expression levels relative to the loading control.  

Experimental results are shown as the mean ± standard deviation of 
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the times indicated by the data points.  (B) AoAFs were transfected 

with the hybrid nanocomplexes at t = 0 h and t = 72 h, irradiated with 
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Nucleic acid delivery has garnered significant interest as a biomedical research 

tool and therapeutic approach for the treatment of devastating diseases, as evidenced 

by the thousands of clinical trials that have been conducted over the past few decades.  

Small interfering ribonucleic acids (siRNA)s are particularly promising due to their 

ability to mediate transient post-transcriptional sequence-specific gene knockdown of 

aberrantly expressed proteins.  Although cationic polymers have proven to be effective 

siRNA delivery vehicles, several problems related to a lack of spatiotemporal control 

over nucleic acid binding vs. release have hindered their clinical impact.  To address 

these challenges, a nanocarrier system comprised of a photo-responsive block 

copolymer was developed that encapsulated and protected siRNA, stimulated cellular 

uptake, and induced light-triggered gene silencing.  The work in this dissertation 

builds on this system to facilitate the translation of the approach into animal models 

and provide insights into siRNA release.  Specifically, the dissertation is broken down 

into four primary objectives: 1) to develop a mechanistic understanding of nanocarrier 

disassembly and design methods for regulating the amount, location, and timing of 

siRNA activity; 2) to improve nanocarrier efficiencies through the formulation of 

mixed polymer complexes and predict dose responses using simple kinetic modeling; 

3) to elucidate the effects of incorporating anionic excipients into nanocarriers and 

impart diagnostic characteristics into the formulations; and 4) to enable on/off control 

over gene silencing in human primary cells and mitigate maladaptive cellular 

responses that lead to high rates of cardiovascular graft failures.  Overall, the work 
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presented in this dissertation improved the efficiency and capabilities of photo-

responsive siRNA delivery vehicles, provided a new combination of methods for 

probing the structure-function relationships of siRNA-polymer assemblies, established 

a simple kinetic model that accurately predicted siRNA dose responses, demonstrated 

the potential of lipid-polymer hybrid nanocomplexes in primary cells, and contributed 

new insights into the fundamental mechanisms that govern nucleic acid binding vs. 

release.  These advances, along with the suggestions for future work, may help 

facilitate the translation of nucleic acid therapies into the clinic.  
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INTRODUCTION AND MOTIVATIONS 

1.1 Nucleic Acid Delivery 

Nucleic acid delivery is a powerful biomedical research tool and therapeutic 

approach aimed at regulating gene expression through the introduction of plasmid 

deoxyribonucleic acid (DNA), messenger ribonucleic acid (mRNA), antisense 

oligonucleotides, small interfering ribonucleic acid (siRNA), and other nucleic 

acids.
1
  Specifically, gaining control over protein/transcript expression has provided 

scientists with the abilities to study gene functions, identify gene products, establish 

disease models, and manipulate cellular responses.
2
  Perhaps the most potentially 

transformative applications of nucleic acid delivery include disease treatment and 

regenerative medicine, as evidenced by a number of product approvals within the 

last few years.
3
  For example, Glybera, a gene therapy for lipoprotein lipase 

deficiency, was approved in Europe in 2012.
4
  Several antisense products also have 

been approved in the United States for the treatment of devastating indications such 

as cytomegalovirus retinitis, homozygous familial hypercholesterolemia, and 

Duchenne muscular dystrophy.
5
  Moreover, thousands of gene therapy clinical trials 

have been initiated in the last few decades, with many of these trials advancing to 

late stages of development.
6
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1.1.1 siRNA enables gene silencing 

Therapeutic approaches that exploit RNA interference (RNAi) offer a 

particularly attractive strategy for regulating gene expression to treat a wide range of 

acquired and hereditary diseases.
7
  siRNA molecules can engage this natural 

pathway by interacting with cellular machinery to mediate post-transcriptional 

sequence-specific gene silencing of aberrantly expressed proteins.
8
  siRNA is a class 

of double-stranded RNA that is usually 20-24 base pairs in length with two 

overhanging nucleotides and phosphorylated 5' ends and hydroxylated 3' ends on 

each strand.
9
  As shown in Figure 1.1, in the cytoplasm, a siRNA duplex binds to the 

RNA-induced silencing complex (RISC) and becomes unwound.  While the 

passenger (sense) strand is ejected and degraded, the guide (antisense) strand 

remains engaged with the RISC and acts as a template for the RISC to recognize 

complementary mRNA transcripts.
10

  Argonaute2 (AGO2), one of the key proteins 

in the human RISC, cleaves the complementary mRNA, which subsequently is 

degraded by the cell.
11

  The guide strand-RISC can then seek out other mRNA 

strands and induce transcript cleavage, effectively propagating gene silencing by 

halting translation of the targeted protein.
12
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Figure 1.1: Schematic of the RNAi mechanism.  This figure was adapted with 

permission from K.A. Whitehead, R. Langer, D.G. Anderson, Knocking 

down barriers: advances in siRNA delivery, Nat. Rev. Drug Discov. 8(2) 

(2009) 129-138.
13

  Copyright 2009, Rights Managed by Nature 

Publishing Group. 

The development of reliable siRNA design algorithms has enabled the 

production of synthetic siRNA duplexes that have the capacity to target virtually any 

gene of interest with minimal off-target effects.
14

  siRNA has enormous inherent 

advantages in practical/therapeutic application through its clinically demonstrated 

safety profile, capacity to harness the endogenous gene regulatory machinery using a 

simple one-component construct, high potency and sequence-specificity, and 
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modularity.
15, 16

  Additionally, chemical modification strategies for the RNA 

backbone have conferred enhanced resistance to enzymatic hydrolysis and nuclease 

degradation, reduced immune responses through Toll-like receptor pathways, and 

improved thermodynamic stability for in vivo applications.
13

  These characteristics 

have already advanced siRNA therapeutics into late-stage human clinical trials for 

the treatment of debilitating conditions as varied as metastatic melanoma, diabetic 

macular edema, Ebola, and hepatitis C,
15, 17

 indicating the enormous promise of 

siRNA platforms for a range of applications in human health.  

1.2 Delivery Vehicles 

Despite these advances, naked siRNA is still susceptible to enzymatic 

degradation and has limited capacity for cellular uptake because of its relatively 

large size and negative charge, thus necessitating a carrier strategy that employs 

siRNA effectively in the modulation of gene expression.
13, 18

  The vast majority of 

gene delivery vehicles tested in the clinic to date involved modified viruses, which 

have naturally evolved over billions of years to efficiently mediate gene transfer.
19, 20

  

Unfortunately, viral vectors suffer from several drawbacks, including fundamental 

safety concerns regarding immunogenicity, mutagenicity, and tumorigenicity, low 

loading capacities, storage difficulties, and nanocarrier formulation challenges.
21, 22

  

Nonviral delivery vehicles, including polymer-, lipid-, and inorganic nanoparticle-

based carriers, avoid many of the obstacles faced by viral vectors and represent 

promising alternatives.
21, 23
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1.2.1 Polyplexes 

In particular, cationic polymers have garnered significant interest in recent 

years.
1
  These materials offer numerous appealing properties including excellent 

control over chain length, synthetic versatility, low dispersities, and 

biocompatibility.
24, 25

  Cationic polymers can electrostatically bind negatively charged 

siRNA and self-assemble into nanoscale complexes (polyplexes) that are capable of 

efficient gene transfer.  In fact, in 2010, the first in-human phase I clinical trial of 

patients with cancerous solid tumors that used a targeted nanoparticle delivery system 

for systemic administration of siRNA was completed, and these nanocarriers were 

formulated with polymeric materials.
15, 26

  Although these trials provided some 

encouraging outcomes, the studies uncovered numerous challenges that must be 

overcome before such therapies are made commercially available.
27

  

1.3 Controlling Binding vs. Release 

Many of the shortcomings of nonviral siRNA nanocarriers are related to a lack 

of control over siRNA binding vs. release.
1, 28

  Effective polyplex systems must satisfy 

seemingly contradictory demands at various points along the delivery pathway (Figure 

2).
29, 30

  In particular, several reports have emphasized the importance of maintaining 

nanocarrier stability and siRNA binding/integrity in the presence of anionic 

proteoglycans and nucleases in the extracellular environment.
31-33

  For example, 

Zuckerman et al. found that cationic cyclodextrin-containing polymer (CDP)-based 

siRNA nanoparticles were rapidly disassembled at the glomerular basement membrane 

(GBM) of the kidney due to interactions with heparan sulfate, a negatively charged 

proteoglycans that is abundant throughout the body.
34

  A complementary study by 

Abdelhady and coworkers employed atomic force microscopy in liquid to demonstrate 
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that unprotected DNA, which is more degradation-resistant than siRNA, is broken 

down within minutes in the presence of nucleases.
33

  Although the addition of cationic 

generation 4 polyamidoamine dendrimers slowed the degradation process, the nucleic 

acid cargo was still insufficiently packaged in the polyplexes to maintain complete 

integrity.  These reports highlight the need to find cationic polymers that can stably 

bind siRNA and protect the cargo prior to cellular uptake. 

At the same time, multiple studies have demonstrated that inefficient 

intracellular siRNA release is a major bottleneck restricting delivery in the cytoplasm, 

thereby hampering siRNA interactions with RISC.
35-38

  For example, Shim et al. 

showed that polyplexes comprised of unmodified linear polyethylenimine (L-PEI) 

mediated only ~5% gene silencing in NIH/3T3 cells due to inefficient siRNA 

unpackaging, as evidenced by the highly colocalization of the polymer and siRNA in 

the cytoplasmic and nuclear compartments.
35

  In a related report, Han and coworkers 

demonstrated that galactose-modified trimethyl chitosan-cysteine (GTC) polyplexes 

carrying VEGF-targeting siRNA did not effectively reduce tumor growth compared to 

other types of polyplexes.
38

  The authors partially attributed this behavior to a lack of 

siRNA release from the GTC-siRNA complexes.  Taken together, the competing 

requirements of binding vs. release necessitate a compromise between stability and 

unpackaging in most polyplexes, especially in systems with limited means to 

manipulate electrostatic interactions.
39, 40

   

A number of strategies have been explored to provide better control over siRNA 

activity.  These approaches include the development of stimuli-responsive materials, 

the formulation of mixed block copolymer nanocarriers, and the incorporation of 

anionic excipients.  The sections below detail previous work in each of these strategies 
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and lay out the advantages and drawbacks of each.  Ultimately, a combination of these 

strategies may provide the best control over siRNA binding vs. release.   

 

Figure 1.2: siRNA polyplexes must satisfy seemingly contradictory demands of 

remaining stable extracellularly but disassembling intracellularly.  The 

competing requirements of siRNA binding vs. release are some of the 

most significant challenges hindering the translation of siRNA 

nanocarrier systems.  

1.3.1 Stimuli-responsive materials 

One of the most promising strategies for enhancing regulation over siRNA 

binding vs. release is the use of stimuli-responsive materials.
41, 42

  A wide variety of 

biomaterials have been engineered with changeable nucleic acid binding affinity in 

response to biological or external stimuli (Figure 1.3).
25, 43

  Specifically, these 

characteristics have been incorporated into polymers through the addition of different 

functional moieties that are sensitive to a diverse set of triggers.
44, 45

  When a given 

stimulus is introduced, the polymers’ binding capacity for siRNA can be altered to 
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enhance release through changes in molecular forces and/or nanostructure.
46-48

  

Although the task of precisely controlling nucleic acid activity remains challenging, 

significant advances in the development of stimuli-responsive materials have shown 

tremendous promise.
49

  These strategies are discussed in more detail in the following 

sections. 

 

Figure 1.3: Different stimuli that have been used in biomaterials to gain better 

control over nucleic acid binding vs. release.  This figure was adapted 

with permission from Y. Lu, W.J. Sun, Z. Gu, Stimuli-responsive 

nanomaterials for therapeutic protein delivery, J. Control. Release 194 

(2014) 1-19.50  Copyright 2014 Elsevier B.V. All rights reserved. 

1.3.1.1 Biological stimuli-responsive nanocarriers 

The biological and/or cellular environment provides a diverse range of signals 

that can be used to alter nanocarrier structure and induce nucleic acid release.
41

  Some 
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of these triggers include local changes in pH,
51-54

 redox potential,
55-57

 

enzyme/substrate concentration,
58, 59

 oxygen content,
60

 and temperature.
61, 62

  Perhaps 

the most common of these strategies is pH-sensitive nanocarriers that rely on the 

acidification of the endosomes as the cargo is trafficked intracellularly to lysosomes.  

For example, Shim et al. synthesized acid-degradable ketalized linear 

polyethylenimine (KL-PEI) to overcome the challenges of intracellular siRNA release 

(example discussed above).
35

  The authors found that the pH-responsive polymers 

degraded during endosomal trafficking and resulted in polyplex disassembly and 

increased siRNA release into the cytoplasm.  This relatively simple modification 

allowed gene silencing to reach ~50% efficiency, which was an order of magnitude 

higher than the unmodified L-PEI polyplexes.  As an example of a redox potential-

sensitive system, Nuhn and coworkers developed nanogels with disulfide cross-linkers 

for redox-triggered release of siRNA and nanoparticle degradation in the reductive 

conditions of the cytoplasm.
55

  These nanocarriers were stable in buffered solutions 

but released all of the siRNA when incubated in 20 mM dithiothreitol (DTT), a 

reducing agent used to simulate the redox potential in the cytoplasm.     

These encouraging reports support the concept that biological stimuli-

responsive materials are able to take advantage of natural differences in conditions 

within cells to improve gene silencing efficiencies.
63

  However, these strategies 

provide inadequate control over the extent of nucleic acid activity, particularly in 

space and time.
64

  Additionally, the heterogeneous nature of living organisms and cells 

makes it difficult to develop a biologically-sensitive material that can be applied 

universally.  These challenges are compounded by the fact that it is extremely difficult 

to find a stimulus threshold that is wide enough to allow for minor fluctuations in the 
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environment without prematurely inducing siRNA release, but also narrow enough 

that the nanocarriers can be rapidly triggered to release the payload before being 

exocytosed or degraded in lysosomes.
65, 66

 

1.3.1.2 Externally-triggered nanocarriers 

As an alternative to relying on the natural biological environment, externally 

applied stimuli can promote siRNA delivery with user-defined control.  Some of these 

stimuli include magnetic fields,
67, 68

 ultrasound,
69-71

 and light.
72-74

  These triggers are 

able to direct nucleic acid release from polyplexes in targeted tissues on-demand, 

allowing for at least some degree of spatiotemporal control.
75

  In addition to 

controlling gene activity in space and time, these approaches also may allow for the 

amount of siRNA release to be easily tuned on the basis of the strength and/or duration 

of the applied stimulus.
76

  For example, Burke et al. enhanced the transfection 

efficiency of poly(ethylene glycol) (PEG)/PEI nanocomplex gene carriers that were 

delivered with ultrasound-sensitive microbubbles in mice by tailoring the stimulus 

parameters.
77

  The authors found that the application of ultrasound facilitated PEG/PEI 

nanocomplex delivery from the bloodstream into the targeted skeletal muscle cells and 

subsequently increased nucleic acid release into the nucleus.  Thus, approaches that 

exploit externally applied stimuli may not only be able to improve nucleic acid 

delivery efficiencies, but also provide user-defined targeting to specific cell/tissue 

populations.
78

     

One of the most promising external stimuli is light.  Photo-sensitive materials 

offer unique advantages such as rapid response to the stimulus,
79

 exquisite spatial 

resolution with minimal diffusive effects,
80

 and tunability of light wavelength and 

intensity.
81, 82

  These characteristics have enabled the development of systems capable 
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of precisely timed light-triggered release of active nucleic acids.
83-86

  The 

spatiotemporal specificity in such systems is particularly beneficial for regenerative 

medicine and other biomedical fields.
87-89

  However, most of these systems rely on 

photocaging the nucleic acid or conjugating the nucleic acid to inorganic 

nanoparticles.  For example, Nguyen et al. controlled siRNA activity inside cells by 

protecting the siRNA with a photocaging group and irradiating with various doses of 

light to knockdown genes in an effort to change cellular phenotypes.
90

  Although such 

strategies have successfully increased control over siRNA activity, many of these 

systems require tedious and expensive nucleic acid modifications and/or use cytotoxic 

materials.    

An alternative approach is the incorporation of photo-sensitive groups into 

polymers.
91, 92

  Light-active functional moieties are able to undergo photochemical 

cleavage reactions or isomeric rearrangements depending on the specific functional 

group used.
93

  The most commonly used functional group is ortho-nitrobenzyl (o-NB), 

which absorbs ultraviolet (UV) and near-infrared light and cleaves to form carboxylic 

acid and nitrosobenzaldehyde groups.
94, 95

  In particular, the production of the 

carboxylic acid introduces a negatively charged carboxylate ion in aqueous conditions 

above pH ~3.
94

  Also, the photochemical cleavage rate and absorbance spectrum of o-

NB can be altered by substituting various molecular groups onto the aromatic ring.
96, 97

  

These strategies have allowed for more efficient photocleavage reactions and two-

photon excitation due to red-shifted absorption, making these materials more useful 

for biomedical applications.
98, 99

  Nevertheless, even the unmodified o-NB moiety has 

been successfully used to induce cleavage in materials used for gene delivery.  Han et 

al. induced nucleic acid release by complexing DNA with cationic groups that were 
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linked to gold nanoparticles using an o-NB group, which cleaved upon UV light 

irradiation.
86

  The relatively small cationic leaving group was no longer able to 

electrostatically condense the DNA, resulting in intracellular DNA release and 

controlled transfection.  In addition to o-NB, other photoactive functional groups, such 

as derivatives of azobenzene, diazonaphthoquinone, and pyrenylmethyl esters, can be 

used depending on the targeted application.
100, 101

       

1.3.2 Mixed block copolymer formulations 

Regardless of the stimuli-responsive nature of a delivery vehicle, the strengths 

of the nucleic acid interactions need to be optimized to enable a balance between 

siRNA binding vs. release.  One of the most common strategies to address this 

challenge is to tune the nucleic acid binding capacity by systematically varying the 

molecular weight and/or charge density of the cationic component.
102, 103

  Generally, 

increasing the number of cationic groups increases the polymer binding efficiency and 

cellular uptake of the polyplexes; however, increased positive charge also hinders 

siRNA release in the cytoplasm and results in greater cytotoxicity of the 

nanocarriers.
104

  Most studies must compromise and use polymers with intermediate 

binding forces that balance these factors to improve nucleic acid delivery.
40

  

Furthermore, such systematic approaches often require the synthesis of small libraries 

of polymers, a process that can be both tedious and costly.
105, 106

  An alternative and 

more flexible strategy for improving the control of siRNA release is the use of mixed 

polyplexes assembled from polymers with different compositions.
18, 107

  Modulations 

to the net cationic charge can be achieved simply by changing the molar ratios of as 

few as two polymers, allowing for rapid determination of structure-function 

relationships.
108-110
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The mixed polymer approach is particularly appealing when working with 

cationic block copolymers (BCP)s, which offer the ability to potentially decouple 

functions.
111

  BCPs are comprised of two or more chemically-distinct polymer 

“blocks” that are covalently bound to form one continuous chain.
112

  The linking of 

polymer chains that are chemically different enables the combination of unique 

properties within a macromolecule and allows for self-assembly behavior on the 

nanoscale that is not possible with a homopolymer.
113

  In addition to these benefits, 

BCPs offer numerous appealing properties including excellent control over block 

lengths, unsurpassed tailorability, controlled and predictable self-assembly in solution, 

and access to a bottom-up approach for generating nanocarriers for nucleic acid 

delivery.
113, 114

  More details regarding this strategy are discussed in Chapter 4. 

1.3.3 Incorporation of anionic excipients 

Despite the use of stimuli-responsive materials and/or mixed block copolymer 

formulations, a significant amount of the delivered nucleic acids remains stably 

encapsulated in the nanocarriers and is not able to engage the cellular machinery (e.g., 

RISC).
37, 115

  An approach for overcoming this limitation is the incorporation of 

additional components to modulate the release of siRNA.
116

  These components often 

are polymers, peptides, proteins, or glycosaminoglycans with high negative charge 

densities
117-119

 that can alter nucleic acid binding properties, while also providing 

enhanced ability to release the payload from the polyplexes.
120, 121

  Specifically, 

anionic excipients that have a strong binding affinity for the cationic polymers may 

provide additional stability to the electrostatically assembled polyplexes while 

simultaneously enabling improved release of siRNA.
116

  For example, Han et al. 

reported that the incorporation of anionic γ-poly(glutamic acid) (γ-PGA) or sodium 
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tripolyphosphate (TPP) into galactose-modified trimethyl chitosan-cysteine polyplexes 

tuned the electrostatic interactions and increased siRNA release, resulting in 

significantly enhanced gene silencing.
38

  Other anionic excipients also have shown 

tremendous promise in modulating nucleic acid binding vs. release, and further details 

are discussed in Chapter 5.  Ultimately, a combination of stimuli-responsive materials, 

mixed BCP formulations, and incorporation of anionic excipients may be needed to 

enhance gene silencing and obtain precise control over nucleic acid activity (Figure 

1.4).   



 15 

 

Figure 1.4: Overview of three of the main strategies (stimuli-responsive materials, 

mixed BCP formulations, and incorporation of anionic excipients) used 

to enhance control over siRNA binding vs. release.  Ultimately, a 

combination of these three distinct strategies may provide the best 

opportunity to improve gene silencing efficiencies and gain precise 

control over nucleic acid activity.   
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1.4 Spatiotemporal Control over Gene Expression 

Ideal nanocarriers would not only satisfy the requirements of balancing siRNA 

binding vs. release, but also provide spatiotemporal control over RISC assembly and 

subsequent gene knockdown.  This is important because improved methods to enable 

spatiotemporal control over gene expression are necessary to overcome fundamental 

challenges that hinder biomedical research and therapeutics.
82, 122

  For example, high-

resolution spatiotemporal manipulation of gene activity is needed to probe the 

complex network of cell-to-cell interactions governing differentiation during 

embryonic development.
2
  Spatial regulation of gene expression also would facilitate 

the generation of cell microarrays for the high-throughput identification of functional 

gene products, which is critical for continued advancements in drug discovery.
123

  

Moreover, new approaches to precisely modulate gene activity with minimal off-target 

effects are crucial for the generation of intricate tissue scaffolds, which require 

exquisite control over cellular growth and signaling for use in clinical applications.
87

   

Over the past two decades, inducible promoter systems have been the 

predominant strategy for manipulating gene expression via chemically-regulated 

initiation of transcriptional activation.
124

  However, the spatial control offered by these 

promoter approaches is limited due to the diffusive nature of the extracellular 

inducers.  Recently, state-of-the-art optogenetic regulation systems were developed as 

an alternative means to provide improved spatiotemporal resolution through light-

induced transcriptional control.
125-130

  The ability to limit off-target effects and achieve 

rapid activation and deactivation kinetics make optogenetic systems invaluable tools 

in the field of tissue engineering.
82

  Unfortunately, these systems have numerous 

drawbacks that may prevent them from realizing their full potential in clinical settings.  

First, most optogenetic tools lack the capacity to regulate endogenous genes.
131
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Second, the introduction of non-human components may interfere with native cellular 

pathways and stimulate immune responses.
131

  Third, difficulties may arise if the 

multiple components in photo-sensitive protein-based assemblies must be delivered, a 

situation that is difficult to resolve with high efficiency and often requires the use of 

viral expression vectors that introduce safety concerns such as immunogenicity and 

mutation/oncogene activation.
132

  

An alternative approach for spatiotemporal gene regulation is the controlled 

delivery of nucleic acids.  A number of stimuli-sensitive constructs, including 

responsive siRNA nanocarriers and photocaging tools, have been designed to trigger 

activation of siRNA and impart spatial control over gene silencing.
41

  For example, a 

variety of strategies have been reported that limit the delivery of nucleic acids to 

specific spatial regions, including nanoparticles that are sensitive to stimuli such as 

redox potential
133

 and magnetic fields,
134

 or reverse-transfections employing 

transgenes or siRNAs patterned onto substrates.
123, 135, 136

  All of these approaches 

improve spatial control over nucleic acid delivery, but they typically require 

specialized and/or tedious protocols for spatial patterning that may be difficult to 

implement on larger scales or in tissue engineering/regenerative medicine 

applications.  Furthermore, many of these approaches lack precise and dynamic 

control over the interactions between the carrier molecules and the nucleic acid 

cargoes, leading to limited modulation of the extent of gene activity.  These 

shortcomings underscore the need for novel strategies capable of precisely controlling 

siRNA binding vs. release intracellularly in a spatiotemporal fashion.   
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1.4.1 Applications in regenerative medicine: coronary artery bypass grafting 

A specific application that would greatly benefit from improved spatiotemporal 

control over gene expression is related to cardiovascular disease, which is the leading 

cause of death worldwide.
137

  Vascular reconstructive surgeries, including the 

placement of bypass grafts, have become routine procedures for treating these 

ailments.
138

  Unfortunately, even standard treatments, such as autologous vein grafts 

from the leg fail ~50% of the time within a few years due to inappropriate vessel 

remodeling.
139

  These graft failures are primarily driven by maladaptive cellular 

responses elicited by tissue injury and hemodynamic stress.
140

  Anastomoses, the sites 

of surgical vessel connection, are at particular risk due to suture line scarring, stricture, 

and higher incidences of stenosis and fibrosis (Figure 1.5).
141

  Unfortunately, although 

drug eluting stents and externally-applied films have shown promise in preventing 

complications, these interventions provide inadequate spatial and temporal control to 

modulate cell behaviors appropriately in all regions of the graft conduit.
142, 143

  New 

methods are needed that can locally target the key cell types involved in failure.  Such 

approaches could enable improved healing responses by tuning the application and 

release of regulatory therapies according to the localized environment within the site 

of injury.
144
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Figure 1.5: Depiction of a coronary artery bypass graft.  The autologous vein graft is 

placed to bypass the blockage and is sutured to the coronary artery at 

anastomoses.  Current therapeutic approaches lack the spatial control 

needed to reduce maladaptive responses in the anastomoses (‘on’) while 

avoiding off-target effects in the rest of the graft conduit (‘off’).  The 

cartoon of the graft was adapted from: 

http://www.mobilevascular.com/bypass-surgery.html. (March 17, 2017).         

1.5 Gene Silencing Dynamics and Dosing Regimens 

Although the biomaterial strategies outlined above (e.g., section 1.3.1.2) have 

enhanced spatiotemporal control over siRNA delivery, a limited understanding of the 

dynamic silencing response persists.
145

  Successful application of RNAi depends on 

numerous biological parameters, such as cell doubling time, as well as mRNA and 

protein half-lives.
146, 147

  In particular, diseases characterized by rapid cell division, 

such as cancer, are difficult to treat with siRNAs because dilution effects exclude the 

possibility of sustained protein knockdown with a single dose.
147

  Thus, multiple doses 
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must be administered to maintain robust gene silencing over a prolonged period of 

time.   

The majority of RNAi protocols and dosing schedules reported in the literature 

are chosen on the basis of precedence, or through trial and error, rather than being 

optimized for the system of interest.  Consequently, multiple experiments must be 

conducted to screen for conditions that achieve the desired level and/or duration of 

knockdown; this tedious approach often fails to identify improved dosing regimens.
148

  

For example, due to cost and time limitations of experimentally testing siRNA dosing 

schedules, Bartlett et al. were unable to find a dosing frequency that significantly 

improved tumor growth inhibition in a syngeneic mouse cancer model.
149

  However, 

the authors used kinetic modeling to provide critical insights into the underlying 

causes for these shortcomings, which guided the design of dosing regimens that were 

later employed in clinical trials.
27

  These studies demonstrate the importance of 

developing methods capable of predicting effective dosing protocols, particularly in 

translational medicine. 

Kinetic modeling can provide insights into the kinetics of the RNAi process and 

enable the rapid identification of optimum dosing schedules tailored to a given system.  

To date, a few such models have been published.
145-147, 149-152

  These models have been 

valuable tools, and in many cases, have provided a framework to predict changes in 

gene expression and identify rate-limiting steps.  For example, Chen et al. employed 

kinetic models to determine that the rate of nanocarrier unpackaging correlated 

strongly with modulations in gene expression using polyplexes made with PEI, 

chitosan, and polyphosphoramidate.
30

  The work inspired additional efforts to enhance 
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nucleic acid delivery through responsive biomaterials design,
153

 and it demonstrated 

the utility of models for improving nanocarrier efficacy. 

However, modeling approaches have most often been applied to commercial 

gene delivery systems (e.g. Lipofectamine, Oligofectamine, PEI),
30, 147, 150

 which are 

incapable of precisely controlled and tunable nucleic acid activity.  These material 

limitations have precluded widespread use of the kinetic models in biomedical fields 

that require precise temporal control and/or gradients in gene expression.  

Furthermore, many of these models require knowledge of numerous kinetic 

parameters that complicate their implementation.  An alternative approach is to 

simplify the model to include only the most important rate-limiting steps and allow for 

RNAi effects to be averaged across an entire cell population.  The development of 

delivery vehicles capable of externally-triggered siRNA release would provide greater 

versatility in the timing and magnitude of gene silencing, thereby facilitating the use 

of streamlined models to predict dosing schedules in regenerative medicine.   

1.6 Novel Photo-Responsive Block Copolymer 

To address the challenges discussed above, our group synthesized novel and 

tailorable cationic photo-responsive diblock copolymers, mPEG-b-poly(5-(3-

(amino)propoxy)-2-nitrobenzyl methacrylate) [mPEG-b-P(APNBMA)n].  The 

polymers are comprised of cationic and nonfouling blocks, the structure of which 

enables stable nucleic acid binding and encapsulation within nanoscale electrostatic 

complexes surrounded by a “stealth” PEG coating.
154

  Photocleavable o-NB moieties 

link pendant ammonium cations to the polymer backbone and enable light-induced 

hydrolysis and charge reversal in the polymer chain for rapid release of complexed 

nucleic acids.  Furthermore, the polymers have tunable molecular weights and low 
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dispersities.  The synthesis and characterization of the polymers were conducted by 

Prof. Matthew Green and Dr. Tiffany Suekama, and the specific procedures and 

characterization results are outlined in great detail in a previous publication by the 

groups.
155

  Initial testing of siRNA polyplex formulations was conducted by Dr. 

Abbygail Foster (in collaboration with Chad Greco for the heparin stability, 

serum/nuclease stability, cell viability, and gene silencing experiments), and the 

resulting data was published in a previous article by the group.
156

  The subsequent 

sections provide an overview of the critical points related to: 1) the synthesis and 

characterization of the polymers; and 2) the properties of the siRNA polyplexes.      

1.6.1 Polymer synthesis and characterization 

The text, tables, and figures in section 1.6.1 are adapted and reprinted with 

permission from Green, M. D.; Foster, A. A.; Greco, C. T.; Roy, R.; Lehr, R. M.; 

Epps, T. H., III; Sullivan, M. O., Catch and release: photocleavable cationic diblock 

copolymers as a potential platform for nucleic acid delivery. Polym. Chem. 2014, 5 

(19), 5535-5541.
155

 Copyright 2014, Published by The Royal Society of Chemistry. 

A PEG macroinitiator was used 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 the 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 
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protected and ionic block copolymers were prepared as depicted in Figure 1.6.  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 the binding and release 

mechanism desired for efficiently delivering nucleic acids.  Thus, the design combines 

the highlighted criteria, including: biocompatible PEG components, polymers with 

tailorable composition and molecular weights, cationic moieties that support tight 

polyplex formation, and photo-responsive groups for controlled spatiotemporal release 

of the nucleic acid.  The unique combination of characteristics dramatically enhances 

the potential of these photo-responsive block copolymers for nucleic acid delivery. 
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Figure 1.6: Overview of the synthetic scheme of mPEG-b-P(APNBMA)n. 

Developing structure-property relationships is critical to the design and 

optimization of polymeric nanocarriers, necessitating the synthesis of polymers with 

well-defined characteristics.  Thus, ATRP of Boc-APNBMA from a mPEG-Br 

macroinitiator (5,300 g mol
-1

, Đ = 1.05) was used to generate well-defined mPEG-b-

P(Boc-APNBMA) block copolymers.  Boc-APNBMA content and overall copolymer 

molecular weight were tuned by manipulating the monomer to macroinitiator ratio.  

The size exclusion chromatography (SEC) traces in Figure 1.7 demonstrate the shift in 

elution volume upon a change in the monomer to macroinitiator ratio.  Narrow 
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molecular weight distributions (Đ ≤ 1.16) for mPEG-b-P(Boc-APNBMA)n supported 

the controlled nature of the polymerization during Boc-APNBMA chain extension. 

 

Figure 1.7: 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 

1.8).  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)n.  Comparing the integrations 

of the terminal methoxy (3.4 ppm), PEG methylene (3.6 ppm), and Boc methylene 
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(1.4 ppm) resonances enabled the calculation of the number-average molecular 

weights (Mn)s for mPEG-b-P(Boc-APNBMA)n, which were 8,400 g mol
-1

 and 14,600 

g mol
-1

 for the two polymers (shortest and longest) depicted in Figure 1.7.  Using a 

range of monomer to initiator ratios yielded a series of BCPs, and the three polymers 

(shortest, intermediate, longest) discussed herein illustrate the ability to tune and 

control molecular weight and dispersity.  Table 1.1 summarizes the molecular weights 

obtained from 
1
H NMR spectroscopy and the dispersities obtained from SEC for the 

three protected polymers and their deprotected counterparts. 

 

Figure 1.8: 
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)n (bottom) in DMSO-d6. 
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Table 1.1: Characterization of mPEG-b-P(Boc-APNBMA)n using 
1
H NMR 

spectroscopy and SEC.  

Polymer M
n

a

  (g mol
-1

) Đ
b

 
mPEG-Br 5,300 1.05 
mPEG-b-P(Boc-APNBMA)

7.9
 8,400 1.16 

mPEG-b-P(APNBMA)
7.9

 7,900 - 
mPEG-b-P(Boc-APNBMA)

16.6
 11,800 1.11 

mPEG-b-P(APNBMA)
16.6

 10,800 - 
mPEG-b-P(Boc-APNBMA)

23.6
 14,600 1.11 

mPEG-b-P(APNBMA)
23.6

 13,100 - 
a
 Determined using 

1
H NMR spectroscopy, and subsequently used to 

calculate the degree of polymerization for each polymer (n = 7.9 [shortest], 

16.6 [intermediate], and 23.6 [longest]).  
b
 Determined using SEC. 

 

1.6.2 Properties of siRNA/mPEG-b-P(APNBMA) polyplexes 

The text and figures in section 1.6.2 are adapted and reprinted with permission 

from Foster, A. A.; Greco, C. T.; Green, M. D.; Epps, T. H., III; Sullivan, M. O., 

Light-mediated activation of siRNA release in diblock copolymer assemblies for 

controlled gene silencing. Adv. Healthc. Mater. 2015, 4 (5), 760-770.
156

  Copyright 

2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

Following the synthesis of the mPEG-b-P(APNBMA)7.9 and mPEG-b-

P(APNBMA)23.6 polymers, the abilities of these two polymers (shortest and longest) to 

bind siRNA and form effective polyplexes was explored.  In particular, this section 

details: siRNA binding, polyplex stability, light-induced siRNA release, cellular 

uptake, cell viability, and gene silencing.   
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1.6.2.1 siRNA binding and polyplex formation  

Efficient siRNA binding typically requires higher N/P (N: cationic amine 

groups on polymers, P: anionic phosphate groups on nucleic acids) ratios and/or 

higher molecular weight polycations as compared with DNA condensation.
29

   Hence, 

the siRNA binding capacity of mPEG-b-P(APNBMA)n block copolymers was tested 

as a function of P(APNBMA)n block length.  mPEG-b-P(APNBMA)n (Mn = 7,900 g 

mol
-1

, n = 7.9 or Mn = 13,100 g mol
-1

, n = 23.6) was added to siRNA at various charge 

ratios (Figure 1.9) and the resulting solutions were analyzed via gel electrophoresis.  

Both mPEG-b-P(APNBMA)7.9 and mPEG-b-P(APNBMA)23.6 provided sufficiently 

strong interactions to complex siRNA at low N/P ratios (Figure 1.9C and 1.9D); 

however, the longer polymer encapsulated siRNA more efficiently.   Upon addition of 

mPEG-b-P(APNBMA)23.6 at an N/P ratio of 0.5, there was an initial ~83% reduction 

in ethidium bromide fluorescence.  Further addition of the polymer (N/P ≥ 1) fully 

inhibited migration and low levels of fluorescence became visible in the wells.  The 

fluorescence in the wells decreased with continued polymer addition, and disappeared 

completely above an N/P ratio of 4, suggesting that mPEG-b-P(APNBMA)23.6 

effectively complexed siRNA.  Given the high siRNA binding affinity of mPEG-b-

P(APNBMA)23.6, it is possible that the cationic and hydrophobic components in the 

APNBMA block may cooperatively condense and stabilize the siRNA/mPEG-b-

P(APNBMA)23.6 structures.  
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Figure 1.9: Characterization of siRNA/mPEG-b-P(APNBMA)n polyplexes.  

Representative siRNA mobility assay in 4 wt% agarose gels stained with 

ethidium bromide.  Polyplexes were prepared with (A) mPEG-b-

P(APNBMA)7.9 and (B) mPEG-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 

percentages of free siRNA based on ImageJ analysis of the free siRNA 

band. 

1.6.2.2 Physical characterization and stability of polyplexes 

Based on the increased binding efficiency of the 23.6 repeat unit copolymer, 

this polymer was used for subsequent investigations.  The hydrodynamic diameters 

(DH) of siRNA/mPEG-b-P(APNBMA)23.6 polyplexes were measured using dynamic 

light scattering (DLS) (Figure 1.10A) to determine whether these structures would be 

suitable for cellular uptake, as well as to determine whether DH decreased as polymer 

binding affinity (and N/P ratio) increased.  Polyplexes were formed at varied charge 

ratios ranging from N/P ratios of 2 to 8 based on the electrophoretic complexation 

data.  The values of polyplex DH for all polyplex formulations were below 150 nm, 



 30 

significantly lower than the size limit that has been suggested for endocytic uptake (< 

200 nm).
157

  Furthermore, the sizes of the siRNA/mPEG-b-P(APNBMA)23.6 

polyplexes were relatively constant as a function of N/P.  These findings indicated a 

high binding affinity between siRNA and the longer polycation, consistent with 

electrophoresis data.  Furthermore, the efficient siRNA complexation combined with 

the small DH at N/P ≥ 4 revealed an enhanced siRNA binding capacity compared to 

other PEG-polycation block copolymers used for siRNA delivery.
158, 159

  All 

siRNA/mPEG-b-P(APNBMA) polyplexes were formulated at an N/P ratio of 4 for all 

subsequent studies because this was the lowest amount of polymer that was needed to 

completely exclude ethidium bromide in Figure 1.9D and these polyplexes were 

appropriately sized (Figure 1.10). 

 

Figure 1.10: Polyplex characterization using DLS.  (A) DH of polyplexes determined 

at various N/P ratios.  (B) Representative DH of polyplexes prepared at 

N/P ratio of 4 following a 1 h or a 3 h incubation in 20 mM HEPES (pH 

= 6; black), Opti-MEM (gray), or PBS containing 150 mM NaCl 

(diagonal lines).  siRNA/PEI polyplexes also were incubated in PBS for 

1 h for comparison.  
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Stealth coatings such as PEG are well known to promote colloidal stability and 

resist non-specific protein adsorption and opsonization in a number of gene delivery 

structures.
160-163

  Thus, the nonfouling characteristics of the incorporated PEG block 

were tested in the presence of physiological salt solutions and serum.  Polyplexes were 

incubated in PBS (150 mM NaCl) or Opti-MEM (transfection medium containing 

protein supplements).  Subsequently, the average DH values of the polyplexes were 

measured by DLS to determine whether the polyplexes exhibited salt- or serum-

induced changes in size as compared with polyplexes that were incubated in 

formulation buffer (20 mM HEPES, pH = 6) (Figure 1.10B).  The polyplex sizes 

remained constant at ~120 nm following 1 h and 3 h incubations in Opti-MEM at 23 

°C.  Incubation in PBS over a 3 h period resulted in a slight increase in polyplex size 

from ~130 nm at 1 h to ~145 nm following a 3 h incubation.  All polyplexes retained 

small sizes that were below the ~200 nm threshold for endocytic uptake.
164

  Moreover, 

the stability of the siRNA/mPEG-b-P(APNBMA) polyplexes in PBS was much 

greater than that of siRNA/PEI polyplexes, which aggregated to sizes greater than 1 

µm following a 1 h incubation in PBS.  Based on the relative stability of the polyplex 

structures and the minimal increase in DH, these studies suggested that the PEG block 

formed a protective corona following polyplex formation to resist both salt-induced 

aggregation and protein adsorption.  

Polyanionic glycosaminoglycans such as heparin are major components of the 

extracellular matrix and have been shown to displace nucleic acids from their cationic 

carriers in numerous studies.
165, 166

  Thus, to evaluate the stability of mPEG-b-

P(APNBMA)23.6 polyplexes against competing polyanions, the susceptibility of these 

polyplexes to heparin displacement as compared with siRNA/PEI polyplexes was 
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tested.  siRNA/PEI polyplexes were prepared at N/P ratio of 6 to ensure effective 

binding of siRNA, and the mPEG-b-P(APNBMA)23.6 and PEI polyplexes were 

incubated with increasing heparin concentrations.  Polyplex dissociation and siRNA 

release were monitored by electrophoresis (Figure 1.11).  Gel mobility assays 

indicated greatly enhanced heparin stability for mPEG-b-P(APNBMA)23.6 structures, 

which continued to associate with siRNA and exclude ethidium bromide fluorescence 

in the wells of the gel for heparin/siRNA (w/w) ratios ≤ 1.5 (Figure 1.11A).  An 

increase in the heparin/siRNA ratio to 2 resulted in polyplex loosening and 

demonstrated low levels of fluorescence in the well of the gel.  Further increases of the 

heparin/siRNA ratio to 5 resulted in ~10% siRNA dissociation from the mPEG-b-

P(APNBMA)23.6 structures (Figure 1.11C).  In contrast, PEI preparations indicated 

siRNA displacement for heparin/siRNA (w/w) ratio ≥ 1.5 (Figure 1.11B) and ~50% 

siRNA dissociated for heparin/siRNA (w/w) ratio of 5.  It is possible that hydrophobic 

groups in the cationic block may provide additional binding interactions to stabilize 

the siRNA polyplexes and provide increased stability against polyanion-mediated 

dissociation. 
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Figure 1.11: Heparin displacement of (A) siRNA/mPEG-b-P(APNBMA)23.6 

polyplexes (N/P ratio of 4), and (B) siRNA/PEI polyplexes (N/P ratio of 

6) incubated in the presence of increasing amounts of heparin.  (C) 

Quantification of free siRNA in siRNA/mPEG-b-P(APNBMA)23.6 

polyplexes (black) and siRNA/PEI polyplexes (white) based on gel 

image analysis using ImageJ. 

The interactions between serum proteins and polyplexes also can lead to 

polyplex disassembly and subsequent degradation of siRNA by serum nucleases.
167

  

Hence, electrophoresis and serum/nuclease stability assays were performed to assess 

the structure of the serum-exposed mPEG-b-P(APNBMA)23.6 polyplexes (Figure 

1.12A).  Gel mobility shift assays on free siRNA treated with whole mouse serum 

produced a modest broadening of the siRNA band due to degradation (Figure 1.12A, 

Lane 2) compared to untreated siRNA (Lane 1).  In contrast, no free siRNA band was 

visible for all serum-treated polyplex samples (Lanes 3-7). The increased background 

fluorescence in serum treated samples was attributed to interactions between ethidium 

bromide and serum components, as similar fluorescence occurred in the serum control 

(Lane 8).  These data indicated that the siRNA was not displaced from the polyplex 

following incubation in serum.   
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siRNA/mPEG-b-P(APNBMA)23.6 polyplexes were exposed to RNase A to 

investigate the susceptibility of encapsulated siRNA to nuclease-mediated degradation 

(Figure 1.12B).  The treatment of free siRNA with RNase A resulted in increased 

electrophoretic mobility of the siRNA, broadening of the siRNA band, and ~65% 

reduction in ethidium bromide fluorescence intensity (Lane 2).  In contrast, siRNA 

released from RNase A-treated mPEG-b-P(APNBMA)23.6 polyplexes (Lane 5) 

indicated an ~14% reduction in ethidium bromide fluorescence intensity compared to 

siRNA released from polyplexes without nuclease treatment (Lane 4).  These 

combined serum and nuclease stability results indicated that the binding affinity of the 

mPEG-b-P(APNBMA)23.6 for siRNA was sufficiently strong to prevent serum-

mediated polyplex disassembly and provide enhanced resistance to nuclease 

degradation.  
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Figure 1.12: Gel mobility shift and nuclease stability analyses of siRNA polyplexes.  

(A) Stability of free siRNA and siRNA/mPEG-b-P(APNBMA)23.6 

polyplexes against serum-mediated disassembly.  Free siRNA and 

siRNA/mPEG-b-P(APNBMA)23.6 polyplexes prepared at N/P ratios of 2, 

4, 6, and 8 were analyzed in the presence (+) or absence (-) of serum.  (B) 

Stability of free siRNA and siRNA polyplexes (N/P ratio of 4) against 

RNase A-mediated degradation.  Free siRNA and siRNA/mPEG-b-

P(APNBMA)23.6 polyplexes were treated with RNase A (+) or RNase A-

free (-) buffers, the nuclease reactions were terminated, and the 

polyplexes were either disassembled in SDS (+) or left intact (-).   

1.6.2.3 UV-induced unpackaging 

Given the efficient packaging and enhanced salt and serum stability of 

siRNA/mPEG-b-P(APNBMA)23.6 polyplexes, UV irradiation studies were performed 

to assess the efficacy of light-triggered siRNA release.  Free mPEG-b-

P(APNBMA)23.6  block copolymer as well as siRNA/mPEG-b-P(APNBMA)23.6  

polyplexes were irradiated with 365 nm light, and UV/Vis spectroscopy was used to 

monitor changes in the characteristic absorbance of the o-NB ester at 316 nm to 

determine the extent of photocleavage (Figure 1.13).   

The free polymer absorbance spectra displayed dramatic decreases in 

absorbance at 316 nm for UV exposure times up to 10 min, and smaller changes at 
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longer UV exposure times (Figure 1.13A).  Irradiation of siRNA/mPEG-b-

P(APNBMA)23.6 polyplexes yielded similar results under the same conditions, with a 

large decrease in absorbance after 10 min of irradiation (Figure 1.13B).  This behavior 

was consistent with the typical cleavage behavior of o-NB-containing polymers, which 

disassemble in response to irradiation with UV light to form a carboxylic acid and 

nitrosobenzaldehyde.
95

  The decrease in absorbance as a function of irradiation time 

followed an exponential decay for both the polymer and siRNA polyplex preparations.  

In particular, both the free polymer and polyplex spectra suggested complete cleavage 

of the o-NB group, based on the change in absorbance at 316 nm.   
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Figure 1.13: UV absorbance spectral changes of (A) mPEG-b-P(APNBMA)23.6 and 

(B) siRNA/mPEG-b-P(APNBMA)23.6  polyplexes 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) min.  Normalized absorbance (filled 

squares) at 316 nm for (C) mPEG-b-P(APNBMA)23.6 and (D) 

siRNA/mPEG-b-P(APNBMA)23.6  polyplexes as a function of UV 

irradiation time.  The log of the normalized intensity, for which the red 

dashed line indicates an exponential decay fit to the normalized intensity.  

Error bars represent the standard deviation determined from the mean of 

three independent absorbance measurements.   

The irradiated polyplexes were collected and analyzed via electrophoresis to 

determine the extent of light-induced siRNA release (Figure 1.14A).  When the 

polyplexes were irradiated for short periods of time (≤ 10 min irradiation), siRNA 

migration was limited, but after ≥ 20 min of exposure, significant amounts of free 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

220 260 300 340 380 420 460

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

Wavelength (nm)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

220 260 300 340 380 420 460

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

Wavelength (nm)

A C

B D
Increasing Irradiation Time

Increasing Irradiation Time

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60R
e
la

ti
v
e
 A

b
s
o

rb
a

n
c
e
 @

 3
1
6
 n

m

Irradiation Time (min)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60R
e
la

ti
v
e
 A

b
s
o

rb
a

n
c
e
 @

 3
1
6
 n

m

Irradiation Time (min)



 38 

siRNA migrated down the gel.  After 60 min of irradiation, additional siRNA migrated 

on the gel, yet release remained incomplete.  Specifically, quantification of the free 

siRNA band intensities revealed that ~15% of the siRNA was released after a 20 min 

irradiation, and the levels of released siRNA increased up to ~24% as irradiation times 

increased (Figure 1.14B).   

 

Figure 1.14: (A) Electrophoretic gel migration patterns of siRNA/mPEG-b-

P(APNBMA)23.6  polyplexes after exposure to UV irradiation (365 nm, 

200 W/m
2
) for varying periods of time.  Free siRNA is shown for 

comparison.  (B) Quantification of ethidium bromide fluorescence in the 

siRNA band using ImageJ analysis software.   

These studies highlight a novel release property that has not been previously 

demonstrated in other light-sensitive nucleic acid binding polymers.
168

  Specifically, 

this system provides robust polyplex stability against polyanion- or serum-mediated 

disassembly, along with light-mediated release of a significant fraction of siRNA 

following light exposure.   Light-induced structural changes remove the hydrophobic 

and cationic moieties responsible for siRNA binding and elicit a charge reversal along 

the mPEG-b-P(APNBMA)23.6 polymer backbone, which may account for the 
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enhanced dissociation of these siRNA.  Meanwhile, it is possible that the apparent lack 

of complete release following irradiation was an artifact in quantification caused by 

the continued association of cleaved polymer fragments with the siRNA.  The 

continued association of these fragments could reduce ethidium bromide binding, 

especially given that these fragments contained phenyl rings that might prohibit the 

intercalation of the ethidium bromide molecules.  

 

1.6.2.4 Cellular uptake 

Given that mPEG-b-P(APNBMA)23.6 formed compact, salt- and serum-stable 

polyplexes that released siRNA upon light exposure, the polymer’s ability to mediate 

cellular uptake in NIH/3T3 cells was investigated.  Polyplexes were formulated with 

siRNA that was labeled with YOYO-1 iodide, visualized using fluorescence 

microscopy, and quantified via flow cytometry.  Fluorescence microscopy showed 

rapid uptake of the labeled polyplexes, as indicated by the appearance of large 

quantities of intracellular YOYO-1-labeled structures after 1 h (Figure 1.15A).  The 

punctate appearance in many of these structures suggested that the polyplexes were 

entrapped within endomembrane vesicular compartments within the cells, consistent 

with previous studies investigating the trafficking of siRNA polyplexes
35

 and other 

nanostructures.  After 3 h, there was a clear increase in intracellular YOYO-1, as well 

as a loss of the punctate structures and a shift to a uniformly diffuse intracellular 

distribution (Figure 1.15B).  The diffuse staining pattern may be due to YOYO-1 dye 

leakage or cytoplasmic localization of the polyplexes as a result of endosomal 

escape.
169
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Figure 1.15: Representative fluorescence microscopy images showing the 

internalization of siRNA polyplexes in NIH/3T3 cells.  siRNA was 

labeled with YOYO-1 iodide (green); the nucleus was stained with 

Hoechst (blue).  Cells transfected with siRNA/mPEG-b-P(APNBMA)23.6 

polyplexes for (A) 1 h, and (B) 3 h.  Arrows indicate punctate polyplex 

structures, and the scale bar represents 25 μm and applies to all images.  

Flow cytometry was used to quantify the efficiency of cellular uptake and the 

amount of intracellular YOYO-1 iodide-labeled siRNA polyplexes (Figure 1.16).  

Following 1 h of polyplex exposure, the amount of siRNA that had been internalized 

from mPEG-b-P(APNBMA)23.6 polyplexes was comparable to the amount that had 

been internalized from Lipofectamine lipoplexes.  Notably, the average intracellular 

concentration of siRNA increased up to 3 h post-transfection for the mPEG-b-

P(APNBMA)23.6 polyplexes but remained constant for siRNA/Lipofectamine 

assemblies (Figure 1.16).  Several studies have indicated that enhanced cellular uptake 

of gene delivery polyplexes could be due to excess polycations that remain free in 

solution after polyplex formation.
69, 170, 171

  Also, it is possible that the enhanced 

cytoplasmic distribution of siRNA/mPEG-b-P(APNBMA)23.6 polyplexes is due to 
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several features of free mPEG-b-P(APNBMA)23.6, including the primary amines and 

hydrophobic phenyl rings in the cationic block, which may cooperatively interact with 

the endosomal membrane to facilitate cytoplasmic release.
172

  

 

Figure 1.16: Cellular uptake of fluorescently-labeled siRNA complexes quantified 

using flow cytometry.  Lipofectamine RNAiMax assemblies (black); 

mPEG-b-P(APNBMA)23.6 polyplexes (light gray).  The mean 

fluorescence intensity (MFI, arbitrary units) of the cells that had 

internalized lipoplexes or polyplexes was quantified.  Each data point 

represents the mean ± standard deviation for a total of three separately 

prepared samples.  An asterisk indicates a statistically significant 

difference at a given time point between the mPEG-b-P(APNBMA)23.6 

polyplexes and the Lipofectamine lipoplexes (p < 0.001). 

1.6.2.5 NIH/3T3 cell viability 

Numerous studies have indicated significant cellular toxicity when using 

cationic polymers due to non-specific interactions with the cell surface and subsequent 

membrane disruption.
173, 174

  Thus, the cytotoxicity in cell populations transfected by 

siRNA polyplexes was tested using the AlamrBlue (AB) cell survival assay.  AB-
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based quantification revealed greater than 90% cell survival in all samples, and no 

additive/synergistic effects were found in cells that were treated with UV light in 

combination with siRNA/mPEG-b-P(APNBMA)23.6 polyplexes vs. UV light alone 

(Figure 1.17). 

 

Figure 1.17: Cell viabilities 48 h after polyplex treatment, UV exposure, or the 

combination of polyplexes and UV exposure as measured by the AB 

assay.  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 control sample 

is shown in black. 

1.6.2.6 Gene silencing capacity of photo-responsive polyplexes 

Based on the finding of triggered siRNA release in the characterization of 

polyplexes in cell-free studies, the on/off binding and silencing capacity of 

siRNA/mPEG-b-P(APNBMA)23.6 polyplexes was investigated in NIH/3T3 cells using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a model gene target (Figure 

1.18).  Cells were transfected for 3 h and then irradiated for 20 min, as the 

fluorescence microscopy analyses had indicated the robust cytoplasmic distribution of 
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the polyplexes within the 3 h time frame (Figure 1.15).  Cells transfected with 

GAPDH-targeting siRNA/mPEG-b-P(APNBMA)23.6 polyplexes exhibited a 

significantly higher level of GAPDH silencing following UV irradiation than cells 

treated with Lipofectamine assemblies, and moreover, these irradiated cells also 

exhibited enhanced silencing as compared to siRNA/mPEG-b-P(APNBMA)23.6 treated 

cells in the absence of UV irradiation.  Specifically, quantification of the integrated 

optical density of GAPDH bands obtained through Western blot analysis indicated a 

~70% reduction in GAPDH levels for cells transfected with siRNA/mPEG-b-

P(APNBMA)23.6 polyplexes and UV light, but no reduction in GAPDH levels in cells 

transfected with the siRNA/mPEG-b-P(APNBMA)23.6 polyplexes in the absence of 

UV light, and only a ~30% reduction in GAPDH levels in cells transfected with 

Lipofectamine.  The silencing behavior was specific to GAPDH, as delivery of non-

targeting siRNA only minimally affected GAPDH levels.   

These results highlight the unique capability of siRNA/mPEG-b-

P(APNBMA)23.6 polyplexes to maintain stable association within cells in the absence 

of light. Additionally, ~70% reduction in GAPDH levels indicated an enhanced gene 

silencing capacity compared to other stimuli-responsive siRNA carriers, which 

reported ~50% protein silencing in response to changes in pH.
175

  Based on the 

combined siRNA release and gene silencing studies, it is worth noting that complete 

siRNA release from the irradiated polyplexes does not appear to be necessary for gene 

silencing, as only 15% free siRNA (based on siRNA release in gel electrophoresis 

following 20 min of UV-irradiation) was required to obtain this silencing effect.  

These studies highlight the potential of mPEG-b-P(APNBMA)n polymers to direct 
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siRNA delivery and further reveal an enhanced silencing capacity of mPEG-b-

P(APNBMA)23.6 compared to a number of light-responsive siRNA nanocarriers.
72, 83

  

 

Figure 1.18: Western blot analysis of NIH/3T3 cell extracts collected 48 h post-

transfection.  Cells were treated with GAPDH targeted siRNA/mPEG-b-

P(APNBMA)23.6 polyplexes with (+) or without (-) UV exposure (20 

min), or with Lipofectamine lipoplexes containing either non-targeting or 

GAPDH targeting siRNAs.   

1.6.3 Summary of the synthesis and preliminary characterization of the photo-

responsive BCP 

Our group synthesized a novel photo-responsive, methacrylate-based monomer 

and used ATRP to generate a pair of BCPs with tunable block lengths and narrow 

molecular weight distributions.  The longer polymer was used for localized 

cytoplasmic delivery and light-activated release of siRNA.  mPEG-b-P(APNBMA) 

provided strong siRNA binding to form salt-stable copolymer-based polyplexes that 

resisted aggregation following incubation in PBS, as compared to siRNA/PEI 

polyplexes that aggregated to sizes >1 μm in diameter.  The siRNA/mPEG-b-

P(APNBMA) polyplexes also were stable in serum solutions and protected the siRNA 

from degradation.  Moreover, delivery of siRNA/mPEG-b-P(APNBMA) polyplexes to 

NIH/3T3 cells facilitated nearly twice the amount of cellular uptake as Lipofectamine 

lipoplexes.  UV irradiation of siRNA/mPEG-b-P(APNBMA) polyplexes cleaved the 
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o-NB and facilitated charge reversal on the polymer backbone and siRNA release.  

Furthermore, gene silencing experiments revealed the exquisite specificity and utility 

of this delivery approach.  Specifically, by stimulating the photo-responsive 

polyplexes with UV light, a ~70% reduction in protein levels was achieved, as 

compared to no changes in protein levels for samples treated with siRNA/mPEG-b-

P(APNBMA) polyplexes without irradiation, and only 30% reduction in 

Lipofectamine-treated cells.  These results suggest that the capacity for efficient 

cytoplasmic release and distribution, as well as the user-controlled release mechanism 

allowing for on/ off control of siRNA binding and activity, will introduce significant 

versatility into the delivery platform relevant to a range of biological applications in 

developmental biology, regenerative medicine, and drug screening. 

1.7 Dissertation Overview 

The work described in this dissertation was aimed at understanding how to 

better control siRNA binding vs. release using a novel photo-responsive polymeric 

delivery system.  The numerous challenges detailed in the above sections were 

addressed to enable on/off spatiotemporal control over siRNA release and allow for 

efficient gene silencing.  These advances were made possible by the implementation 

of a variety of strategies for improving control over siRNA activity (such as the 

formation of mixed polymer nanocarriers and the incorporation of anionic excipients) 

and by the elucidation of the mechanisms that underlie the gene silencing process 

(which allowed for the creation of a simple kinetic model to predict the dynamics of 

protein knockdown).   The lessons learned from each of these projects were combined 

to facilitate the development of a hybrid lipid-polymer formulation that was capable of 

efficiently transfecting human primary cells for biomedical applications related to 
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coronary artery bypass grafts.  Thus, the primary goals of this dissertation were related 

to developing an understanding of structure-function relationships of siRNA 

nanocarriers that could be exploited to formulate delivery vehicles with improved 

efficiencies, tunable and predictable levels of siRNA release, integrated diagnostic 

capabilities, and the ability to transfect a variety of cell types for use in biomedical 

applications.  A breakdown of the main themes in each data chapter (Chapters 3-6) is 

displayed in Figure 1.19. 

 

Figure 1.19: Overview of the topics of each data chapter. 

Chapter 2 provides an introduction to the theoretical concepts and practical 

considerations of the most important experimental techniques utilized in this 
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dissertation.  Chapter 3 explores the mechanisms governing siRNA release and the 

ability to spatiotemporally control gene silencing.  These insights allowed for tunable 

mRNA and protein knockdown that could be predicted on the basis of simple kinetic 

modeling and siRNA release assays.  Chapter 4 describes how mixed polymer 

nanocarriers were formulated with BCPs of different cationic block lengths to 

determine how polyplex structure and efficacy depended on the composition.  Kinetic 

modeling also aided in predicting dosing regimens that could knockdown protein 

levels by a factor of two beyond the maximum levels that could be achieved with a 

single dose.  Chapter 5 details the effects of incorporating anionic excipients, 

including polymers and QDs, into polyplexes.  Ideal loading fractions and polymer 

molecular weights were identified that yielded excipient-containing polyplexes 

capable of mediating gene silencing twice as efficiently as unmodified polyplexes and 

that contained diagnostic properties as well.  Chapter 6 describes how all of these 

advances were combined to enable on/off control over protein knockdown in human 

primary AoAFs.  In particular, hybrid lipid-polymer nanocarriers that contained 

polymers of different block lengths and anionic excipients were formulated, and the 

kinetic modeling framework was employed to determine a dosing regimen for 

sustaining gene silencing over one week.  These nanocarriers and predictive 

capabilities were exploited to attenuate fibrotic responses in AoAFs.  Chapter 7 

outlines how all of these insights provide an opportunity for translating these 

technologies into animal models (in vivo).  Furthermore, suggestions for future work 

focus on strategies for implementing these formulations in rabbit models, ideas for 

changing the molecular architecture of the polymer, approaches for understanding and 
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enhancing endosomal escape, and expanding the use of the polyplexes to other 

systems/platforms. 
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CHARACTERIZATION TECHNIQUES 

This chapter describes the characterization techniques used to study the 

assembly/disassembly of polyplexes as well as determine how these formulations 

affected cellular responses.  The complementary use of these techniques allowed for 

the elucidation of key structure-function relationships and informed the development 

of novel nanocarriers with enhanced properties and new functionalities.  The concepts 

underlying the techniques are described in this chapter, and the results are presented 

and discussed in the following chapters. 

2.1 Gel Electrophoresis 

Gel electrophoresis is a common technique used to separate and analyze a 

mixed population of macromolecules such as nucleic acids or proteins.
1
  An electric 

field is applied to separate the macromolecule mixtures in a gel matrix, allowing for 

the quantification of each species.  In this dissertation, gel electrophoresis was 

employed to study the formation of polyplexes (details regarding the formulation of 

polyplexes can be found in the Materials and Methods sections of Chapters 3-6 [e.g. 

see section 3.2.2]) and the release of encapsulated siRNA from nanocarriers. 

Matrices are formed through the gelation of polymers, resulting in porous 

networks of polymeric chains with sieving properties.
2
  The gel matrices can be 

produced from a variety of materials; however, agarose often is used for studying 

nucleic acids because it is easy to cast and the resulting pore sizes are suitable for 

Chapter 2 
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separating nucleic acids with a wide range of molecular weights.  The concentration of 

agarose can be increased to reduce the pore size, according to a correlation reported by 

Griess et al.
3
: 

 𝑃𝐸 = 118 𝑛𝑚 × 𝐴−0.74 (2.1) 

in which PE is the average effective pore size (nm) and A is the agarose percentage 

(wt%).  Making a gel with smaller pore sizes is advantageous for separating short 

nucleic acids (e.g. siRNA).
4
  Additionally, other experimental conditions, such as 

applied voltage, run time, gel box length, and electrophoresis buffer, can be varied to 

enhance the degree of separation.  In a uniform agarose gel, increasing the run time 

while decreasing the applied voltage gradient (voltage/length) can help improve the 

separation of species that have small differences in molecular weight.     

The macromolecular samples can be loaded into pre-cast wells of a gel.  When 

an electric current is applied across the gel, and the negatively charged nucleic acids 

move towards the positively charged anode.  Components that are neutral or larger 

than the pores remain in the wells, and cationic components migrate in the opposite 

direction of the nucleic acids.  The rate of migration through the gel depends on the 

macromolecular size, charge, and confirmation.
5
  Molecular species that are small, 

highly anionic, and compact (e.g. spherical, not elongated) move through the gel at the 

fastest rate.  For the case of siRNAs, all completely liberated molecules migrate down 

the gel at essentially the same rate (resulting in well-defined bands) because they do 

not significantly differ in size, charge, and confirmation.  However, siRNAs that are 

bound to other molecular species (e.g. cationic polymer chains) are hindered and 

migrate at a slower rate.       
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Following the separation of the species, the nucleic acids can be visualized 

using a staining agent (Figure 2.1).  Ethidium bromide is an intercalating agent 

commonly used to detect nucleic acids.  Upon excitation with UV light, ethidium 

bromide fluoresces when bound to nucleic acids in a concentration dependent 

manner.
1
  The fluorescence intensity of each band can then be quantified to estimate 

the relative number of each species.  

 

Figure 2.1: Representative micrograph of an agarose gel loaded with siRNA samples 

and pre-stained with ethidium bromide.   

2.2 Dynamic Light Scattering (DLS) 

Generally, light scattering techniques probe changes in the direction of a light 

wave due to variations in the surrounding medium properties.  Dynamic light 

scattering, in particular, is used to gain insight into the diffusive characteristics of 

particles in solution on the basis of changes in the refractive index.
6
  As the particles 

move through the solution, the instantaneous scattered light intensity changes over 

time.  These fluctuations in scattered intensity are related through the intensity 

autocorrelation function, K(τ), over the collection interval, T
7
: 
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 𝐾(𝜏) =  
1

𝑇
∫ 𝐼(𝑡)𝐼(𝑡 + 𝜏)𝑑𝑡

𝑇

0
  (2.2) 

Or the dimensionless form, g(τ):  

 𝑔(𝜏) =  
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2   (2.3) 

Furthermore, the intensity autocorrelation function is mathematically related to the 

electric field correlation function, g1(τ), by the Bloch–Siegert theorem
8
: 

 𝑔(𝜏) =  1 +  |𝑔1(𝜏)|2   (2.4) 

For particles undergoing Brownian motion, g1(τ) can be simplified to give: 

 𝑔(𝜏) =  1 +  𝑒−2𝐷𝑞2𝜏   (2.5) 

in which q
2
 is the scattering wavevector modulus and D is the diffusivity.  The 

scattering vector modulus depends on the distance traveled by the particles in the 

given time delay, τ.  Importantly, the diffusivity can be related to particle size.  If the 

particles are assumed to be spherical and monodisperse, the Stokes-Einstein equation 

can be used to calculate the average particle radius
9
:  

 𝐷 =  
𝑘𝑇

6𝜋𝜂𝑅
 (2.6) 

in which k is the Boltzmann constant, T is the temperature, η is the solvent viscosity, 

and R is the particle’s hydrodynamic radius.  Smaller particles diffuse more rapidly in 

solution, and the corresponding correlation functions decay at a faster rate.  When 

plotted as a function of the delay time, these correlation functions are shifted to lower 

times compared to the functions for larger particles (Figure 2.2).  Theoretically, an 

infinitely large particle would have a perfect correlation over the short delay times 

typically probed during DLS (on the order of up to several hundred microseconds).   
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Figure 2.2: Comparison of diffusive properties and correlation functions of small and 

large particles.  The smaller particles diffuse more quickly, resulting in 

more rapid fluctuations in light intensity and shorter correlation times.  

The validity of the two assumptions of spherical and monodisperse particles is 

an important consideration when analyzing DLS data.  Polyplex systems documented 

in the literature tend to be random aggregates of polymer/siRNA that are 

approximately spherical with fairly high dispersities.
10

  Thus, the shape assumption 

usually is an accurate approximation; however, the assumption of a monodisperse 

population is not valid in most cases.  A number of models that account for particle 

polydispersity have been developed.  For example, the cumulant expansion is one the 

simplest and most widely used models, and it assumes that the particles are 

monomodal and are described by a Gaussian-like distribution
11

: 

 𝑔1(𝜏) =  𝑒−Γ𝜏(1 +  𝑢2
2!

𝜏2 + ⋯ )   (2.7) 

in which Γ is the average decay constant.  Γ can be related to the particle diffusivity, 

and ultimately to the average hydrodynamic particle radius via the Stokes-Einstein 

equation, through the following relationship: 

 Γ =  𝐷𝑞2   (2.8) 
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The second term of the cumulant expansion model is usually limited to only 

the second order expansion because this approximation is sufficient for accurately 

capturing the decay of the correlation function in most cases.  Thus, DLS can 

accurately characterize nanoparticle populations that are approximately spherical and 

monomodal, as was the case for the formulations studied in this dissertation.   

2.3 Fluorescence Correlation Spectroscopy (FCS) 

FCS is a powerful technique that can be used to determine the diffusive 

properties and concentrations of fluorescent molecules in both extra- and intra-cellular 

environments.  Similar to DLS, FCS is an analysis of fluctuations in light intensity that 

allows for the generation of correlation functions.
12

  Two of the unique advantages of 

FCS include single molecule detection in serum/live cells and the ability to resolve 

extremely dilute molecular species (as low as picomolar concentrations).
13

  However, 

a drawback of the technique is that a fluorescent tag must be incorporated into the 

macromolecule of interest, potentially altering the native behavior of the system.   

FCS is commonly employed on confocal microscopes due to the instruments’ 

precisely defined optics, which are enabled by confocal pinholes that exclude all light 

coming from outside the region of interest.
14

  The high spatial resolution of a confocal 

microscope is required to detect extremely small numbers of molecules.  Specifically, 

a laser beam can be focused on a confocal volume of ~1 fL that contains only 1-100 

fluorescently tagged particles (Figure 2.3).
15

  As the macromolecules diffuse due to 

Brownian motion, they randomly enter the confocal volume and fluoresce.  The 

number of particles must be sufficiently low so that each diffusing molecule 

contributes significantly to the fluctuation in the signal; however, the concentration 
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cannot be too sparse or else it will take an unreasonable amount of time to measure 

enough particles in each sample to obtain robust statistics. 

 

Figure 2.3: Schematic of a typical FCS experimental setup.  The excitation light 

(green) is directed to the sample and excites the fluorophores in the 

confocal volume.  The resulting emission signal (red) is transmitted 

through a dichroic mirror.  Before reaching the detector, the light is 

passed through a bandpass filter and pinhole that exclude all light that is 

outside the designated wavelength range or is not from the confocal 

volume, respectively.         

The freely moving particles diffuse in and out of the confocal volume, and the 

fluctuations in fluorescence intensity provide information about the concentration and 

diffusion properties of those particles.  An autocorrelation function is generated on the 

basis of these fluctuations, and diffusive properties can be extracted in a very similar 



 74 

manner as DLS.  A single-component model of normally diffusing particles is the 

simplest model to describe polyplexes in FCS analyses.  The autocorrelation function 

can be fit as a Gaussian distribution as
16

: 

 𝐺(𝑡) = 1 +
1

𝑁
(1 +

4𝐷𝑡

𝑤𝑜
2
)

−1

(1 +
4𝐷𝑡

𝑧𝑜
2
)

−
1

2
 (2.9) 

in which wo and zo are the sample width and length, respectively, D is the diffusion 

coefficient, and N is the number of particles in the confocal volume.  G(0), or the 

correlation at t = 0 s, is related to the average number of particles in the confocal 

volume, as follows: 

 𝐺(0) =
1

〈𝑁〉
 (2.10) 

If the confocal volume is known, the average concentration can be calculated.  

Moreover, the diffusion coefficient can be computed and related to the average 

particle radius using the Stokes-Einstein equation (Equation 2.6), assuming that the 

particles are spherical and monodisperse.   

Other models, such as the two-component and anomalous diffusion models, 

also can be used to describe complicated systems with multiple populations.  Although 

models with more parameters will produce better fits when the additional terms are 

allowed to be free, the fitting often produces results that were not physically possible.  

To overcome this challenge, key parameters must be constrained (fixed) to match the 

realistic characteristics of the systems; however, this approach can bias the results, as 

more assumptions must be made.  Alternatively, FCS can be adopted to easily estimate 

the distributions of particles in different populations through analysis of the baseline 

of the fluorescence intensities (count rates).
17

  A particularly useful application of this 
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method is the quantification of free siRNA, for which the count rates of each solution 

represent the baseline fluorescence intensities:  

 % 𝑓𝑟𝑒𝑒 𝑠𝑖𝑅𝑁𝐴 =  
𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝑝𝑜𝑙𝑦𝑝𝑙𝑒𝑥−𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝑏𝑙𝑎𝑛𝑘

𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝑓𝑟𝑒𝑒 𝑠𝑖𝑅𝑁𝐴−𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝑏𝑙𝑎𝑛𝑘
 × 100 (2.11) 

In this work, the 5’ end of siRNA molecules was labeled with a Dy547 

fluorophore to enable tracking of siRNAs that were free in solution or complexed in 

polyplexes.  The siRNAs were studied in buffered solutions, serum, and live cells, 

demonstrating the ability of FCS to analyze particle diffusion in situ.  These analyses 

gave insights into the sizes and stabilities of polyplexes, the number of siRNA 

molecules released from polyplexes, and the intracellular fate of siRNAs/polyplexes.     

2.4 Flow Cytometry 

Flow cytometry is a laser-based technique used for the high-throughput 

quantitative analysis of particles and cells.  This method allows for the simultaneous 

characterization of physical and chemical properties of the specimen.  Specifically, 

information regarding particle size and morphological complexity can be obtained 

from the forward and side scattered light, respectively, and chemical details (e.g. 

fluorescence) can be determined using numerous wavelength-specific detectors.
18

  

Flow cytometers are capable of measuring thousands of particles per second, and the 

data can be read in real time.
19

      

To conduct a flow cytometry experiment, cells should be prepared in an ice-

cold buffered solution at a concentration of approximately 10
6
 cells mL

-1
.  

Immediately before analysis, the cells can be gently vortexed or shaken to break up 

any aggregates that formed in solution.  Once the cells are drawn into the flow 

cytometer, they enter a liquid stream of sheath fluid that aligns the cells into a single-
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file line.  The flow passes through the light beams, and the scattered and fluorescent 

light is captured by multiple detectors.  The intensity of each fluorescent channel is 

recorded, amplified, and sent to a computer for further analysis.  Specialized software, 

such as FlowJo, is needed to process the data.     

The value of every detected particle/cell is usually displayed on a two-

dimensional dot plot of forward vs. side scattered intensity with a logarithmic scale.  

The data must be separated into subregions so that the subsequent analyses focus on 

the desired cell population.  For example, the live cell population should be separated 

from the dead cell and cellular debris populations (Figure 2.4).  This process is 

referred to as “gating” and is essential for obtaining accurate data.
20

  After the live cell 

population has been properly gated, the fluorescence intensity distribution of each 

sample can be plotted as a histogram for visualization.  Additionally, the fluorescence 

characteristics of the population can be quantified in terms of a wide variety of 

metrics, including the mean and median fluorescence intensities per cell. 
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Figure 2.4: Representative two-dimensional dot plot of forward vs. side scattered 

intensity.  85.5% of the detected particles were designated to be 

considered live cells (within the 6-sided polygon gate).  The gate was 

applied to this population due to the specimen’s large size (indicated by 

high forward scattering) and fairly complex morphology (indicated by 

medium-high side scattering).  The remaining 14.5% of particles were 

determined to be either dead cells (slightly smaller size and more 

complex morphology) or cell debris/other macromolecular species (much 

smaller size and less complex morphology).      

In this dissertation, flow cytometry was employed to measure the fluorescence 

distributions of cell populations to study cellular uptake and polyplex stability.  siRNA 

molecules were labelled with the desired fluorophores and delivered to cells for both 

types of experiments.  For uptake experiments, the goal was to determine how much 

siRNA entered the cells.  Thus, the level of cellular uptake was estimated by 

measuring the change in fluorescence intensity of each cell relative to the 

autofluorescence signal.   

To probe intracellular polyplex stability, polyplexes were formed with siRNAs 

that were labeled with two different fluorophores capable of undergoing FRET.  
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Polyplex stability was monitored by analyzing the ratio of the two fluorophore 

emission intensities.  Multiple detection channels were needed; however, signal 

spillover in the acceptor channel from the donor fluorophore added complexity to the 

analysis.  To address this challenge, a compensation matrix was generated.  The values 

of the matrix depend on the amount of signal bleedthrough from each fluorophore into 

a different channel, which can be determined using control samples (e.g. polyplexes 

with only a single fluorophore).
21

  If performed correctly, the resulting fluorescence 

intensity distributions of the control samples should have the same median 

fluorescence intensity as untransfected cells (due to autofluorescence).  Most flow 

cytometry software packages have algorithms that can automatically determine the 

compensation matrix values if given the appropriate controls; however, the values may 

need to be manually tuned to achieve the best results.  The matrix is applied to the raw 

data to correct for the signal spillover, allowing for accurate estimates of FRET 

efficiencies.  For example, a representative compensation matrix for the FRET 

experiments in section 3.3.5 is shown in Figure 2.5.          
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Figure 2.5: Representative compensation matrix and compensated histogram 

distributions of FRET intensities.  The APC and PE channels primarily 

detected signals from individual fluorophores (control samples) and the 

PE-Texas Red channel primarily detected the signal attributed to FRET.  

After compensation, the distributions of the control samples (blue is 

donor fluorophore and red is acceptor fluorophore) had the same median 

fluorescence intensity as the distribution of untransfected cells (black).  

The compensation procedure allowed the true FRET signal (purple) to be 

isolated while taking signal spillover into account.        

2.5 Western Blotting 

The western blot is a common technique used to detect specific proteins and 

their relative abundance from an extract containing many different species.  The 

method relies on antibodies to uniquely bind the proteins of interest in a concentration 

dependent manner.  Western blotting is considered to be semi-quantitative in nature 

because it allows for the estimation of relative protein concentrations in a sample.
22

   

To determine the expression level of a specific protein in a sample of cells, the 

total protein content must be extracted.  The cells should be lysed with an ice-cold 

detergent-containing buffer with protease inhibitors to reduce enzyme-mediated 

protein degradation.  Afterwards, the proteins must be denatured to enable the 

separation of proteins by molecular weight in a gel.  All secondary and tertiary 
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structures can be removed through the heating of samples to 100 °C for at least 5 min 

and the addition of strong reducing agents such as mercaptoethanol.  Sodium dodecyl 

sulfate (SDS) also is added to coat the proteins in a negative charge to allow the 

samples to be subjected to SDS polyacrylamide gel electrophoresis (SDS-PAGE).  

Analogous to agarose gel electrophoresis, the lower molecular weight species migrate 

further down the polyacrylamide gel when a current is applied.   

The separated protein species are in the gel, making them inaccessible to 

antibodies.  Therefore, the protein must be transferred to a thin-layered membrane, 

often made of either nitrocellulose or polyvinylidene difluoride (PVDF).
23

  While both 

membrane materials bind proteins (but do not preferentially bind certain types of 

proteins), PVDF membranes are sturdier and can withstand multiple probing and 

stripping cycles.  An electroblotting process utilizes a current to transfer the negatively 

charged protein to the membrane while maintaining the same protein orientation as in 

the gel.  The proteins remain bound to the membrane due to hydrophobic and 

electrostatic interactions. 

The membrane materials were chosen for their ability to non-specifically bind 

proteins to facilitate protein transfer.  However, antibodies also are proteins that will 

adsorb to the membrane.  Thus, the empty sites on the membrane must be covered 

with other protein to block this non-specific antibody binding.  Two of the most 

common blocking agents are 3-5 wt% non-fat milk and bovine serum albumin (BSA) 

solutions in Tris-buffered saline with 0.1 vol% Tween 20 (TBST).  The choice of 

blocking agent depends on the particular antibodies used.  The membrane should be 

incubated in the blocking solution for at least one hour, and this blocking step reduces 
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the final background intensity to make it easier to differentiate the targeted protein 

species.   

To detect the protein of interest, a two-step process of antibody incubations is 

performed.  This two-step process is generally preferred because it enables signal 

amplification and flexibility in antibody choice.
24

  First, a primary antibody that 

specifically binds to the targeted protein is added and incubated overnight at 4 °C to 

ensure complete binding.  The next day, the membrane is washed numerous times to 

remove any excess primary antibody.  Next, a secondary antibody is added for 

approximately 1 h, usually at room temperature.  The secondary antibody binds to any 

antibody generated by a specific animal.  For example, if the primary antibody was 

produced in a rabbit, the secondary antibody should be anti-rabbit.  The secondary 

antibody is linked to a reporter molecule such as horseradish peroxidase (HRP).  

Following more wash steps, the membrane is exposed to a solution containing a 

chemiluminescent agent that can be cleaved by HRP.  The luminescence can be 

detected using an imager, and the signal intensity is proportional to the amount of 

bound secondary antibody (Figure 2.6).  The resulting micrograph can be quantified 

using image analysis software (e.g., ImageJ) to determine the band intensity of each 

sample.    
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Figure 2.6: Representative image of a western blot membrane following the addition 

of a chemiluminescent substrate.  Nine different protein samples were 

analyzed, and the resulting bands can be quantified to determine the 

protein content in each sample.   

A “housekeeping” protein also must be probed to account for loading 

differences that may impact the accuracy of the quantification analysis.  To minimize 

signal bleedthrough from other proteins, the membrane should be stripped of all 

antibodies using a stripping solution (see section 4.2.5 for more details).  Next, the 

membranes can be blocked, incubated in a different primary antibody overnight, 

reprobed with a secondary antibody, imaged, and quantified.  The band intensities of 

the housekeeping gene are usually assumed to be representative of the total protein 

content loaded in each well.  These intensity values are used to normalize the intensity 

values measured for the protein of interest.          

2.6 Immunocytochemistry (ICC) 

Similar to western blotting, ICC provides quantitative information regarding 

protein expression in cell samples.  Additionally, ICC allows for the direct 

visualization of the proteins’ cellular location(s), which is necessary for detailed 
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trafficking or protein expression studies.  This advantage is enabled though the 

application of antibodies in situ, as opposed to lysing the cells and measuring the total 

protein content of a population during western blotting.
25

  Another consequence of this 

analytical difference is that ICC is only capable of quantifying relatively small 

numbers of cells (on the order of hundreds) at once, whereas western blotting 

measures the average expression of potentially millions of cells per experiment. 

The cells must be stabilized before preparing the specimens for antibody 

probing.  In particular, chemical fixatives should be added to stabilize cell 

morphology, inactivate proteolytic enzymes, protect samples against contamination 

and decomposition, and strengthen samples to withstand further processing.
26

  The 

most commonly used chemical fixative is formaldehyde, which crosslinks cellular 

proteins and nucleic acids by reacting with primary amines to form partially-reversible 

methylene bridges.  After fixation, the cells can be stored at 4 °C in PBS for at least a 

few days. 

Even after the cells have been fixed, the intact membranes would block 

antibodies from penetrating into the cells and binding to the targeted proteins.
27

  To 

overcome this problem, the membrane should be permeabilized with a detergent.  One 

of the most common permeabilizing agents is TritonX-100, which effectively pokes 

large holes in cellular membranes to allow for the detection of intracellular proteins.  

Following permeabilization, the cells should be blocked to reduce non-specific 

antibody binding.  The addition of a 5 vol% bovine serum albumin solution is a 

common blocking step that effectively reduces off-target fluorescence.   

Following the same logic pertaining to western blotting, two-step antibody 

staining protocols are usually used in ICC experiments.  The cells should be incubated 
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overnight at 4 °C in a solution of primary antibody targeting the protein of interest, 

washed to remove excess antibody, and stained with a second antibody solution.  The 

secondary antibodies often are conjugated to fluorophores that can be directly 

visualized using fluorescence microscopy.  Other staining agents, including Hoechst 

(nuclear DNA) and Phalloidin (F-actin) stains, also can be added to aid in visualizing 

the details of each cell (Figure 2.7).   

 

Figure 2.7: Representative ICC micrographs.  F-Actin was stained with Phalloidin-

660 (magenta), αSMA was stained with rabbit αSMA-targeting primary 

antibodies and secondary goat anti-rabbit AF488-labelled secondary 

antibodies (green), and nuclear DNA was stained with Hoechst 33258 

(blue).  

The specimens can be imaged using fluorescence microscopes.  It is important 

to maintain the same exposure, intensity, and gain settings across all samples to ensure 

that the fluorescence intensities remain consistent.  Moreover, control samples without 

any staining agents are needed to determine the levels of autofluorescence.  The 

resulting micrographs can be analyzed using software such as ImageJ.
28

  Specifically, 

the fluorescence intensities can be quantified to gain insights into the expression levels 

of the corresponding protein targets.   
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2.7 Reverse Transcription Quantitative Polymerase Chain Reaction (RT-

qPCR) 

RT-qPCR is a sensitive technique used to analyze gene expression at the 

transcript level.  The method is comprised of two main phases – reverse transcription 

(RT) and quantitative polymerase chain reaction (qPCR).
29

  The first step reverse 

transcribes the mRNA transcripts into complementary DNA (cDNA) amplicons.  The 

second step follows standard PCR protocols, except that it is conducted in a 

quantitative manner and enables the monitoring of DNA concentrations in real time.  

Some of the advantages of RT-qPCR include speed, sensitivity, precision, and 

repeatability.
29

  At the same time, the high sensitivity of the technique makes it quite 

expensive because the reaction reagents must have precisely defined compositions and 

be of the highest quality (usually needs to be purchased from specialized vendors). 

RT-qPCR is one of the most common methods used to probe changes in the 

mRNA expression levels of cells.  Before analyses can be performed, the mRNA 

needs to be extracted from the cells.  Cells should be lysed using a detergent mixture 

that stabilizes the degradation-susceptible transcripts (e.g., TRIzol).  Standard 

purification protocols from the lysis buffer’s manufacturers should be followed to 

isolate the mRNA and remove all genomic DNA.  The effectiveness of this 

purification step is critical, as the PCR reaction is extremely sensitive to impurities.  

Next, the concentration of the isolated mRNA solutions can be measured using a 

spectrophotometer such as a NanoDrop 2000.  The purified mRNA samples can be 

stored at -20 °C for a few days prior to analysis. 

Before RT-qPCR can be performed, forward and reverse primers must be 

designed and ordered from specialized vendors.  These primers anneal to the cDNA 

templates and allow for the amplification of the targeted strands.
30

  Specifically, the 



 86 

primers bind to the beginning and end of the DNA section that is going to be 

amplified, and DNA polymerases synthesize the complementary strand in between 

these two primers.  Primers can be designed using online software and genome 

databases available from the National Center for Biotechnology Information.  The 

most important criteria for selecting good primer pairs are: the primers should avoid 

cross homology and be specific to only the desired product (ideally, all other possible 

products contain at least two base pair mismatches), the primers should have melting 

temperature of 57-63 °C, the guanine-cytosine (GC) content of each primer should be 

50-60%, the primers should be 18-22 base pairs long, the amplicon size should be 

approximately 75-200 base pairs long, the amplicon should not contain any secondary 

structure, and the amplicon should span exon-exon junctions.
30

  Usually, it is best to 

design multiple primer pairs and test each set to determine which pair is the most 

specific and reliable.       

The fastest and most direct method for performing RT-qPCR is to combine 

both phases (RT and qPCR) into a single step.  Using this strategy, the reagents 

needed for RT and qPCR are loaded into the same tube, and the two phases are carried 

out in succession.  Master mixes that contain all of the shared reagents often are 

formulated to improve reproducibility.  In this dissertation, the iTaq Universal SYBR 

Green One-Step Kit from Bio-Rad was used.  The kit’s master mix includes DNA 

polymerases, deoxyribose nucleoside triphosphates (dNTPs), Mg
2+

, SYBR Green 

dyes, and a blend of stabilizers and enhancers.  The master mix is combined with the 

isolated mRNA templates, reverse transcriptases, forward and reverse primers, and 

water.  The reagents should be mixed in the proportions suggested by Bio-Rad.  For 

the most accurate results, the samples should be mixed in replicates of at least three. 
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Before running RT-qPCR, the thermal cycler must be programmed to follow 

the desired heating and detection schedule.
31

  These schedules differ slightly based on 

the kit but generally follow the same steps.  In the case of the iTaq Universal SYBR 

Green One-Step Kit, the cycler is held at 50 °C for 10 min to allow the RT reaction to 

take place, which reverse transcribes mRNA into DNA in a proportional manner.  The 

qPCR phase takes place in two steps that are repeated 30-45 times.  First, the tubes are 

heated to 95 °C for 10 s to denature the double-stranded DNA strands and to initially 

activate the DNA polymerases.  Second, the tubes are cooled to 60 °C for 30 s to 

allow for the annealing of the primers and the extension of the amplicon by the DNA 

polymerases.  As the PCR progresses, the number of DNA strands doubles after each 

cycle.
31

  Thus, the number of DNA strands grows exponentially, making it easy to 

quantify and enabling the detection of extremely small starting concentrations of the 

targeted sequence.  

Fluorescent dyes (e.g., SYBR Green) fluoresce when intercalated with double-

stranded DNA.  When the DNA reaches the log linear phase of amplification during 

the PCR process, the fluorescence intensity becomes detectable beyond the 

background signal.  The cycle number at which this occurs is called the quantification 

cycle (Cq).  Smaller Cq values indicate that there were fewer transcripts initially 

present.  The ΔΔCT method was used for fold change analysis of all qPCR data 

presented in this dissertation, and the details are explained below.
32

  Furthermore, an 

example calculation is displayed in Table A.1 in Appendix A. 

To account for loading differences, a housekeeping gene also is quantified.  

The difference in Cq values between the targeted gene and the housekeeping gene for 

each sample can be related to the difference of an untreated control sample
32

:   
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 𝑑 = (𝐶𝑞,𝑡𝑎𝑟𝑔𝑒𝑡 −  𝐶𝑞,ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝)
𝑡𝑒𝑠𝑡 

− (𝐶𝑞,𝑡𝑎𝑟𝑔𝑒𝑡 −  𝐶𝑞,ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝)𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 (2.12) 

If the specimens were loaded correctly, the Cq values of the housekeeping gene 

should be the same for every sample.  Furthermore, the housekeeping genes usually 

have higher natural expression levels than the targeted gene, meaning that they have 

lower Cq values than the targeted genes.  Next, the normalized mRNA expression level 

(m) of a test sample relative to the untreated control can be expressed as a percentage 

by:  

 𝑚 = 100 ×  2−𝑑 (2.13) 

Additionally, multiple controls are needed to confirm the validity of the 

experiment.  No template controls (NTC)s verify that there was no significant 

contamination or primer-dimer formation in each sample.  No reverse transcriptase 

controls (NRT)s determine whether significant amount of unpurified genomic DNA 

was present in each sample.  If the Cq values of these controls are much greater than 

the corresponding test sample (by at least seven cycles), these contamination 

possibilities can be ruled out as insignificant contributors to the fluorescence signal.  A 

typical plot of the amplification curves for the test and control samples is shown in 

Figure 2.8.    
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Figure 2.8: Representative amplification curves for test and control samples.  The 

housekeeping gene test samples had Cq values of ~11, and the targeted 

gene test samples had Cq values of ~24.  All NTC and NRT control 

samples had Cq values that were much greater than the corresponding test 

samples, indicating that contamination was not a significant factor in this 

experiment.        

Furthermore, a melt curve analysis should be conducted after the PCR cycles 

have finished to confirm that the amplified products have a melting temperature that is 

close to the expected temperature, which can be estimated using online predictive 

software.
31

  This analysis is accomplished by gradually heating the final products from 

65 °C to 95 °C by ramping up the temperature by 0.5 °C every 2 s.  The heating will 

cause the double-stranded products to denature, resulting in the loss of a fluorescence 

signal from the intercalated SYBR Green dyes.  The slope of the change in 

fluorescence intensity over temperature, or the derivative of the melt curve, can be 

plotted.  The melting temperature of each product can be determined by analyzing     

the peak of each curve, and each product should have a single peak that is consistent 

across all samples of the particular gene.       
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siRNA RELEASE: MECHANISTIC UNDERSTANDING AND 

SPATIOTEMPORAL CONTROL 

This chapter describes a procedure for spatiotemporally controlling protein 

knockdown, methods for understanding the mechanisms that govern polyplex stability 

and siRNA release, and the development of a simple kinetic model to predict gene 

silencing.  The text, equations, tables, and figures in this chapter are adapted and 

reprinted with permission from Greco, C. T.; Epps, T. H., III; Sullivan, M. O., 

Mechanistic design of polymer nanocarriers to spatiotemporally control gene 

silencing. ACS Biomater. Sci. Eng. 2016, 2 (9), 1582-1594.  Copyright 2016 American 

Chemical Society. 

3.1 Introduction 

Improved methods to enable spatiotemporal control over gene expression are 

necessary to overcome fundamental challenges that hinder biomedical research and 

therapeutics.
1, 2

  More broadly, control over gene activity in space and time would 

address common problems in drug delivery including low efficacy and toxic side 

effects in off-target cells or organs.
3
  To meet these needs, polymer nanostructures 

have enormous potential to regulate gene expression by controlling cellular exposure 

to nucleic acids such as small interfering RNAs (siRNA)s.  The ability to 

spatiotemporally control gene expression through siRNAs will overcome significant 

challenges associated with inducible promoter systems and optogenetic regulators of 

transcription, which represent the primary control approaches to date.
4-8

  These tools 

Chapter 3 
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have numerous drawbacks including off-target effects,
2
 limited capacity to regulate 

endogenous genes,
9
 safety concerns such as immunogenicity and mutation/oncogene 

activation,
10

 and difficulties in delivering multi-component assemblies.
11

   Meanwhile, 

siRNA has enormous inherent advantages in practical/therapeutic application through 

its clinically-demonstrated safety profile
12

 and capacity to harness the endogenous 

gene regulatory machinery using a simple, one-component construct.  Hence, 

materials able to control siRNA delivery/activation in space and time would unlock an 

easily translatable platform for a wide range of new embryonic development, drug 

discovery, and regenerative medicine technologies. 

While multiple approaches to control siRNA transfer have been explored, 

methods to spatially constrain activation through regulation of siRNA binding vs. 

release mimic nature’s strategies for gene regulation within chromatin and have 

particular appeal from an application standpoint.  Such methods would avoid practical 

challenges in controlling extracellular nanocarrier diffusion that have reduced the 

precision of previous approaches to administer nucleic acid cargoes selectively, to 

certain cell subpopulations.
13, 14

  In particular, materials approaches employing 

responsive polymers would offer a unique opportunity to study and regulate the 

multivalent binding interactions that govern stability in polyplexes, which are a pivotal 

determinant of siRNA activity and efficacy in long-term applications.
15-19

  The 

insights gained from such studies would inform new polymer design frameworks with 

enhanced activity, while also improving the capacity to accurately predict gene 

silencing. 

Herein, tailorable mPEG-b-poly(5-(3-(amino)propoxy)-2-nitrobenzyl 

methacrylate) [mPEG-b-P(APNBMA)] block copolymers (BCP)s
20

 were used to 
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develop a mechanistic understanding of how nanocarrier stability defines intracellular 

siRNA activity.  The polymer nanostructures were able to maintain siRNA dormancy, 

through stable binding and sequestration, prior to application of the photo-trigger.
21

  

Additionally, precisely tuned siRNA release could be quantified, and therefore, used 

to predict gene silencing using simple kinetic modeling.  The polymers are comprised 

of cationic and nonfouling blocks, the structure of which enables unusually stable 

nucleic acid binding, even in the presence of serum, and encapsulation within 

nanoscale electrostatic complexes (polyplexes) surrounded by a “stealth” coating.  

Furthermore, light-responsive materials offer numerous advantages such as highly 

localized application with minimal diffusive effects, rapid response times, tailorable 

dosage control, and ease of use.
22-26

  Thus, the specific photo-triggered unpackaging 

mechanism of this system makes it ideal for probing fundamental questions in material 

design leading to improved dynamic control over siRNA activity.  

Notably, this photo-responsive polymer was used to demonstrate precise and 

highly efficient on/off spatial control of protein silencing, with single cell resolution in 

murine fibroblasts and terminally differentiated human primary fibroblasts.  The 

polyplexes facilitated photo-controlled knockdown of both the exogenous green 

fluorescent protein (GFP) gene and the endogenous glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene, with mRNA silencing that was tunable over a range of 

0% to 86%, demonstrating excellent potential versatility in controlling a range of gene 

targets.  Moreover, maximal gene silencing was achieved using concentrations of 

siRNA five-fold lower than typical formulations due to the ability to rapidly release 

sufficient amounts of siRNA to saturate the cellular RNA-induced silencing complex 

(RISC) machinery.  Specifically, the link between siRNA release and RISC saturation 
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was identified through the development of a simple reaction rate model incorporating 

polymer-siRNA release kinetics, which demonstrated that polymer-siRNA unbinding 

using the photo-responsive construct was not the rate limiting step in gene silencing.  

Moreover, advanced bioimaging techniques such as fluorescence correlation 

spectroscopy (FCS) and Förster resonance energy transfer (FRET) were used to 

monitor intracellular polyplex stability and correlate experimentally-measured siRNA 

release kinetics with model parameters.  These methods further verified that variations 

in gene knockdown were related directly to light-induced changes in polyplex 

structure and the extent of siRNA release into the cytoplasm.  Thus, this work 

highlights the ability to define gene silencing with high resolution and a wide dynamic 

range, and this approach is combined with tunable gene silencing predicted by kinetic 

modeling to address critical questions regarding polymer nanostructures and nucleic 

acid delivery. 

3.2 Materials and Methods 

3.2.1 Materials 

The mPEG-b-P(APNBMA)23.6 polymer (Mn = 13,100 g mol
-1

) was synthesized 

via atom-transfer radical polymerization as described previously.
20

  All siRNA 

molecules were obtained purified and pre-annealed from GE Healthcare Dharmacon, 

Inc. (Chicago, IL).  ON-TARGETplus siRNAs (anti-GAPDH and non-targeted) were 

used as received.  Custom-made siRNA (both Dy547- and Dy647-labeled) were 

designed to target GAPDH and were terminally modified with 5'-P and a single 

fluorophore (sense: 5' Dy547/Dy647-GUGUGAACCACGAGAAAUAUU 3'; 

antisense: 5'-P-UAUUUCUCGUGGUUCACACUU 3').  Primers were purchased from 
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Eurofins MWG Operon (Huntsville, AL) and had the following sequences: GAPDH 

forward 5' CGGGTTCCTATAAATACGGACTGC 3'; GAPDH reverse 5' 

CCCAATACGGCCAAATCCGT 3'; β-actin forward 5' CTGTCGAGTCGCGTCCA 

3'; β-actin reverse 5' TCATCCATGGCGAACTGGTG 3'.  The anti-GAPDH and the 

secondary HRP antibodies for western blotting were ordered from AbCam 

(Cambridge, MA).  The anti-actin antibody was purchased from Santa Cruz 

Biotechnology (Dallas, TX).  The iTaq
TM

 Universal SYBR® Green One-Step Kit and 

optical flat 8-cap strips were purchased from Bio-Rad (Hercules, CA).  A 

bicinchoninic acid (BCA) protein assay kit and bovine serum albumin (BSA) were 

obtained from Pierce (Rockford, IL).  SuperSignal
TM

 West Dura Chemiluminescent 

Substrate, Opti-MEM® media and TRIzol® Reagent were purchased from Thermo 

Fisher Scientific (Waltham, MA).  Lipofectamine 2000, Lipofectamine RNAiMAX, 

and Silencer® GFP siRNA were obtained from Life Technologies (Grand Island, NY).  

Dulbecco’s modification of Eagle’s medium (DMEM) and PBS (150 mM NaCl) 

solutions were purchased from Corning Life Sciences – Mediatech Inc. (Manassas, 

VA).  All other cell culture reagents were purchased from Thermo Fisher Scientific 

(Waltham, MA).  

3.2.2 Preparation of siRNA/mPEG-b-P(APNBMA) nanocarrier 

Polyplexes were formed using a self-assembly method via solution mixing 

followed by vortexing for 30 s.  Solutions of siRNA were prepared at 32 µg ml
-1

 in 20 

nM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer at pH 6.0 in 

plastic microcentrifuge tubes.  Polymer solutions containing the appropriate amount of 

mPEG-b-P(APNBMA)23.6 also were made with equal volumes (same volumes as 

siRNA solutions).  The polymer solutions were added to the siRNA solutions (pipetted 
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over 3 s while vortexing the entire solution) to form polyplexes at an N/P ratio (N: 

amine groups on mPEG-b-P(APNBMA), P: phosphate groups on siRNA) of 4.  

Following vortexing for 30 s, the formulations were incubated at room temperature, in 

the dark, for 20 min before analyses.  Note: While vortexing, ensure that the solution 

stably rotates around the microcentrifuge tube (does not randomly fly around the 

tube).          

3.2.3 Cell culture 

Mouse embryonic fibroblasts (NIH/3T3) were obtained from the American 

Type Culture Collection (ATCC), Manassas, VA).  The cells were cultured following 

ATCC protocols in DMEM supplemented with 10 vol% fetal bovine serum (FBS) and 

1 vol% penicillin-streptomycin.  Human aortic adventitial fibroblasts (AoAF) were 

obtained from Lonza (Walkersville, MD) and cultured following Lonza protocols in 

stromal cell basal medium supplemented with the SCGM SingleQuot Kit.  Both cell 

types were cultured at 37 °C in a humidified atmosphere with 5 vol% CO2.    

3.2.4 In vitro cell transfection  

NIH/3T3 cells were seeded in six-well plates at a density of 10,000 cells cm
-2

 

and allowed to adhere and recover for 24 h.  Growth medium was removed, PBS was 

added during a wash step, and Opti-MEM® reduced serum media was added to the 

plates.  Polyplex solutions were added to the wells at the desired final siRNA molar 

concentrations and incubated for 3 h before being replaced with fully supplemented 

growth medium.  For transfections with 365 nm light treatment, the cells were 

incubated for 20 min prior to replacing the growth medium with Opti-MEM® without 

phenol red.  Samples were placed on a 37 °C hot plate and irradiated for the specified 
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length of time by 365 nm light at an intensity of 200 W m
-2

.  Subsequently, fully 

supplemented growth medium was added to the well for the remainder of the culture 

period. 

3.2.5 Spatiotemporal control over gene silencing 

NIH/3T3 and AoAF cells were seeded in six-well plates and transfected with 

gWiz GFP plasmid DNA (pDNA) (Genlantis, San Diego, CA) using Lipofectamine 

2000 according to the manufacturer’s protocols and Silencer® GFP siRNA/mPEG-b-

P(APNBMA) polyplexes simultaneously.  Control samples not treated with GFP-

targeted siRNA also were included.  A photomask composed of aluminum foil and 

black paper was used to block half of the well from 365 nm light, and the cells were 

irradiated from underneath the plate for 20 min or 10 min, for NIH/3T3 or AoAF cells, 

respectively.  The cells were imaged 48 h post-transfection on a Leica 6000 

fluorescence microscope (Wetzlar, Germany).       

3.2.6 GAPDH protein knockdown 

Gene silencing was monitored at the protein expression level by western blot 

analyses.  Transfections were carried out as described with anti-GAPDH siRNA while 

varying the irradiation time, and the cells were cultured for 48 h post-transfection.  

Protein was extracted by incubating the cells in a lysis solution composed of 0.5 vol% 

Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 5 mM Tris–HCl (pH 7.4), 5 

mM EDTA, and 1x Halt Protease and Phosphatase Inhibitor cocktail.  The total 

protein concentration of each sample was measured using a BCA Protein Assay 

Reagent Kit.  Equal amounts of protein were subjected to 4% - 20% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for 35 min at 150 V.  
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Subsequently, the protein was transferred onto a poly(vinylidene fluoride) membrane 

for 70 min at 20 V.  The membrane was blocked in 5 vol% BSA in Tris–HCl-buffered 

saline (50 mM Tris–HCl, pH 7.4, 150 mM NaCl) containing 0.1 vol% Tween 20 

(TBST) at room temperature for 1 h.  The membrane was incubated with an anti-

GAPDH rabbit monoclonal IgG primary antibody (0.5 μg mL
-1

 in TBST) and an anti-

actin rabbit polyclonal IgG (0.3 μg mL
-1

 in TBST) at 4 °C overnight.  The next day, 

the membrane was incubated with a solution of goat anti-rabbit polyclonal IgG 

antibody conjugated to horseradish peroxidase (HRP) (0.4 μg mL
-1

 in TBST) at room 

temperature for 1 h.  Target proteins were visualized with the SuperSignal
TM

 West 

Dura Chemiluminescent Substrate.  The band intensity of each target protein was 

quantified using ImageJ software.
27

  

3.2.7 GAPDH mRNA knockdown 

siRNA-mediated GAPDH knockdown was measured at the mRNA expression 

level using quantitative PCR (qPCR).  Transfections were carried out as described 

while varying the irradiation time, and the cells were cultured for 24 h post-

transfection.  Total RNA was isolated by TRIzol® Reagent according to the 

manufacturer’s protocols.  The iTaq
TM

 Universal SYBR® Green One-Step Kit and the 

specific GAPDH and β-actin primers were used to prepare samples in triplicate as 

described in the manufacturer’s protocols.  The cDNA synthesis and qPCR steps were 

conducted on a Bio-Rad CFX96
TM

 using the following conditions: 10 min at 50 °C; 1 

min at 95 °C; 40 cycles of 10 s at 95 °C and 30 s at 60 °C, and finally a 65 °C to 95 °C 

ramp at 0.5 °C increment steps every 5 s.  The ΔΔCT method was used for fold 

change analysis,
28

 and all test sample data were normalized to untreated cell data.  
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Details related to the ΔΔCT method are described in Chapter 2 (section 2.7), and an 

example calculation is shown in Table A.1 in Appendix A.   

3.2.8 Characterizing siRNA release 

Polyplex formation and the extent of siRNA release were investigated using 

gel electrophoresis and FCS.  After polyplex formulation with Dy547-labeled siRNA, 

solutions containing sodium dodecyl sulfate (SDS) were added to the polyplexes at the 

appropriate S/P, and the resulting solutions were incubated at room temperature for 30 

min.  These samples were loaded into a chamber of two glass slides and a rubber 

gasket and subsequently exposed to 365 nm light at an intensity of 200 W m
-2

 for the 

specified duration of time.  The polyplex solutions were incubated for 30 min before 

analysis.  For gel electrophoresis, 6x loading dye (3:7 (v/v) glycerol:water) was added 

to a portion of the polyplex solutions.  These samples were loaded into the wells of a 2 

wt% agarose gel containing 0.5 µg mL
-1

 ethidium bromide.  Gels were run at 100 V 

for 30 min before imaging on a Bio-Rad Gel Doc XR.  The band intensity of each 

sample was quantified with the aid of ImageJ software.  For FCS, polyplex solutions 

were placed on cover slips, which then were attached to a microscope glass slide by 

SecureSeals from Life Technologies (Grand Island, NY).  FCS measurements were 

performed on an LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany) 

using a 488 nm laser and a 40x (numerical aperture = 1.2) water immersion 

apochromat objective.  Thirty measurements, each lasting 10 s, were taken for each 

sample.  Data analysis was performed with ZEN 2010 software (Carl Zeiss).  The 

structural and measurement parameters were determined using a solution of 

AlexaFluor555 dye with an assumed diffusion coefficient of 340 µm
2
 s

-1
.  The percent 

of siRNA release was computed using the assay developed by Buyens et al.
29

  Briefly, 
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the baseline count rate of every solution was measured (while keeping the siRNA 

concentration constant) using FCS.  The amount of siRNA released was computed 

according to equation 2.11 (see Chapter 2). 

3.2.9 FRET efficiencies in aqueous solutions 

Polyplexes were formulated as described with equal molar ratios of Dy547- 

and Dy647-labeled siRNA.  Following the described light treatment procedure 

detailed above, polyplex solutions were loaded into cuvettes.  The fluorescence signal 

was measured by a Fluoromax-4 fluorescence spectrophotometer (Horiba, Kyoto, 

Japan) using an excitation wavelength of 488 nm and detecting the emission spectrum 

from 525-750 nm.  The results are reported as the average fluorescence ratios of three 

independent samples for each irradiation time, and the emission spectra were 

normalized and overlaid for visual clarity.  The raw values for the fluorescence ratios 

are reported in Table A.2 in Appendix A.    

3.2.10 FRET: flow cytometry 

Polyplex stability in cells was analyzed by measuring fluorescence using flow 

cytometry.  Cells were seeded for transfection as described above.  Polyplex solutions 

were formed with equal molar ratios of Dy547- and Dy647-labeled siRNA to measure 

FRET.  Formulations containing unlabeled or single-labeled siRNA also were used as 

controls to account for signal bleed-through.  After a 3 h incubation with 20 nM 

siRNA, the cells were washed with a PBS solution containing 10 µg ml
-1

 heparin to 

remove extracellular polyplexes.
30

  The samples were irradiated with 365 nm light and 

subsequently allowed to recover in fully supplemented growth medium for 30 min.  

Next, the cells were collected for analysis following standard trypsin-mediated 
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protocols.  After resuspension in PBS, the cells were passed through a 35 µm nylon 

mesh filter to remove aggregates and stored at 4 °C until analysis.  Flow cytometry 

measurements were obtained on a BD FACSAriaII (BD Biosciences, San Jose, CA) 

approximately 5 h post-transfection, and at least 15,000 live cells were analyzed per 

sample.  The phycoerythrin (PE)-Texas Red filter set (excitation: 488 nm, emission: 

710 nm) was used to measure the FRET signal, and the PE filter set (excitation: 488 

nm, emission: 575 nm) and allophycocyanin (APC) filter set (excitation: 633 nm, 

emission: 670 nm) were used to measure fluorescence signals from Dy547 and Dy647, 

respectively.  Data analysis was performed using FlowJo software.  To account for 

signal bleed-through in the PE-Texas Red fluorescence intensity, a compensation 

matrix was used such that the median fluorescence of the control samples was equal to 

the autofluorescence signal from transfected cells (see section 2.4 for more details and 

Figure A.1 in Appendix A for matrix values). 

3.2.11 FRET: confocal microscopy 

The stability and distribution of polyplexes in cells were visualized using 

confocal microscopy.  Cells were plated on cover slips in six-well plates using the 

described transfection protocol.  Polyplex solutions were formulated using equal molar 

ratios of Dy547- and Dy647-labeled siRNA.  Following 365 nm light treatment, the 

cover slips were attached to a microscope glass slide containing live cell imaging 

media by SecureSeals and kept at 37 °C until analysis.  Imaging was performed on the 

confocal microscope as described above with emission channels of 525-630 nm and 

661-758 nm used for the Dy547 and Dy647 fluorescence signals, respectively.  These 

channels were optimized to remove any detectable signal bleed-through using 

unlabeled and single-labeled siRNA control samples.  The images were processed 
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using ZEN 2010 software and quantified using Volocity imaging software 

(PerkinElmer, Waltham, MA).  The Manders’ colocalization coefficient was computed 

to estimate the fraction of polyplexes undergoing FRET.  A total of 30 cells per 

sample were chosen randomly for quantification purposes.  

3.2.12 Intracellular FCS 

Intracellular polyplex diffusion characteristics and siRNA release were 

analyzed using FCS.  Cells were seeded on cover slips in six-well plates, and Dy547-

labeled siRNA polyplexes were delivered following the described transfection 

protocol.  After the samples were treated with 365 nm light, the coverslips were 

attached to glass slides in live cell imaging media using SecureSeals and incubated at 

37 °C.  FCS measurements were performed on the confocal microscope as described 

above.  At least fifty measurements of 10 s each were taken for each sample.  

Autocorrelation and data analyses were performed with ZEN 2010 software.  The 

structural and measurement parameters of the instrument were determined using a 

solution of AlexaFluor555 dye and assuming a diffusion coefficient of 340 µm
2
 s

-1
 

(for calibration).
31

 

3.3 Results and Discussion 

3.3.1 Spatiotemporal control over gene silencing 

One of the most common shortcomings in siRNA delivery vehicles, 

particularly in applications requiring well-defined spatiotemporal modulation of gene 

expression, is the lack of control over siRNA binding and release leading to off-target 

effects and/or inefficient siRNA utilization.
32

  This issue was addressed through 

photo-responsive siRNA polyplexes (Figure 3.1A) that led to patterned silencing of a 
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gene that has a visible (fluorescent) signal.  NIH/3T3 cells were induced to express 

GFP through plasmid transfection with Lipofectamine 2000, and anti-GFP siRNAs 

were delivered simultaneously to the cells using mPEG-b-P(APNBMA).  

Subsequently, a photomask was applied to limit the light exposure to only a portion of 

the cell population.  As shown in Figure 3.1B, when an annular photomask was 

applied, NIH/3T3 cells that were irradiated with biocompatible dosages of light
21, 33

 

displayed extremely low levels of GFP expression, which indicated that the polyplexes 

released sufficient amounts of siRNA to cleave nearly all of the GFP transcripts.  

Conversely, NIH/3T3 cells that were completely protected from irradiation exhibited 

robust GFP expression that was comparable to controls (no siRNA treatment, Figure 

3.1C), suggesting that the GFP-targeted polyplexes remained completely dormant in 

the absence of light.   
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Figure 3.1: On/off spatiotemporal control over nanocarrier disassembly to modulate 

expression of an exogenous gene.  (A) Schematic of polyplex self-

assembly and light-induced polymer charge reversal to release the 

siRNA.  (B and C) Wide-field view of circular patterning in GFP 

expression.  Cells were transfected with (B) GFP pDNA/Lipofectamine 

2000 lipoplexes and GFP-targeting siRNA/mPEG-b-P(APNBMA) 

polyplexes or (C) GFP pDNA/Lipofectamine 2000 lipoplexes and no 

siRNA.  A circular photomask was applied prior to 20 min of 365 nm 

light irradiation.  The dashed red line represents the edge of the 

photomask, and the scale bars represent 1 mm and apply to both images.   

To examine the resolution and versatility of the technique, a line-pattern was 

generated, and GFP expression was monitored on a cellular length scale (Figure 3.2A).  

Similar to the results with the annular photomask, GFP expression in cells protected 

from the photo-stimulus was comparable to controls with no siRNA treatment (Figure 

3.2B), and there was essentially no detectable GFP expression on the side of the plate 

treated with light.  Furthermore, a well-defined boundary between GFP-expressing 
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and silenced cells was visible in the center of the plate with cell-level resolution, 

which is crucial for generating complex tissue constructs with controlled intracellular 

regenerative responses.
26

  Notably, cells treated with non-targeted siRNA and 365 nm 

light for 20 min remained fluorescent, ruling out non-specific silencing or adverse 

effects from polyplex delivery and irradiation (Figure 3.2C).   

 

Figure 3.2: Zoomed-in view of line-patterning of GFP expression with cell-to-cell 

resolution.  (A) NIH/3T3 cells were co-transfected with 

pDNA/Lipofectamine 2000 and GFP-targeting siRNA/mPEG-b-

P(APNBMA), and half of the plate was covered with a photomask prior 

to 20 min of 365 nm light irradiation.  (B and C) Phase contrast 

microscopy (left) and fluorescence microscopy (right) images of 

NIH/3T3 cells.  (B) Cells were treated with GFP pDNA/Lipofectamine 

2000 lipoplexes and no siRNA or (C) GFP pDNA/Lipofectamine 2000 

and non-targeting siRNA/mPEG-b-P(APNBMA) and irradiated with 365 

nm light for 20 min.  The scale bars represent 250 µm and apply to all 

images. 
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While the ability to regulate gene expression in murine fibroblasts was 

promising, typical applications in regenerative medicine require human primary cells, 

which can be much more refractory to gene modulation approaches than most cell 

lines.
34

  Accordingly, light-mediated control over GFP silencing was demonstrated in 

human aortic adventitial fibroblasts (AoAF)s, a mesenchymal cell type relevant to a 

range of tissue repair applications and often resistant to transfection.
35, 36

   Using 

analogous treatment approaches to those used in murine cells, the nearly complete 

knockdown of GFP expression upon application of the photo-stimulus in AoAFs 

(Figure 3.3) was demonstrated.  The controlled gene silencing in these human primary 

fibroblasts demonstrates the versatility of the materials and methods for the regulation 

of siRNA exposure.  Furthermore, it indicates that the technique can be applied 

directly to cell types relevant to tissue engineering and cell microarray applications 

without the typical cytotoxic responses seen with many commercial carriers.
35, 37, 38
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Figure 3.3: On/off spatiotemporal control over expression of an exogenous gene in 

human aortic adventitial fibroblast (AoAF) cells using mPEG-b-

P(APNBMA) polyplexes.  Phase contrast microscopy (left) and 

fluorescence microscopy (right) images were taken 24 h post-

transfection.  Cells were co-transfected with GFP DNA and GFP-

targeting siRNA and either (A) covered with a photomask or (B) left 

unmasked. The covered and unmasked cells were exposed to 10 min of 

365 nm light irradiation.  The scale bars represent 250 µm and apply to 

all images.  

3.3.2 Tuning gene silencing through light dosage and concentration effects 

In addition to controlling gene expression in an on/off manner, nanocarriers 

also should be able to induce a wide range of gene silencing efficiencies to mimic 

native gene expression gradients.  To demonstrate tunable gene silencing, the 

responses of transfected cells upon the application of various dosages of light were 

examined.  Polyplexes were delivered to NIH/3T3 cells, and GFP and GAPDH were 

used as the model exogenous and endogenous gene targets, respectively.  After a 3 h 

incubation with 20 nM siRNA polyplexes, the cells were exposed to 365 nm light for 

different times, and changes in GFP and GAPDH protein expression levels were 
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measured 48 h post-transfection.  As shown in Figure 3.4A, no significant change in 

GFP expression was noted in the absence of light, which confirmed the stability and 

dormancy of the polyplexes reported previously.
21

  Increased light dosages resulted in 

significant decreases in the cellular fluorescent intensities with <1% of the original 

fluorescence signal detectable following 10 min of light treatment (Figure 3.4B).  

Tunable gene silencing also was examined for the model endogenous gene GAPDH 

due to its ubiquitous nature and housekeeping functions.  As shown in Figure 3.4C, 

cells that were not exposed to the photo-stimulus did not exhibit protein knockdown.  

Moreover, polyplex dormancy was sustained over incubation times up to 96 h post-

transfection (Figure 3.4D), demonstrating the low probability for off-target release.  

The enhanced stability of the nanocarriers could be due to the hydrophobic groups in 

the cationic block that provide additional binding interactions to stabilize the siRNA 

polyplexes.  In fact, hydrophobic modification of cationic polymers is a common 

strategy in the literature for improving polyplex stability in polyanion-rich 

environments such as serum.
20, 39

  Upon application of light, polyplexes stimulated 

significant gene silencing, and the extent of knockdown, as determined by GAPDH 

protein expression levels, ranged from 0% to 70% depending upon the duration of 

irradiation.  Control experiments ruled out any significant effects on cell viability
21

 

and GAPDH gene expression mediated solely by light exposure (Figure 3.4E), 

demonstrating that gene silencing was target-specific and occurred through utilization 

of the RNAi machinery. 
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Figure 3.4: Tunable protein silencing of model exogenous and endogenous genes in 

NIH/3T3 cells.  (A) A panel of representative microscopy images of GFP 

expression in cells following treatment with GFP-targeting siRNA/ 

mPEG-b-P(APNBMA) polyplexes and exposure to 365 nm light for 

varying lengths of time.  The scale bars represent 250 µm and apply to all 

images.  (B) The overall intensities of representative fluorescence 

microscopy images (panel A) were quantified using ImageJ software, and 

values were normalized to the intensity of cells that were not treated with 

GFP-targeted siRNA.  (C) Representative western blot analyses and 

quantification of GAPDH protein expression levels as a function of 

irradiation time.  Cells were treated with 20 nM siRNA polyplexes and 

subsequently exposed to 365 nm light for varying lengths of time.  Data 

represent the GAPDH protein expression levels relative to the levels of 

the loading control β-actin, normalized to the native protein levels in 

controls with no siRNA treatment.  Results are shown as the mean ± 

standard deviation of data obtained from three independent experiments.  

(D) Western blot analysis of GAPDH protein knockdown using extended 

incubation periods (48 h or 96 h) prior to cell lysis.  Cells were treated 

with GAPDH-targeting siRNA that was packaged with mPEG-b-

P(APNBMA) or Lipofectamine RNAiMAX.  (E) Western blot analysis 

of GAPDH protein knockdown following treatment with mPEG-b-

P(APNBMA) polyplexes and irradiation for 20 min. 
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Delivery systems capable of maximizing silencing and inducing robust protein 

knockdown would be beneficial for many applications in the patterning of gene 

expression.  To test if more than 70% GAPDH protein silencing was possible, siRNA 

concentrations were increased from 20 nM to 40 nM while keeping the irradiation 

time constant at 20 min.  Cells treated with 40 nM siRNA polyplexes showed uptake 

of >50% more polyplexes than cells treated with 20 nM siRNA (Figure 3.5A and 

3.5B), as indicated by flow cytometry analyses.  Despite the enhanced cellular uptake, 

no further improvement in GAPDH protein knockdown was achieved (Figure 3.5C).  

Also, it is noteworthy that the polyplexes exhibited no silencing in the absence of 

light, even at the elevated concentrations, confirming that the polyplexes remained 

fully intact and dormant without a stimulus.  Such control over siRNA activity using 

light demonstrates that these nanocarriers have the potential to reduce undesired side 

effects in off-target cells, which is a key challenge in the clinical implementation of 

nucleic acid therapies.
3
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Figure 3.5: Cellular uptake and gene silencing efficiencies of mPEG-b-P(APNBMA) 

polyplexes over a range of siRNA concentrations.  (A) Cells were 

incubated in polyplex solutions formulated with Dy647-labeled siRNA at 

concentrations of 0 nM (black), 20 nM (red), 30 nM (green), or 40 nM 

(blue) siRNA, and cellular fluorescence was measured using flow 

cytometry.  (B) The mean fluorescence intensity per cell (from panel A) 

was computed.  (C) Cells were treated with varying siRNA polyplex 

concentrations and subsequently exposed to 365 nm light for 0 min (dark 

gray bars) or 20 min (white bars).  Data represent the GAPDH protein 

expression levels relative to the levels of the loading control β-actin, 

normalized to the native protein levels in controls with no siRNA 

treatment.  Results are shown as the mean ± standard deviation of data 

obtained from three independent experiments. 
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As detailed below, the lack of measurable enhancement in protein knockdown 

after the internalization of more siRNA (Figure 3.5C) is most likely due to the 

relatively long half-life of the GAPDH protein, reported to be >35 h in NRK-52E rat 

kidney epithelial cells.
40

  Even if the RNAi pathway were 100% efficient and the 

released siRNA cleaved all available GAPDH mRNAs, pre-existing protein would not 

be completely degraded and cleared by cells at 48 h post-transfection; i.e. the time 

western blot analyses were started.  Additionally, another study delivering siRNA 

targeting GAPDH found ~70% protein knockdown to be the maximum level 

achievable after 48 h in H1299 human lung carcinoma cells,
41

 which agrees with the 

maximum silencing achieved in this work.  Furthermore, previous experiments have 

shown that RISC assembly is saturable by excessive free siRNA.
42

  The duration of 

this state is determined by the intracellular siRNA concentration, which directly 

depends on siRNA stability and dilution effects due to cell division and growth.
43

  

RNAi effects have been shown to last for only a few days before recovering to pre-

treatment levels in rapidly-dividing cell lines, such as NIH/3T3 cells, with minimum 

protein levels often found approximately 48 h post-transfection.
44

 

A complementary and more direct method for monitoring siRNA-mediated 

gene silencing is to measure the mRNA expression levels through qPCR.  As the 

intracellular half-life of GAPDH mRNA is ~8 h,
45

 mRNA levels were measured to 

determine if changes in these levels would capture the true extent of silencing.  After 

transfection, cells were lysed and prepared for qPCR quantification 24 h post-

transfection to ensure that the mRNA levels were measured before they started to 

recover due to siRNA dilution after cell division.  Similar to the protein analyses, no 

silencing was exhibited in cells without light treatment, but the degree of mRNA 
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knockdown increased with irradiation time (Figure 3.6A).  Furthermore, the apparent 

extent of silencing after 20 min of irradiation increased such that only ~14% GAPDH 

mRNA remained at 24 h post-transfection.  Because the cells were lysed ~3 mRNA 

half-lives after the introduction of siRNA, the maximum amount of silencing is 

expected to result in ~13% remaining mRNA, which is consistent with the data and 

supports the hypothesis that the RNAi pathway was utilized fully.  Moreover, the level 

of mRNA knockdown after 20 min light irradiation did not change significantly while 

increasing the siRNA concentration, which is consistent with the protein expression 

data and further suggests that RISC assembly was saturated by excess siRNAs (Figure 

3.6B).  
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Figure 3.6: qPCR analyses of GAPDH mRNA silencing as a function of irradiation 

time and siRNA concentration.  (A) Cells were treated with 20 nM 

siRNA polyplexes and then exposed to 365 nm light for varying lengths 

of time.  (B) Cells were treated with varying siRNA polyplex 

concentrations and then exposed to 365 nm light for 0 min (dark gray 

bars) or 20 min (white bars).  Data represent the GAPDH mRNA 

expression levels relative to β-actin mRNA levels, normalized to the 

native levels in controls with no treatment siRNA treatment.  Results are 

reported as the mean ± standard deviation of data obtained from three 

independent replicates.           

3.3.3 Modeling the gene silencing process  

To generate a more detailed profile of the dynamic nature of the RNAi 

reactions, a non-compartmentalized kinetic model of the system (Equations 3.1-3.3) 

was developed, consisting of terms accounting for synthesis (mRNA and protein), 

degradation (mRNA, protein, and siRNA), siRNA-catalyzed mRNA turnover, and 

siRNA dilution effects due to cell division.  Specifically, a set of ordinary differential 

equations was used to model the changes in concentrations of mRNA, protein, and 

siRNA as a function of time.  The terms kmRNA, ksiRNA, and kprot are the rate constants 

for the production of mRNA, siRNA, and protein, respectively.  The terms km,deg, 
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ks,deg, and kp,deg are the rate constants for the degradation of mRNA, siRNA, and 

protein, respectively.  Degradation rate constants were computed on the basis of the 

component half-lives reported in literature,
40, 44, 45

 and production rate constants were 

fit to ensure that mRNA and protein steady-state values were reached in the absence of 

siRNA.   

 
𝑑[𝑚𝑅𝑁𝐴]

𝑑𝑡
= 𝑘𝑚𝑅𝑁𝐴[𝐷𝑁𝐴] − 𝑘𝑚,𝑑𝑒𝑔[𝑚𝑅𝑁𝐴] − 𝑘𝑠𝑖𝑅𝑁𝐴[𝑠𝑖𝑅𝑁𝐴] (3.1) 

 
𝑑[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]

𝑑𝑡
= 𝑘𝑝𝑟𝑜𝑡[𝑚𝑅𝑁𝐴] − 𝑘𝑝,𝑑𝑒𝑔[𝑝𝑟𝑜𝑡] (3.2) 

 
𝑑[𝑠𝑖𝑅𝑁𝐴]

𝑑𝑡
= −𝑘𝑠,𝑑𝑒𝑔[𝑠𝑖𝑅𝑁𝐴] (3.3) 

The simplified system of equations considers only the most important, rate-

determining processes and was designed to capture changes in protein and mRNA 

levels induced through RNAi effects averaged across the entire cell population.  The 

model predictions confirmed that the relatively long half-lives, which govern the 

degradation of GAPDH protein and mRNA, were the limiting factors in achieving 

complete knockdown 48 h post-transfection (Figure 3.7A).  Taken together, the 

experimental data and theoretical model both indicated that the amount of free siRNA 

released by a 20 min irradiation of 20 nM siRNA polyplexes was sufficient to 

maximize target-gene knockdown.  Furthermore, the 20 nM siRNA concentration is 

significantly lower than the siRNA concentrations used by many other polyplex 

systems in literature, which often require at least 100 nM siRNA to mediate significant 

levels of gene silencing, depending on the specific target gene and cell type.
45-47

 

The kinetic model also was used to study how gene silencing efficiencies could 

be tuned by varying the dosage of light.  The amounts of siRNA released in response 

to light (which were obtained from quantitative analyses as described in the next 
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section) were input into the kinetic model and allowed us to accurately predict the 

experimentally measured protein silencing efficiency over the range of irradiation 

conditions (Figure 3.7B), further indicating that gene expression can be modulated 

through controlled siRNA release.  Moreover, the agreement between the simplified 

model and experimental results validated the use of Equations 3.1-3.3 in the analyses, 

and it demonstrated that the model incorporates all of the critical rate-determining 

steps for this system.  It is important to note that the development of this kinetic model 

was possible only because the nanocarriers are extremely stable intracellularly, yet can 

be triggered to alter the polymer binding affinity on-demand, in response to light.    
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Figure 3.7: Mass action kinetic model that predicts GAPDH silencing following 

siRNA release from mPEG-b-P(APNBMA) polyplexes.  (A) The set of 

equations (3.1-3.3) was solved using differential equation solver ode45 in 

MATLAB and plotted up to 96 h post-transfection.  All concentrations 

were normalized to 100 at the time of transfection.  The terms kmRNA, 

ksiRNA, and kprot are the rate constants for the production of mRNA, 

siRNA, and protein, respectively.  The terms km,deg, ks,deg, and kp,deg are 

the rate constants for the degradation of mRNA, siRNA, and protein, 

respectively.  Degradation rate constants were computed on the basis of 

the component half-lives reported in literature,
40, 44, 45

 and production rate 

constants were fit to ensure mRNA and protein steady-state values were 

reached in the absence of siRNA.  (B) Model predictions of protein 

silencing efficiencies of mPEG-b-P(APNBMA) polyplexes following 

irradiation with 365 nm light for varying lengths of time.  Predictions 

from the kinetic model (blue bars) were computed on the basis of siRNA 

release data in Figure 3.8C (blue bars).  These values were compared to 

experimental data (red bars) from Figure 3.4C. 

3.3.4 Controlling siRNA release 

The protein and mRNA silencing studies for siRNA/mPEG-b-P(APNBMA) 

polyplexes demonstrated that the extent of target-gene knockdown depends directly 

upon the amount of light irradiation.  This finding suggests that the irradiation-
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dependent charge reversal of the polymer backbone allows tunable gene silencing by 

altering the stability of the polyplexes and thereby liberating varying amounts of 

siRNA.   

To assess the degree of siRNA released as a function of irradiation conditions, 

polyplexes were formulated in a buffered solution (containing SDS), exposed to light, 

and subjected to gel electrophoresis.  SDS, an anionic surfactant, was added to the 

solutions prior to irradiation to better simulate intracellular environments containing 

lipid membranes.  Following a 30 min pre-incubation time with SDS at an S/P ratio 

(S: sulfate groups on SDS, P: phosphate groups on siRNA) of 15, the polyplexes were 

irradiated, and release was probed using gel electrophoresis, as shown in Figure 3.8A.  

With no 365 nm light exposure, mPEG-b-P(APNBMA) completely retained all siRNA 

and excluded ethidium bromide as indicated by the lack of a free siRNA band and 

minimal fluorescence in the well.  Increasing amounts of siRNA were liberated from 

the polyplexes following longer irradiation times.  Approximately 16% of the siRNA 

was released after 20 min of illumination, based on quantification of the siRNA band 

through image analysis, with minimal additional improvement after 40 min.  

Additionally, smears appeared below the well in the irradiated samples, indicating the 

presence of partially liberated siRNAs still bound to cationic polymer groups and/or 

polymer fragments.  It is unknown whether these siRNA structures are accessible 

enough in the intracellular environment to bind to RISC.  Moreover, complete siRNA 

liberation was only achieved at extremely high concentrations of SDS (S/P of 200).  

This indicated that the nanocarriers were remarkably stable in the simulated 

intracellular environment, and demonstrated that the polyplexes remained dormant 

unless exposed to the photo-stimulus.  
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Figure 3.8: Representative gel mobility shift and fluorescence correlation 

spectroscopy (FCS) analyses of light-induced siRNA release.  (A) Gel 

electrophoresis data from polyplex solutions with varying SDS and light 

dosages.  (B) Normalized autocorrelation functions of polyplex solutions 

with varying light dosages as follows: 0 min (black), 10 min (red), 20 

min (yellow), and 40 min (green) all at SDS S/P of 15; 0 min at SDS S/P 

of 200 (blue); free siRNA (gray).  (C) Quantification of siRNA released 

on the basis of gel mobility studies (black) and FCS (gray).  Polyplexes 

were pre-incubated in solutions containing no SDS (S/P of 0; diamonds) 

or SDS at S/P of 15 (triangles).  Results are shown as the mean ± 

standard deviation of data obtained from three independent samples.           

To provide a more detailed characterization of the released siRNA structures, 

FCS was performed to analyze fluctuations in fluorescence intensities in the solution 

and estimate the component diffusion patterns following irradiation.
48

  As shown in 

Figure 3.8B, these experiments indicated that free siRNA exhibited short lag times (τ), 

indicative of a fast diffusing species with a diffusion coefficient of 140 µm
2
 s

-1
.  Using 

the Stokes-Einstein equation (Equation 2.6), a hydrodynamic diameter of ~3 nm was 

estimated, which is consistent with the approximate size of an siRNA molecule.
49

  

When the siRNAs were packaged into polyplexes, much longer lag times were 

measured.  These polyplexes had average diameters of ~140 nm, which was consistent 

with dynamic light scattering data reported previously.
21

  The polyplexes each 

incorporated ~250 siRNAs, based on the number of fluorescent particles computed 
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from the value of the autocorrelation function at τ = 0 s (Table 3.1).  As the polyplexes 

were exposed to 365 nm light for longer periods of time, the autocorrelation function 

began to exhibit behavior indicative of increasing amounts of released siRNA, as 

demonstrated by shifts towards shorter lag times.  An assay developed by Buyens et 

al. was adapted to quantify the fraction of free siRNA and monitor polyplex 

disassembly,
29

 in which changes in the baseline fluorescence intensity were used to 

calculate the percent of free siRNA.  In these studies, no free siRNA was detectable 

after complexation with mPEG-b-P(APNBMA), either before or after incubation in 

SDS (S/P of 15).  As the irradiation time increased, more siRNA was liberated from 

the polyplexes (Figure 3.8C).  Furthermore, analysis of the slower diffusing 

populations indicated that the polyplexes swelled in size following irradiation (up to 

~150 nm after 40 min).  Estimates of the percent of free siRNA obtained using FCS 

were in excellent agreement with the gel electrophoresis results.  It is interesting to 

note that only 6% of the siRNA was liberated following 10 min of irradiation with 

SDS.  Previous work indicated that 81% of the cationic groups were cleaved after 10 

min of irradiation,
21

 suggesting that a majority of the polymer must undergo charge-

reversal before significant amounts of siRNA are released.  Thus, light-mediated 

charge reversal of the polymer backbone enabled on-demand and precisely tuned 

siRNA liberation from the nanocarriers.  Moreover, these quantitative siRNA release 

results were used directly in the development of the simple model that accurately 

captures gene silencing trends as indicated by Figure 3.7B.  
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Table 3.1: Representative estimation of the number of siRNAs per mPEG-b-

P(APNBMA) polyplex.  The number of fluorescent particles (raw data) 

was computed by the ZEN 2010 software on the basis of the value of the 

autocorrelation function at τ = 0 s.  The dilution factor was estimated on 

the basis of the concentrations of siRNAs that were added during sample 

preparation.  The relative number of particles was calculated by 

multiplying the number of particles (raw data) by the dilution factor.  The 

normalized number of particles was computed by dividing the relative 

number of particles by 2.7 (relative number of polyplexes).    

sample 
raw data: number 

of particles 

dilution 

factor 

relative number 

of particles 

normalized number 

of particles 

free siRNA 12.3 54 660 247 

polyplex 2.7 1 2.7 1 

3.3.5 Monitoring polyplex structural changes 

Polyplex structure and morphology may play an important role in siRNA 

packaging efficiency and the nanocarrier’s propensity to fully release siRNA.  FRET 

is a powerful and especially sensitive technique for detecting nanoscale changes in the 

distance between molecules.  Polyplex formation, stability, and loosening can be 

monitored through the covalent labeling of siRNA molecules with one of two different 

fluorophores that have overlapping excitation and emission spectra.
50

  Due to their 

high charge density, siRNAs repel each other when free in solution and typically are 

not in close enough proximity to transfer energy.  However, when forced into mPEG-

b-P(APNBMA) polyplexes, the donor and acceptor fluorophores attached to the 

locally aggregated siRNAs underwent energy transfer if they were within a Förster 

radius of one another. 

In this study, Dy547 and Dy647 were chosen to be the donor and acceptor 

fluorophores, respectively.  When the siRNAs were simply mixed in solution in 

equimolar ratios, no energy transfer was detectable.  However, a strong fluorescence 

emission from Dy647 was visible when the siRNAs were complexed with mPEG-b-
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P(APNBMA) (Figure 3.9A).  Furthermore, the acceptor signal decreased, and the 

donor signal increased, as the polyplexes were exposed to light for longer times.  The 

ratio of the donor and acceptor emission peak intensities was computed to quantify the 

FRET efficiency (Figure 3.9B).  In the absence of the photo-stimulus, the peak 

intensity of the acceptor fluorophore was greater than that of the donor fluorophore, 

indicating efficient energy transfer due to the proximity of the fluorophores (~5 nm).
51

  

However, the ratio of the two peaks decreased quickly as a function of irradiation 

time.  Over 90% of the FRET signal was lost within 20 min of irradiation, indicating 

that the fluorophores had an average separation distance of at least 8 nm.  This finding 

stands in contrast to the data in Figure 3.8C that showed only ~2% of the siRNA was 

released following 20 min of light exposure in the absence of SDS.  Thus, FRET is an 

appropriate technique for detecting subtle changes in polyplex structure that lead to 

small fractions of cargo release.  Clearly, the polyplexes were starting to loosen or 

change structure such that the siRNA molecules were spaced slightly further apart, but 

the change was insufficient to release high fractions of siRNA or cause detectable 

changes in overall polyplex diameter in buffered solutions.  Thus, even though only 

small fractions of siRNA were released completely from the polyplexes, the results 

still indicate efficient gene silencing that likely was a result of the partial loosening of 

these structures. 
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Figure 3.9: Fluorescence emission spectra of polyplexes undergoing FRET as a 

function of irradiation time.  (A) Polyplexes were formed with equal 

molar ratios of donor and acceptor fluorophore-labeled siRNA molecules 

and exposed to varying dosages of 365 nm light as follows: 0 min 

(black), 2.5 min (red), 5 min (orange), 10 min (green), 20 min (blue), 40 

min (purple).  (B) Normalized ratio between the intensities of the 

acceptor and donor peaks (I665/I560) of three independent samples for each 

time point.  The lines connecting data points are to guide the eye.    

Polyplex stability strongly depends on the environment, particularly in protein-

rich settings such as the inside of a cell.  An additional benefit of employing FRET 

with the chosen fluorophores is that the fluorescence can be measured intracellularly 

due to the fluorophores’ brightness and photostability.  Thus, polyplexes were formed 

and delivered as described previously with equimolar concentrations of the donor and 

acceptor fluorophore-labeled siRNAs, and the intracellular FRET reaction 

subsequently was analyzed by flow cytometry at approximately 5 h post-transfection.  

The excitation laser was at 488 nm (direct excitation of donor), and the emission 

detector filter was at 710 nm (emission of acceptor) to detect the fluorescence signal 

attributed to polyplexes undergoing FRET.  A compensation matrix was used to 
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account for the minimal fluorescence that was attributable to signal bleed-though (see 

section 2.4 for more details and Figure A.1 in Appendix A for matrix values).  The 

traces in Figure 3.10 indicate that cells not exposed to light exhibited a strong FRET 

signal, indicating that the polyplexes remained remarkably stable over long time 

periods within the intracellular environment.  However, when the light exposure time 

increased, the FRET signal decreased quickly, such that the FRET signal was barely 

detectable following 20 min of irradiation.  Interestingly, the photo-induced, time-

dependent loss of FRET measured in solution closely matched the decrease seen 

intracellularly, suggesting that the extent of polyplex loosening occurred on the same 

time-scale in both environments (Figure 3.11).   
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Figure 3.10: Representative flow cytometry data showing the intracellular FRET 

signal following 365 nm light irradiation of transfected NIH/3T3 cells.  

The fluorescence signals from cells treated with no siRNA (black), 

Dy547-siRNA (blue), Dy647-siRNA (red), or Dy547- and Dy647-siRNA 

(purple) over a series of varying irradiation times were quantified by the 

mean fluorescence intensity (MFI) per cell.  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments, and the compensation matrices are reported in Figure A.1 in 

Appendix A. 
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Figure 3.11: Normalized FRET efficiencies as a function of mPEG-b-P(APNBMA) 

polyplex exposure to 365 nm light irradiation. FRET efficiencies of 

polyplexes in solution were measured through fluorescence spectroscopy 

(gray diamonds), and cellular FRET efficiencies were measured via flow 

cytometry (black squares) or confocal microscopy (white triangles).  In 

solution, normalized FRET efficiencies were computed from the ratio 

between the donor and acceptor peaks for polyplexes.  In cells, the 

normalized FRET efficiencies were determined from the fluorescence 

intensities attributed to FRET after accounting for both autofluorescence 

and donor/acceptor bleed-through signals.  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments, and the raw values for FRET in solution as measured by 

fluorescence spectroscopy are recorded in Table A.2 in Appendix A.  

Flow cytometry analysis was useful for finding the total FRET signal in a 

given cell containing potentially hundreds of polyplexes; however, information about 

the individual polyplexes was lost.  Confocal microscopy allowed intracellular FRET 

to be studied in more detail to determine the uniformity of the polyplex unpackaging 

process.  Polyplexes were formulated and delivered under the same conditions as in 

the flow cytometry experiments above, and subsequently, transfected cells were 

imaged. An excitation wavelength of 488 nm was used to selectively excite the donor 

fluorophore.  Two distinct emission detection wavelength channels were chosen such 

that the acceptor fluorescence signal was visible only when FRET was occurring.  
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Regardless of irradiation time, all samples showed robust cellular uptake as indicated 

by the appearance of numerous punctate structures within each cell (Figure 3.12A).  

Each distinct punctate structure likely was comprised of a small collection of 

polyplexes that were trafficking through endomembrane vesicular compartments.
21, 52

  

The appearance of the donor fluorescence signal continued to persist as the irradiation 

time increased, as expected.  However, the number of punctate structures exhibiting 

acceptor fluorescence due to FRET decreased dramatically as the length of light 

exposure increased.     

 

Figure 3.12: Confocal microscopy images and colocalization quantification of 

intracellular FRET as a function of irradiation time.  (A) Selectively 

exciting the donor fluorophore produced fluorescence signals unique to 

the donor (green) and acceptor (red) fluorophores.  The overlay of these 

two images is displayed as yellow.  The scale bar represents 25 µm and 

applies to all images.  (B) Quantification of micrographs using the 

Manders’ correlation coefficient to compute the fraction of polyplexes 

undergoing FRET.  Results are reported as the mean ± standard deviation 

of data obtained from 30 randomly chosen cells per sample.            
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The extent of colocalization was quantified using the Manders’ correlation 

coefficient,
53

 which is defined as the fraction of image pixels of the probe of interest 

that are colocalized with a secondary probe.  For the present study, the Manders’ 

coefficient represents the fraction of donor fluorophores that overlap with detectable 

acceptor fluorophores, which corresponds to the fraction of punctate structures, or 

groups of polyplexes, that have retained their structures well enough to facilitate 

FRET.  In the absence of light, more than half of the internalized polyplexes remained 

stable and did not significantly start to disassemble, whereas application of light 

dramatically decreased detectable FRET signals such that >90% of polyplexes 

disassembled to the point that the siRNAs were no longer within the Förster radius 

(Figure 3.12B).  These findings are remarkably consistent with the FRET data in the 

absence of cells, as well as with the flow cytometry data of the averaged intracellular 

responses (Figures 3.9 and 3.10, respectively), as summarized in Figure 3.11.  These 

consistencies demonstrated the relative homogeneity of the polyplexes as well as the 

similar progression of the light-induced reaction when it occurred inside vs. outside of 

cells.  Additionally, these findings reinforce the suggestion that light-induced changes 

in polymer structure, as opposed to the external solution conditions, are the key factor 

influencing polyplex disassembly kinetics.   

3.3.6 Detection of intracellular siRNA release 

FCS can be used to probe the diffusive behaviors of species in cells and 

provide information about the extent of free siRNA released in the cytoplasm.  

Polyplexes were formulated with labeled siRNAs, delivered to cells, and irradiated 

with light for varying lengths of time.  As shown in Figure 3.13, the autocorrelation 

function of the diffusing siRNAs in cells that had not been exposed to 365 nm light 
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exhibited a primary population with long lag times, indicative of a slow diffusing 

species.  As the irradiation time increased, the curve shifted towards faster lag times.  

The autocorrelation function for cells treated with 20 min of light had an inflection 

point, suggesting that at least two distinct populations with very different diffusive 

characteristics existed in the sample.  These data were fit with a two-component model 

and the computed diffusion coefficients were 28 µm
2
 s

-1
 and 0.0025 µm

2
 s

-1
 for the 

fast and slow diffusing populations, respectively, in the cells treated with 20 min of 

light.  The faster diffusing species, presumably intracellular free siRNA, was found to 

have a diffusion coefficient ~20% of that found for free siRNA in aqueous solution.  

This decrease in effective mobility is explained by the crowded cytoplasmic cell 

environment and is consistent with literature values found for similarly sized 

oligonucleotides within cells.
54, 55

  The slower moving species had a diffusion 

coefficient approximately three orders of magnitude slower than polyplexes in 

buffered solution.  The dramatic decrease in polyplex mobility is due to the slow 

intracellular trafficking of endosomal cargo along microtubules and is consistent with 

values found for similarly sized polyplexes within cells.
56

  Thus, the computed 

diffusion coefficients are able to describe a population of free siRNA localized in the 

cytoplasm as well as a population of intact polyplexes being trafficked in endosomes.  

Furthermore, the autocorrelation functions indicated that the fraction of free siRNA 

increased with irradiation time, as evidenced by the shift towards shorter lag times 

(Figure 3.13) in agreement with the gel electrophoresis and FCS data in Figure 3.8.  

These fundamental experiments probing photo-induced siRNA release and monitoring 

intracellular changes in polyplex structure were pivotal to the implementation of a 

kinetic model that accurately predicts gene silencing efficiencies (Figure 3.7). 
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Figure 3.13: Normalized FCS autocorrelation functions showing the intracellular 

diffusion patterns of siRNA molecules following 365 nm light 

irradiation.  Cells were treated with 365 nm light for 0 min (red), 5 min 

(orange), 10 min (green), or 20 min (blue) after the delivery of labeled 

polyplexes.  The arrow indicates an inflection point in the 20 min 

irradiation autocorrelation function.  

3.4 Conclusions 

The unique properties of photo-responsive polymers were exploited to 

elucidate fundamental mechanisms governing siRNA release from polymer delivery 

vehicles.  These pivotal studies informed both development of an accurate predictive 

framework and achieved maximal gene silencing.  The polyplexes facilitated precise 

(cellular length scale) on/off spatiotemporal control over exogenous gene activity in 

human primary fibroblasts and murine fibroblasts.  For the particular case of GAPDH, 

a model endogenous target, gene silencing was tunable up to a maximum of ~70% and 

~86% at the protein and mRNA levels, respectively.  Moreover, kinetic modeling 

demonstrated that these maximum gene knockdown efficiencies were commensurate 

with the maximum achievable gene silencing levels using a single dose of siRNA, 

which was a consequence of the characteristic gene degradation rates for the target 
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genes (mRNA and protein half-lives).  Using FCS and FRET, the monitoring of subtle 

changes in polyplex structure intracellularly confirmed that the nanocarriers 

maintained dormancy in the absence of the photo-trigger.  These mechanistic insights 

enabled both quantification of the amount of light-induced siRNA release and accurate 

prediction of gene silencing levels with the kinetic model.  Thus, this chapter 

highlights the synergistic insights obtained by combining photo-responsive mPEG-b-

P(APNBMA) polymers that enable on/off and spatially resolved control over siRNA 

activity, with the predictive capabilities of kinetic modeling.  The procedures 

developed in the chapter allowed for the elucidation of the mechanisms that govern 

polyplex stability and siRNA release, and these findings were critical for achieving 

spatiotemporal control over gene expression and generating a simple kinetic model 

that can predict gene silencing. 
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MIXED POLYMER NANOCARRIERS AND KINETIC MODELING TO 

PREDICT DOSING 

This chapter describes the formulation of mixed polymer nanocarriers to 

improve gene silencing efficiencies and the implementation of simple kinetic 

modeling to predict dose responses.   This work was conducted in collaboration with 

Victoria G. Muir.  The text and figures in this chapter are adapted and reprinted with 

permission from Greco, C. T.; Muir, V. G.; Epps, T. H., III; Sullivan, M. O., Efficient 

tuning of siRNA dose response by combining mixed polymer nanocarriers with simple 

kinetic modeling. Acta Biomater. 2017, 50, 407-416.  Copyright 2017 Acta Materialia 

Inc. Published by Elsevier Ltd. 

4.1 Introduction 

To overcome the challenges related to controlling small interfering RNA 

(siRNA) binding vs. release, many approaches have employed cationic block 

copolymers (BCP)s that electrostatically bind siRNA and self-assemble into nanoscale 

complexes (polyplexes).
1, 2

  The unique characteristics of BCPs have been harnessed 

to improve control over siRNA release using several different strategies.  One of the 

most common strategies is to tune the nucleic acid binding capacity through 

systematically varying the molecular weight and/or charge density of the cationic 

block.
3, 4

  Generally, increasing the number of cationic groups increases the polymer 

binding efficiency and cellular uptake of the polyplexes; however, increased positive 

charge also hinders siRNA release in the cytoplasm and results in greater cytotoxicity 

Chapter 4 
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of the nanocarriers.
5, 6

  Most studies must compromise and use polymers with 

intermediate binding forces that balance the above factors to improve nucleic acid 

delivery.
5
  Furthermore, such systematic approaches often require the synthesis of 

small libraries of polymers, a process that can be both tedious and costly.
7
  

An alternative and more flexible strategy for improving the control of siRNA 

release is the use of mixed polyplexes assembled from polymers with different block 

compositions.
8, 9

  Modulations to the net cationic charge can be achieved simply by 

changing the molar ratios of as few as two polymers, allowing for rapid determination 

of structure-function relationships.
10-12

  For example, Omedes Pujol et al. prepared 

polymeric nanoparticles with varying ratios of two amphiphilic diblock copolymers 

that differed in their hydrophilic blocks (cationic or neutral).
13

  Mixed micelles that 

contained greater amounts of the cationic polymer mediated higher levels of gene 

knockdown, but also were found to be cytotoxic, presumably due to insufficient 

shielding of the cationic charge in the corona.  

Perhaps the most promising strategy to control siRNA release involves the use 

of responsive materials, whose binding affinity for siRNA can be altered by 

application of a stimulus.
14-16

  Photo-sensitive nanocarriers offer unique advantages 

such as rapid response, exquisite spatial control with minimal diffusive effects, and 

tunability of light wavelength and intensity,
17-21

 ideal for topical wound repair and 

other regenerative medicine applications.
22

  However, although photo-responsive 

biomaterials have enhanced spatiotemporal control over siRNA delivery, a limited 

understanding of the dynamic silencing response persists.
23

  RNA interference (RNAi) 

depends on numerous biological parameters, such as cell doubling time, as well as 

mRNA and protein half-lives.
24, 25

  Diseases characterized by rapid cell division, such 
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as cancer, are difficult to treat with siRNAs because dilution effects exclude the 

possibility of sustained protein knockdown with a single dose.
25

  Thus, multiple doses 

must be administered to maintain robust gene silencing over a prolonged period of 

time.   

The majority of RNAi protocols and dosing schedules reported in the literature 

are chosen on the basis of precedence, or through trial and error.  Multiple 

experiments must be conducted to screen for conditions that achieve the desired level 

and/or duration of knockdown, yet this tedious approach often fails to identify 

improved dosing regimens.
26

  Kinetic modeling can provide critical insights into the 

underlying causes for these shortcomings.  For example, Bartlett et al. used modeling 

approaches to identify a dosing frequency to induce tumor inhibition in a syngeneic 

mouse cancer model,
26

 and these approaches later guided the design of dosing 

regimens employed in clinical trials.
27

  Several other such models also have been 

published.
23-26, 28-31

  However, modeling approaches typically require knowledge of 

numerous kinetic parameters, and modeling has most often been applied to 

commercial gene delivery systems (e.g. Lipofectamine, Oligofectamine, PEI),
25, 28, 30

 

which are incapable of precisely controlled and tunable nucleic acid activity.  The 

development of delivery vehicles capable of externally-triggered siRNA release would 

provide greater versatility in the timing and magnitude of gene silencing, thereby 

facilitating the use of streamlined models to predict dosing schedules in regenerative 

medicine.   

In this chapter, mixtures of novel and tailorable mPEG-b-poly(5-(3-

(amino)propoxy)-2-nitrobenzyl methacrylate) [mPEG-b-P(APNBMA)n] BCPs were 

combined with simple kinetic modeling for improved control over gene silencing.  The 
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polymers have tunable molecular weights, low dispersities, and photocleavable 

moieties that permit light-induced charge reversal to initiate nucleic acid release.
32

  A 

nonfouling PEG block was incorporated to provide stability in physiological 

environments and resistance to opsonization.  These BCPs have proven 

biocompatibility and protect siRNA in salt, serum, and nuclease solutions, while 

simultaneously stimulating siRNA release and gene-specific knockdown upon 

application of a cytocompatible photo-stimulus.
33

  

These properties were exploited to predict and regulate siRNA dosing effects 

through the formulation of polyplexes containing varying ratios of two different 

photo-responsive mPEG-b-P(APNBMA)n polymers with cationic block lengths of n = 

7.9 and n = 23.6 average repeat units.  By tuning polyplex composition and 

application of the photo-stimulus, the extent of gene silencing was easily controlled 

and maximized.  Furthermore, temporal control over siRNA release, combined with 

the use of the kinetic model, facilitated the accurate prediction of dynamic changes in 

mRNA and protein concentrations in response to one dose or multiple doses of 

siRNA.  Thus, accurate gene modulation was demonstrated through integration of 

model-based design and stimuli-responsive control over siRNA application regimens, 

highlighting a unique method for overcoming limitations prevalent in a variety of 

RNAi applications.  

4.2 Materials and Methods 

4.2.1 Materials 

The mPEG-b-P(APNBMA)n polymers (Mn = 7,900 g mol
-1

, n = 7.9; Mn = 

13,100 g mol
-1

, n = 23.6) were synthesized via atom-transfer radical polymerization as 
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described elsewhere.
32

  All siRNA molecules were purchased from GE Healthcare 

Dharmacon, Inc.  (Chicago, IL).  ON-TARGETplus non-targeting siRNAs and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) siRNAs were used as received.  

Custom-made siRNA (both Dy547- and Dy647-labeled) targeting GAPDH were 

designed and terminally altered with 5'-P and a fluorophore (sense: 5' Dy547/Dy647-

GUGUGAACCACGAGAAAUAUU 3'; antisense: 5' 5'-P-

UAUUUCUCGUGGUUCACACUU 3').  Dulbecco’s modification of Eagle’s medium 

(DMEM) and PBS (150 mM NaCl) were obtained from Corning Life Sciences – 

Mediatech Inc.  (Manassas, VA).  Opti-MEM® media, SuperSignal
TM

 West Dura 

Chemiluminescent Substrate, and TRIzol® Reagent were purchased from Thermo 

Fisher Scientific (Waltham, MA).  Bovine serum albumin (BSA) and a bicinchoninic 

acid (BCA) protein assay kit were purchased from Pierce (Rockford, IL).  The anti-

GAPDH and secondary HRP antibodies were purchased from AbCam (Cambridge, 

MA).  The anti-actin antibody was obtained from Santa Cruz Biotechnology (Dallas, 

TX).  Primers were obtained from Eurofins MWG Operon (Huntsville, AL) with the 

following sequences: GAPDH forward 5' CGGGTTCCTATAAATACGGACTGC 3'; 

GAPDH reverse 5' CCCAATACGGCCAAATCCGT 3'; β-actin forward 5' 

CTGTCGAGTCGCGTCCA 3'; β-actin reverse 5' TCATCCATGGCGAACTGGTG 

3'.  The iTaq
TM

 Universal SYBR® Green One-Step Kit and optical flat 8-cap strips 

were purchased from Bio-Rad (Hercules, CA).  All other reagents were obtained from 

Thermo Fisher Scientific (Waltham, MA). 

4.2.2 Formulation of siRNA nanocarriers 

Polyplexes were formed using a self-assembly method via solution mixing 

followed by gentle vortexing.  Solutions of siRNA were prepared at 32 µg mL
-1

 in 20 
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nM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer at pH 6.0.  

Polymer solutions were prepared in HEPES buffer by adding appropriate amounts of 

mPEG-b-P(APNBMA)7.9 and mPEG-b-P(APNBMA)23.6 to vary the fraction of each 

polymer in solution, on a molar basis of cationic amine groups.  The polymer solutions 

were added to equal volumes of siRNA solutions to achieve the desired total N/P 

ratios (N: cationic amine groups on polymer, P: anionic phosphate groups on siRNA).  

Polyplexes were incubated at room temperature in a dark environment for 30 min prior 

to further analysis. 

4.2.3 Ethidium bromide exclusion assay 

Polyplexes were formulated as described and subjected to gel electrophoresis.  

Gels were prepared with 4 wt% agarose and stained with 0.5 µg mL
-1

 ethidium 

bromide.  For analysis, 12.5 µL of polyplex solution was added to 2.5 µL of loading 

dye (3:7 (v/v) glycerol/water) before being added to the wells of the gel.  Gels were 

run at 100 V for 30 min and imaged using a Bio-Rad Gel Doc XR (Hercules, CA).  

ImageJ software (National Institutes of Health, Bethesda, MD) was used to quantify 

the amounts of free siRNA by analyzing band intensities.   

4.2.4 Cell culture and transfection 

NIH/3T3 cells were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA).  The cells were cultured following ATCC protocols in 

DMEM supplemented with 10 vol% fetal bovine serum and 1 vol% penicillin-

streptomycin.  The cells were maintained at 37 °C in a humidified environment with 5 

vol% CO2.  For transfections, cells were seeded in 6 well plates at a density of 100,000 

cells per well.  The cells were allowed to adhere and recover for 24 h.  In preparation 
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for transfection, DMEM was removed, PBS was added in a wash step, and Opti-

MEM® reduced serum media was added.  Polyplex solutions at an N/P ratio of 4 were 

added to a final siRNA concentration of 20 nM, and the cells were incubated for 3 h.  

Following transfection, all cells were washed with PBS and incubated in fully 

supplemented media for 30 min.  For samples undergoing 365 nm light treatment, the 

media was removed and replaced with Opti-MEM® without phenol red.  The cells 

were subsequently irradiated with 365 nm light at an intensity of 200 W m
-2

 for 10 

min while on a 37 °C hot plate.  Subsequently, cells were incubated in fully 

supplemented DMEM for the remainder of the culture duration. 

4.2.5 Protein knockdown analysis 

Western blot analyses were used to measure GAPDH protein silencing.  In the 

single dose experiments, cells were transfected as described.  Then, 48 h after the start 

of transfection, protein was extracted from the cells by adding a lysis solution 

composed of 0.5 vol% Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 5 

mM Tris–HCl (pH 7.4), 5 mM EDTA, and 1x Halt Protease and Phosphatase Inhibitor 

cocktail.  For the repeated dosing experiments, a second transfection of polyplexes 

was performed 28 h after the first transfection.  Protein was extracted via cell lysis 75 

h after the start of the first transfection.  The total protein concentration of each sample 

was measured using the BSA Protein Assay Kit.  The protein solutions were subjected 

to 4% - 20% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

for 35 min at 150 V.  The separated proteins then were transferred onto a 

poly(vinylidene fluoride) membrane at 18 V for 75 min.  The membrane was 

subsequently blocked in 5 vol % BSA in Tris–HCl-buffered saline (50 mM Tris–HCl, 

pH 7.4, 150 mM NaCl) containing 0.1 vol % Tween 20 (TBST) at room temperature 
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for 1 h.  The membrane was incubated overnight with anti-GAPDH rabbit monoclonal 

IgG primary antibody in TBST at 4 °C.  The next day, the membrane was incubated in 

a solution of secondary goat anti-rabbit polyclonal IgG antibody conjugated to 

horseradish peroxidase (HRP) for 1 h.  The SuperSignal 
TM

 West Dura 

Chemiluminescent Substrate was used to enable detection of the GAPDH bands 

through chemiluminescent imaging in a FluorChem Q (ProteinSimple, San Jose, CA), 

and the band intensities were quantified using ImageJ.  To image the actin bands, the 

membrane was stripped for 15 min with Restore™ PLUS Western Blot stripping 

buffer, blocked in BSA solution for 1 h, and subsequently incubated with anti-actin 

rabbit monoclonal IgG primary antibody overnight.  The next day, after incubation in 

a solution of secondary goat anti-rabbit polyclonal IgG antibody conjugated to HRP, 

chemiluminescent imaging was used to detect the actin bands.   

4.2.6 Cellular uptake 

Cells were seeded in 12-well plates at a density of 40,000 cells per well and 

allowed to adhere and recover for 24 h.  Polyplex solutions were formed with Dy647-

labeled siRNA, and these solutions were delivered to cells following the transfection 

protocol described in section 4.2.4.  After the 3 h transfection, cells were washed with 

PBS solution and prepared for flow cytometry analysis following standard trypsin-

based protocols.  The cells were resuspended in PBS and filtered through a 35 µm 

nylon mesh to remove cell aggregates.  Flow cytometry measurements were collected 

on an Accuri C6 instrument (BD Biosciences, San Jose, CA).  The analysis was 

conducted at approximately 4.5 h post transfection, and at least 10,000 live cells were 

analyzed per sample.  FlowJo v7 software (FlowJo, LLC, Ashland, OR) was used to 

analyze the data and quantify the mean fluorescence intensity per cell.  
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4.2.7 Light-induced siRNA release 

Polyplex solutions were formed as described above, at varying fractions of 

mPEG-b-P(APNBMA)7.9.  Polyplexes were subsequently incubated in sodium dodecyl 

sulfate (SDS) solutions at an S/P ratio of 2.5 (S: sulfate groups on SDS, P: phosphate 

groups on siRNA) at room temperature in a dark environment for 30 min.  Then, 62.5 

µL of polyplex solution was sealed within a chamber composed of two glass slides 

with a rubber gasket.  The polyplex solutions were subjected to irradiation with 365 

nm light at 200 W m
-2

 for 0, 5, 10, 20, or 40 min.  A volume of 12.5 μL of sample was 

removed at each time point, and the amount of released siRNA was quantified via the 

gel electrophoresis techniques described in section 3.2.8. 

4.2.8 Kinetic modeling 

The dynamic silencing response was estimated with a kinetic model.  A system 

of ordinary differential equations was used to model the changes in concentrations of 

siRNA, mRNA, and protein (see Equations 3.1-3.3 in Chapter 3 [section 3.3.3] for 

more details).
34

  Degradation rate constants were computed on the basis of the 

component half-lives reported in literature,
25, 35

 and production rate constants were fit 

to ensure mRNA and protein steady-state values were reached in the absence of 

siRNA.  The set of equations was solved using differential equation solver ode45 in 

MATLAB, and relative concentrations were normalized to 100. 

4.2.9 Polyplex size determination 

Average polyplex diameters were determined via fluorescence correlation 

spectroscopy (FCS) analysis.  Polyplexes were formulated with Dy547-labeled siRNA 

and placed on cover slips, and the coverslips were attached to glass microscope slides 

made by SecureSeals from Life Technologies (Grand Island, NY).  FCS measurements 
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were performed on an LSM 780 confocal microscope (Carl Zeiss, Oberkochen, 

Germany) using a 488 nm laser and a 40x (numerical aperture = 1.2) water immersion 

apochromat objective.  Thirty measurements, each lasting 8 s, were taken for each 

sample.  Data analysis was performed with ZEN 2010 software (Carl Zeiss).  The 

structural and measurement parameters were determined using a solution of 

AlexaFluor555 dye with an assumed diffusion coefficient of 340 µm
2
 s

-1
.
36

  The raw 

values are recorded in Table B.1 in Appendix B. 

4.2.10 Zeta potential analysis  

Polyplex solutions were prepared as described and diluted with HEPES buffer 

to a volume of 1 mL.  The solutions were transferred to a cuvette and analyzed using a 

ZetaPALS zeta potential analyzer from Brookhaven Instruments (Brookhaven, CT).  

The samples were measured at 25 °C, and the Smoluchowski model was used to 

analyze the data.  Reported values were computed as the average of three independent 

experiments comprising 10 measurements each, and the raw values are recorded in 

Table B.2 in Appendix B.  

4.2.11 mRNA knockdown analysis 

GAPDH mRNA knockdown was measured using qPCR.  Single and double 

transfections were carried out as described in section 4.2.4, and RNA was isolated by 

TRIzol® Reagent, according to the manufacturer’s protocols, at 48 h (single dose) and 

75 h (double dose) post-transfection.  The iTaq
TM

 Universal SYBR® Green One-Step 

Kit and the specific GAPDH and β-actin primers were used to prepare samples for 

qPCR in triplicate as described in the manufacturer’s protocols.  The cDNA synthesis 

and qPCR steps were conducted on a Bio-Rad CFX96
TM

 using the following 
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conditions: 10 min at 50 °C; 1 min at 95 °C; 40 cycles of 10 s at 95 °C and 30 s at 60 

°C; and finally, a 65 °C to 95 °C ramp at 0.5 °C every 5 s.  The ΔΔCT method was 

used for fold change analysis,
37

 and all test sample data were normalized to untreated 

cell data.  Details related to the ΔΔCT method are described in Chapter 2 (section 2.7).   

4.3 Results 

4.3.1 siRNA binding efficiencies   

Ethidium bromide exclusion assays were conducted to analyze the siRNA 

binding efficiencies of polyplexes formed from various ratios of mPEG-b-

P(APNBMA)7.9/mPEG-b-P(APNBMA)23.6 polymers, on a fixed molar basis of 

cationic amine groups.  As shown in Figure 4.1A, formulations comprised of larger 

fractions of the longer polymer encapsulated siRNA more efficiently.  These 

differences in binding affinity were apparent at N/P ratios ≤ 1 (Figure 4.1B).  

Furthermore, the ability of the nanocarriers to sequester complexed siRNA was 

enhanced greatly at an N/P ratio of 4, as indicated by the complete disappearance of 

fluorescence in the wells.  Hence, all polyplexes were made at an N/P ratio of 4 in 

subsequent experiments to ensure complete encapsulation of siRNA and to minimize 

excessive positive charge. 
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Figure 4.1: Ethidium bromide exclusion analyses of mPEG-b-P(APNBMA) 

polyplexes.  The polyplex composition is defined as the ratio of mPEG-b-

P(APNBMA)7.9/mPEG-b-P(APNBMA)23.6 polymers, on a molar basis of 

cationic amine groups.  (A) Representative gel electrophoresis images of 

polyplexes formed at varying total N/P ratios with different polymer 

compositions.  (B) Quantification of the gel electrophoresis images in (A) 

calculated from ImageJ analysis of siRNA band intensities. Results are 

shown as the mean ± standard deviation of data obtained from three 

independent experiments. 

4.3.2 Tuning gene silencing  

Given the differences in binding affinities in the different formulations, the 

gene silencing efficiency of each polyplex composition was examined.  Mixed 

polyplexes containing siRNA targeting GAPDH, a model endogenous gene, were 

delivered to NIH/3T3 cells, and the cells were subsequently treated with 365 nm light.  

As shown in Figure 4.2, the 0/100 polyplexes [containing only mPEG-b-

P(APNBMA)23.6] exhibited ~40% protein knockdown, consistent with the literature.
34

  

Interestingly, the 100/0 formulation also was able to achieve a silencing efficiency of 
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~40%; however, all polyplexes comprised of a mixture of the two polymers exhibited 

enhanced knockdown levels, demonstrating that the degree of silencing was tunable 

on the basis of polyplex composition.  In particular, the 50/50 formulation was able to 

mediate gene silencing most efficiently, with ~70% protein knockdown; this silencing 

effect is near the highest degree achievable with a single dose of siRNA given the 

half-lives of the targeted mRNA and protein.
34

  This simple, yet powerful, strategy of 

mixing BCPs produced polyplexes with greater silencing efficiencies than 

nanocarriers comprised of a single polymer species, implying that the polymers were 

functioning in a synergistic manner.   
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Figure 4.2: GAPDH protein silencing efficiencies of mPEG-b-P(APNBMA) 

polyplexes.  The polyplex composition is defined as the ratio of mPEG-b-

P(APNBMA)7.9/mPEG-b-P(APNBMA)23.6 polymers, on a molar basis of 

cationic amine groups.  Cells were treated with 20 nM siRNA polyplexes 

formed an at N/P ratio of 4, irradiated with 365 nm light for 10 min, and 

lysed for western blot analysis 48 h post-transfection.  Polyplexes are 

formed from various ratios of mPEG-b-P(APNBMA)7.9/mPEG-b-

P(APNBMA)23.6 polymers on a fixed molar basis of cationic amine 

groups. Data represent the GAPDH protein expression levels relative to 

the levels of the loading control β-actin, normalized to the native protein 

levels in controls with no siRNA treatment.  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments.  An asterisk indicates a statistically significant difference in 

silencing from the 50/50 composition (p < 0.05).  

Many applications require carriers that are able not only to tune and maximize 

siRNA-mediated gene silencing, but also minimize off-target release and activity.  As 

shown in Figure 4.3, cells transfected with any stably bound polyplex composition 

(e.g. an N/P ratio of 4) but not exposed to light treatment exhibited no gene 

knockdown.  This result suggested that all of the polyplexes remained intact in the 
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cells unless triggered by the photo-stimulus, providing on/off control of siRNA 

activity.   

 

Figure 4.3: Western blot analysis of GAPDH protein levels following polyplex 

treatment without 365 nm light irradiation.  Polyplexes were formed at a 

total N/P of 4, with different polymer compositions of mPEG-b-

P(APNBMA)7.9/mPEG-b-P(APNBMA)23.6, on a molar basis of cationic 

amine groups.  The cell extract was collected 48 h post-transfection.  

Relative band intensities were quantified on the basis of the change in 

GAPDH protein expression levels relative to the band intensity of the 

loading control, β-actin.  These values were normalized to the native 

levels in controls with no treatment.  No significant knockdown was 

exhibited in any samples in the absence of 365 nm irradiation. 

4.3.3 Calculating siRNA availability to predicting gene silencing 

To gain an understanding of why the mixed polyplexes were able to achieve 

enhanced gene silencing, the siRNA availability for each formulation was estimated.  

Within the context of in vitro experiments, the major barriers to activating the RNAi 

process are the cellular uptake of nanocarriers and the release of siRNA into the 

cytoplasm.  Thus, quantitative estimates of how many siRNAs were able to overcome 

these two obstacles would enable the computation of siRNA availability.  Kinetic 

modeling then could be employed to predict gene silencing efficiencies, given the 

relative number of siRNAs free to interact with the RISC for each formulation.  Figure 

4.4A depicts the critical biological barriers and provides an overview of the method 

for predicting the protein knockdown levels that were measured in Figure 4.2.  
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Figure 4.4: siRNA release and cellular uptake analyses to predict gene silencing 

using kinetic modeling.  (A) Schematic of important biological barriers 

that determine the level of gene silencing, as estimated through the 

kinetic model.  (B) Cellular uptake levels as a function of polyplex 

composition as measured by flow cytometry.  The mean fluorescence 

intensity (MFI) per cell was normalized to the MFI for the 0/100 

polyplexes.  (C) Light-triggered release of siRNA from polyplexes 

following incubation in SDS solutions (S/P ratio of 2.5) and irradiation 

with 365 nm light for 10 min.  The solutions were analyzed by gel 

electrophoresis analyses.  (D) Kinetic modeling predictions of gene 

silencing on the basis of siRNA availability estimates from siRNA 

release and cellular uptake data.  The predicted level of protein 

knockdown (red diamonds) was compared to the experimentally 

determined values from Figure 4.2 (blue bars).  Results for all plots are 

shown as the mean ± standard deviation of three independent samples.       
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4.3.3.1 Cellular uptake of polyplexes 

The relative amount of siRNAs entering the cells through cellular 

internalization measurements was evaluated using fluorophore-labeled nucleic acids 

and detection through flow cytometry.  As shown in Figure 4.4B, the level of cellular 

uptake varied as a function of the polymer composition of the nanocarriers.  Cellular 

internalization efficiencies increased as the amount of mPEG-b-P(APNBMA)7.9 in the 

nanocarriers increased up to 50%; however, uptake efficiencies decreased beyond this 

critical threshold, and the 100/0 formulation was internalized least efficiently.  The 

50/50 polyplexes exhibited the highest level of cellular uptake with a normalized mean 

fluorescence intensity (MFI) of ~160%; i.e. 60% more uptake relative to 0/100 

polyplexes.  The significant differences in cellular uptake were found to be dependent 

on both nanocarrier size and surface charge (Figure 4.5), and could be enhanced 

through the simple mixing of the BCPs. 
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Figure 4.5: Average zeta potentials (light blue, associated with primary y-axis) and 

diameters (pink, associated with secondary y-axis) of polyplexes with 

varying compositions.  Polyplexes were formed at a total N/P of 4, with 

different polymer compositions of mPEG-b-P(APNBMA)7.9/mPEG-b-

P(APNBMA)23.6, on a molar basis of cationic amine groups.  Results are 

shown as the mean ± standard deviation of data obtained from three 

independent measurements. 

4.3.3.2 Photo-triggered siRNA release 

The ability of each nanocarrier to liberate siRNA upon application of the 

photo-stimulus was examined in SDS solutions that simulate lipid-rich intracellular 

environments.
34

  As shown in Figure 4.4C, the amount of siRNA release was tunable 

on the basis of polyplex composition.  Specifically, as the mPEG-b-P(APNBMA)7.9 

content in the polyplexes increased, greater amounts of siRNA were liberated.  

Polyplexes containing a greater fraction of the longer polymer exhibited greater 

binding affinity for siRNA, which was consistent with the data in Figure 4.1.  
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4.3.3.3 Predicting gene silencing using kinetic modeling 

Given that the levels of cellular uptake and light-induced polyplex disassembly 

were quantitatively determined as a function of nanocarrier composition, the relative 

amounts of total available siRNAs were computed for each formulation.  These values 

were inputted into a kinetic model (Equations 3.1-3.3) as the amount of siRNA 

introduced following photo-triggered nanocarrier unpackaging.  The model described 

the dynamic changes in siRNA, mRNA, and protein concentrations on the basis of 

component half-lives and cellular doubling times, as described in detail elsewhere.
34

  

Predictions of the changes in protein expression levels were subsequently computed 

and are displayed in Figure 4.4D as red diamonds.  The model accurately captured the 

experimentally measured gene silencing data from Figure 4.2 (blue bars).  

Specifically, the model predicted that the 50/50 formulation would exhibit the greatest 

level of gene silencing.  All mixed polyplexes also were calculated to be more 

efficient than either the 0/100 or 100/0 formulations.  Thus, gene silencing efficiencies 

can be accurately predicted a priori through the use of the simple kinetic model on the 

basis of facile siRNA release and cellular uptake measurements.    

4.3.4 Dynamic silencing response  

The kinetic model also was employed to determine when the minimum protein 

level for a single dose of siRNA would be reached.   The 50/50 formulation was used 

as the basis of the model because these polyplexes exhibited the maximum 

knockdown efficiency (Figure 4.2).  As shown in Figure 4.6A, the mRNA and protein 

levels maintained their steady-state values before the introduction of siRNA, which 

was released only after light exposure at 3.5 h post-transfection.  A rapid decrease in 

the mRNA levels was immediately apparent, followed by the slower decrease of the 
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protein levels.  The amount of siRNA decreased with time, primarily due to dilution 

through cell division.  Consequently, the mRNA expression levels reached a minimum 

level of <10% and started to recover, which caused the protein levels to plateau at 

~36% (~64% silencing) before protein expression started to increase at 48 h post-

transfection. 

As depicted in Figure 4.6B, the kinetic model accurately captured the 

experimentally determined protein expression levels of the dynamic silencing response 

of the 50/50 polyplexes.  Additionally, the model predicted GAPDH mRNA levels to 

be ~45%, which was in agreement with qPCR measurements, further validating the 

utility of the model.  Thus, a streamlined and easily implemented kinetic modeling 

approach was able to accurately capture on/off silencing dynamics.  
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Figure 4.6: (A & C) Kinetic models predict the dynamic nature of the GAPDH 

silencing process with a single dose (A) and double dose (C) of siRNA.  

Initial protein and mRNA concentrations were normalized to 100.  A 

dose of siRNA was introduced 3.5 h after each transfection, which 

corresponds to the time of 365 nm light treatment.  (B & D) Cells were 

lysed at 48 h or 75 h following either a single dose (B) or double dose 

(D) of siRNA, respectively. GAPDH mRNA and protein expression 

levels were determined through qPCR and western blot experiments, 

respectively.  Model predictions of mRNA (green) and protein (orange) 

expression levels at the end points of 48 h and 75 h are presented as solid 

bars; experimental values are presented as diagonal striped bars.  

Experimental values are shown as the mean ± standard deviation of data 

obtained from three independent samples.  
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4.3.4.1 Dosing regimens and dynamic silencing response with multiple siRNA 

treatments 

The model was used to predict the response to numerous dosing schedules to 

determine the optimal time to deliver the second dose of siRNA with the 50/50 

polyplexes.  Model results indicated that polyplexes delivered at 28 h post-transfection 

followed by 365 nm light irradiation 3.5 h later would result in significantly enhanced 

protein knockdown before those levels would start to recover at ~75 h post-

transfection (Figure  4.6C).  To test the validity of the mathematical model, mRNA 

and protein expression levels were measured at 75 h post-transfection as shown in 

Figure 4.6D.  These experimentally determined values were in excellent agreement 

with the model results.   

A noteworthy result of the above dosing studies was a reduction in GAPDH 

protein expression to ~15%, which is a factor of two below the minimum level 

achievable with a single dose (~30%).  Therefore, repeated dosing was a successful 

method for further silencing GAPDH beyond the limits of a traditional single dose.  

Also, it is important to note that no gene knockdown was detected in cells that were 

not treated with light during the double dosing schedule, indicating that the polyplexes 

remained intact and the encapsulated siRNA remained dormant over several days 

(Figure 4.7).  Taken together, the on/off release nature of the polyplexes, combined 

with the dosing schedule informed by kinetic modeling, enabled a two-fold decrease in 

the remaining GAPDH protein levels compared to the minimum single dose level. 
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Figure 4.7: Representative western blot used to analyze GAPDH protein levels 

following a double dose delivery of polyplexes.  Cells were transfected 

for 3 h with mPEG-b-P(APNBMA)7.9/mPEG-b-P(APNBMA)23.6 

polyplexes (50/50) containing GAPDH-targeting siRNA and irradiated 

0.5 h later with 365 nm light for 10 min.  A second transfection was 

performed 28 h after the first transfection, and the cell extract was 

collected 75 h after the first transfection (47 h after the second 

transfection).  Relative band intensities were quantified on the basis of 

GAPDH protein expression levels and normalized to the band intensity of 

the loading control, β-actin.  These values then were normalized to the 

native levels in controls with no treatment.  No significant knockdown 

was noted without 365 nm light exposure.  However, GAPDH protein 

levels were reduced to ~15% with 365 nm light treatment following the 

double dosing schedule, as compared to a minimum achievable reduction 

of ~30% after a single dose.    

4.4 Discussion 

Some of the most significant challenges that have hindered the clinical success 

of siRNA therapies are a lack of control over binding vs. release from the delivery 

vector and an insufficient understanding of the link between gene silencing dynamics 

and siRNA dosing.  To address these challenges, mixed polymer formulations were 

designed that enhanced nucleic acid release in a controllable manner, which aided in 

the development of accurate predictive frameworks for dosing.  One of the most 

common strategies for tuning nucleic acid binding affinity is through the variation of 

the molecular weight and/or charge density of the cationic polymer.
3, 4

  Generally, 

BCPs with longer cationic blocks package siRNA more efficiently.
5
  To harness this 

molecular weight effect through a simpler and more scalable approach, nanocarriers 
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were formed with various ratios of the shorter and longer mPEG-b-P(APNBMA) 

polymers.  As shown in Figure 4.1, the amount of free siRNA at a given N/P ratio 

decreased as the percentage of the longer polymer in the formulation increased.  

Despite the three-fold difference in number of cationic groups per polymer chain, 

formulations consisting of only the shorter polymer were able to produce compact 

nanocarriers at a relatively low N/P ratio of 4.  Thus, all polyplexes were formulated at 

an N/P ratio of 4 to minimize the number of free mPEG-b-P(APNBMA) polymer 

chains in solution.              

The gene silencing capacity of each formulation was analyzed to determine 

whether the differences in polymer binding strengths would affect the initiation of the 

RNAi process.  Notably, without exposure to the photo-stimulus, all polyplexes 

remained inactive and did not mediate any detectable gene knockdown, including the 

100/0 formulation comprised entirely of the weaker binding polymer (Figure 4.3).  

The complete dormancy was surprising, given that many other siRNA delivery 

systems undergo rapid polyanion- or serum-induced disassembly in the extracellular 

environment, leading to limited cellular uptake and gene silencing efficacy.
38, 39

 The 

result demonstrates the high stability of mPEG-b-P(APNBMA) polyplexes in 

polyanion-rich intracellular environments, likely due to cooperative electrostatic and 

hydrophobic interactions.
33

  Robust stability is necessary to minimize undesired off-

target effects in fields requiring precise spatiotemporal control over gene expression, 

such as regenerative medicine.
22

  Furthermore, the unique stability of the polyplexes 

ensures that siRNA is only released on-demand, ultimately enabling precisely 

controlled dosing regimens.  
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Upon treatment with 365 nm light, the nanocarriers induced silencing that was 

tunable on the basis of the polyplex composition due to the synergistic effects of 

simply mixing BCPs (Figure 4.2).  In particular, the 50/50 polyplexes exhibited ~70% 

silencing, which is approximately the highest degree of knockdown achievable with a 

single dose of siRNA in rapidly dividing cells due to the relatively long half-life of the 

GAPDH protein.
34, 40

  Specifically, studies have shown that even when sufficiently 

large amounts of siRNA are delivered to saturate the available RISC, the activated 

RISC complex is diluted too rapidly by cell division to degrade all of the target 

mRNA.
41

  Meanwhile, target proteins with a long half-life, such as GAPDH, do not 

fully degrade before mRNA levels begin to recover.  Notably, the combined modeling 

and experimental results demonstrated the ability to achieve a level of silencing 

previously shown to correspond to RISC saturation
34

 while using siRNA at a 

concentration of 20 nM; this concentration is significantly lower than concentrations 

used by many similar polyplex systems in literature (typically ≥100 nM).
38, 42

  The 

efficacy of the mixed BCP polyplexes may be due to the combination of enhanced 

siRNA binding stability, resulting in minimal losses of siRNA to nucleases, and the 

ability to saturate RISC more efficiently via rapid siRNA release in the cytoplasm.  

Accordingly, the structure-function relationships underlying cellular processing and 

availability of siRNA were investigated.  

The extent of cellular uptake is well-known to depend upon the size and zeta 

potential of the nanocarrier.
43-45

  Furthermore, the compositions of mixed polyplex and 

coacervate systems play major roles in determining nanocarrier structural 

characteristics.
46-48

  Recent reports have studied these effects with mixtures of BCPs 

comprised of different block constituents.
8, 13

  In this work, the effects of mixing 
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chemically-identical BCPs of different molecular weights on nanocarrier structure 

were analyzed.  

Analysis of polyplex size revealed that nanocarriers comprised of more mPEG-

b-P(APNBMA)7.9 had smaller average diameters (Figure 4.5).  This trend is explained 

by the lower charge density of the shorter polymers, which have only ~33% of the 

number of repeat units in the cationic block but are composed of the same PEG block, 

as the mPEG-b-P(APNBMA)23.6 polymers.  Therefore, approximately three times as 

many mPEG-b-P(APNBMA)7.9 chains are needed to neutralize the anionic charges of 

the siRNA.  This self-assembly process is influenced by the inherent molecular 

curvature of the BCPs to minimize energetically unfavorable conditions.
49

  Thus, 

nanocarriers with smaller diameters are favored to accommodate the extra PEG chains 

in the corona and reduce steric effects.  It also is important to note that a single 

population of polyplexes was detected for each formulation, suggesting that each 

polyplex was comprised of proportional amounts of each polymer.  Although the 

effects of nanocarrier size on cellular internalization depend on the nanoparticle 

material and cell type, smaller particles are generally thought to be beneficial for more 

rapid endocytic uptake.
43, 44, 50

  Therefore, polyplexes with greater amounts of mPEG-

b-P(APNBMA)7.9 would be expected to be internalized more efficiently. 

The zeta potential of each formulation also was examined, and polyplexes 

comprised of higher fractions of mPEG-b-P(APNBMA)7.9 were found to have more 

neutral surface charges (Figure 4.5).  This trend is the result of increased shielding of 

the positive polyplex core due to the inclusion of BCPs with higher mass fractions of 

PEG.
8, 51

  For example, despite their smaller sizes, the 0/100 polyplexes exhibited 

lower cellular uptake efficiencies because their low zeta potentials (~2 mV) hindered 
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electrostatically-driven transportation across the anionic cellular membrane.
45, 52

  The 

50/50 polyplexes balanced the opposing requirements for efficient uptake with a 

relatively high zeta potential of ~10 mV and a relatively small diameter of ~40 nm.  

Thus, the nanocarrier surface charge and size were optimized via changes in polyplex 

composition to maximize cellular uptake, and ultimately overall gene silencing 

efficacy.   

The use of mixtures of BCPs also affected the amount of siRNA release into 

the cytoplasm.  Nanocarriers comprised of larger fractions of mPEG-b-

P(APNBMA)7.9 disassembled to a greater extent upon application of the photo-

stimulus (Figure 4.4C), which is consistent with reports in the literature that 

demonstrated polymers comprised of shorter cationic chains release nucleic acids 

more effectively.
3, 6

  Most notably, the 100/0 polyplexes released ~10% more siRNA 

than the 0/100 formulations.  These quantitative analyses were critical in the 

computation of intracellular siRNA availability, which was used in combination with 

kinetic modeling to accurately capture the measured protein expression levels (Figure 

4.4D).  It is important to note that these predictions were made possible only because 

the nucleic acid delivery system is capable of precise and on-demand siRNA release. 

The previous analyses explained why tuning the polyplex composition 

synergistically altered the gene silencing efficiencies of the formulations.  However, 

developing a deeper understanding of the dynamic nature of the RNAi process in the 

system would help to identify rate-limiting steps and inform methods for further 

improving the level of protein knockdown with the existing formulations.  The 

dynamic silencing process is governed by fundamental biological rates, such as cell 

doubling time and protein and mRNA half-lives.  Therefore, these parameters directly 



 167 

affect the maximum gene silencing efficiencies for each system with a single dose of 

siRNA.  To demonstrate that the minimum protein levels were being measured 48 h 

post-transfection, kinetic modeling was employed.  The characteristic rate parameters 

of NIH/3T3 cells and the GAPDH gene were used to generate predictions of mRNA 

and protein concentrations as a function of time.  The model showed that 48 h post-

transfection, a common time point in the literature for measuring protein knockdown, 

was indeed the optimal time when protein levels reached their minimum values and 

started to recover (Figure 4.6A).  Furthermore, the modeling approaches showed that 

the silencing efficiency of this particular system was limited by two key factors.  First, 

NIH/3T3 cells have rapid doubling times of ~24 h, which acts to dilute the 

intracellular siRNAs upon cell division.  Second, because the GAPDH protein has a 

relatively long half-life, reported to be >35 h in NRK-52E rat kidney epithelial cells,
53

 

protein that was translated before the onset of transfection remains stable in the cell 

for long periods of time.  Thus, within the rate-limiting constraints of the system, gene 

silencing was maximized through the combination of photo-responsive release and 

mixed polymer formulations.          

The kinetic model was used to identify optimal times to measure changes in 

gene expression and also accurately capture the measured protein and mRNA levels 

(Figure 4.6B).  Given that this approach considers only certain fundamental biological 

parameters, including cell doubling time and mRNA and protein half-lives, the 

predictions were remarkably accurate.  Such simplicity is advantageous in modeling 

because it enables facile implementation compared to other relatively complicated 

models in the literature,
54

 which makes it more likely to be widely adopted.  
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Additionally, it is noteworthy that the model was able to be streamlined only because 

these polyplexes exhibited precise control over the timing of siRNA release. 

The photo-responsive nature of the mixed polyplex system enabled the 50/50 

nanocarriers to mediate the maximum level of gene silencing achievable with a single 

dose of siRNA, as supported through the literature and kinetic modeling.  Nonetheless, 

some biomedical applications require genes to be knocked down below a specific 

threshold in order to realize therapeutic efficacy.
26

  Many siRNA-based applications 

would benefit from prolonged silencing greater than a few days.  Multiple doses of 

siRNA must be administered to achieve these goals, particularly in rapidly dividing 

cell lines.  However, dosing regimens often are not implemented due to concerns with 

cytotoxicity or a lack of predictive capabilities to determine an optimized dosing 

schedule.   

After generating numerous dosing regimens using the mathematical model, 28 

h after the first transfection was determined to be the optimal time to deliver the 

second dose.  This dosing schedule allowed for the introduction of a second dose of 

siRNA as the mRNA levels started to recover due to dilution of the first dose 

following cell division (Figure 4.6C).  The model also predicted that by 75 h post-

transfection, mRNA levels would start to be restored, thus resulting in increased 

protein expression.  These predictions were remarkably accurate, as confirmed by 

experimental measurements of mRNA and protein levels (Figure 4.6D).  In particular, 

implementation of the dosing regimen resulted in a two-fold decrease in the 

concentration of remaining protein.  These studies demonstrate the potential of 

delivering multiple doses of siRNA to achieve more robust gene knockdown, which 

was made possible through predictions from a mathematical model.    



 169 

In addition to the implementation of kinetic modeling, the straightforward 

mixing of BCPs made it easy to maximize silencing and reduce synthesis workloads.  

To demonstrate these advantages, a third mPEG-b-P(APNBMA)n BCP was 

synthesized with an intermediate cationic block length of n = 16.6.  As shown in 

Figure 4.8, polyplexes made with this polymer were able to mediate >62% protein 

silencing, which is approximately the same level of knockdown exhibited by the 50/50 

mixed formulation (Figure 4.2).  Thus, the simple mixing of BCPs with short and long 

cationic blocks produced formulations at least as efficient as a polymer with optimized 

block lengths.  Moreover, this strategy bypassed the tedious and time-consuming 

process of polymer synthesis required to generate a library of materials.   
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Figure 4.8: GAPDH protein silencing efficiencies of mPEG-b-P(APNBMA)/siRNA 

polyplexes.  Polyplexes were formed at a total N/P of 4, with different 

polymer compositions of mPEG-b-P(APNBMA)7.9/mPEG-b-

P(APNBMA)23.6 (blue bars) or with mPEG-b-P(APNBMA)16.6 (orange 

bar).  Cells were treated with 20 nM siRNA polyplexes, irradiated with 

365 nm light for 10 min, and lysed for western blot analysis 48 h post-

transfection.  Data represent the GAPDH protein expression levels 

relative to the levels of the loading control β-actin, normalized to the 

native protein levels in controls with no siRNA treatment.  Results are 

shown as the mean ± standard deviation of data obtained from three 

independent experiments.  An asterisk indicates a statistically significant 

difference in silencing from the 50/50 composition (p < 0.05). 

4.5 Conclusions 

The straightforward mixing of two photo-responsive BCPs resulted in the 

formulation of nanocarriers with enhanced silencing efficiencies as predicted by 

kinetic modeling.  Upon delivery to cells, all polyplexes remained intact and did not 

induce protein knockdown prior to 365 nm irradiation; however, upon exposure to the 

photo-stimulus, the nanocarriers mediated temporally controlled gene silencing that 

was easily tunable on the basis of polyplex composition.  Furthermore, the 50/50 
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formulation exhibited maximal knockdown of ~70% with a single dose of siRNA due 

to the saturation of cellular RNAi capacities.  A simple kinetic model was employed to 

identify optimal double dosing schedules to further reduce GAPDH protein expression 

by a factor of two beyond the maximum level for a single dose.  Moreover, the model 

confirmed that the gene silencing efficiencies were controlled by intracellular siRNA 

availability, as estimated through analysis of cellular uptake and light-induced siRNA 

release.  Specifically, cellular uptake was enhanced by ~60% by optimizing 

nanocarrier size and zeta potential through the synergy of mixed BCPs.  To my 

knowledge, this system is the first to mix photo-responsive, chemically-identical BCPs 

of different molecular weights to alter polyplex structures and improve efficacy.  

These findings and the kinetic modeling approach should be applicable to other 

stimuli-responsive polyplex systems with controlled siRNA release.  Thus, this 

chapter uniquely combines advances in material design for improved spatiotemporal 

control over siRNA delivery with kinetic modeling capable of predicting gene 

silencing dynamics to inform optimal dosing schedules.  These insights enabled 

enhanced gene silencing and facilitated the development of a dosing framework that 

can be exploited in other settings that require prolonged knockdown.  
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INCORPORATION OF ANIONIC EXCIPIENTS FOR IMPROVED 

THERANOSTICS 

This chapter describes the incorporation of anionic excipients into polyplexes 

to improve siRNA release and to impart diagnostic capabilities to the formulations.  

Specifically, poly(acrylic acid) polymers and quantum dots were used to enhance gene 

silencing efficiencies and allow for the dynamic self-reporting of polyplex 

disassembly.  This work was conducted in collaboration with Jason C. Andrechak.  

The text, tables, and figures in this chapter are adapted and reprinted with permission 

from Greco, C. T.; Andrechak, J. C.; Epps, T. H., III; Sullivan, M. O., Anionic 

polymer and quantum dot excipients to facilitate siRNA release and self-reporting of 

disassembly in stimuli-responsive nanocarrier formulations. Biomacromolecules 2017, 

18, 1814-1824.  Copyright 2017 American Chemical Society.    

5.1 Introduction 

One of the primary advantages of small interfering RNA (siRNA) is its high 

potency, as only ~10
3
 siRNAs per cell are needed to significantly suppress gene 

expression in vitro and in vivo.
1-3

  However, most RNAi protocols require doses 

corresponding to ~10
7
-10

9
 siRNAs per cell,

4, 5
 meaning that < 0.01% of the dosed 

siRNA molecules is available to engage the RNA-induced silencing complex (RISC), 

even in the most efficient delivery platforms.  This inefficiency in siRNA usage is the 

cause of many practical issues that have hindered clinical translation, including dose-

Chapter 5 
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limiting toxicities and prohibitively high costs associated with administering large 

excesses of expensive siRNAs.
6, 7

   

One of the primary barriers to high delivery efficiencies is a lack of control 

over binding vs. release of siRNA nanopackages.
8, 9

  These contradictory requirements 

necessitate a compromise between stability and release in most polymeric 

nanocomplexes (polyplexes),
10

 particularly in classical two-component 

(siRNA/cationic polymer) systems with limited means to manipulate electrostatic 

interactions.  Compounding these issues is a lack of diagnostic tools available to 

mechanistically probe binding/release behavior in vitro and in vivo. 

A promising strategy for addressing these challenges is the incorporation of 

additional components to modulate the release of siRNA and/or enable quantification 

of binding/release in situ.
11

  These components often are polymers, peptides, proteins, 

or glycosaminoglycans with high negative charge densities
12-14

 that can alter nucleic 

acid binding properties, while also providing enhanced ability to release the payload 

from the polyplexes.
15, 16

  Specifically, anionic excipients that have a strong binding 

affinity for the cationic polymers may provide additional stability to the 

electrostatically assembled polyplexes while simultaneously enabling improved 

release of siRNA.
11, 17

  For example, Han et al. reported that the incorporation of γ-

poly(glutamic acid) (γ-PGA) or sodium tripolyphosphate (TPP) into galactose-

modified trimethyl chitosan-cysteine (GTC) polyplexes tuned the electrostatic 

interactions and increased siRNA release, resulting in enhanced gene silencing.
17

  In 

addition to enhancing siRNA release, numerous studies indicate that the addition of an 

anionic excipient can improve biocompatibility and affect cellular uptake.
18

  For 

example, the incorporation of γ-PGA into polyethylenimine (PEI)/nucleic acid 
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complexes increased cellular internalization and reduced toxicity.
12

  Conversely, other 

reports demonstrated that anionic components reduce both passive uptake into cells 

and interactions with tissues throughout the body.
19, 20

  This stealthy behavior may be 

exploited in vivo to reduce non-specific cellular internalization and increase the 

delivery to the targeted tissue.
19, 21

  

The incorporation of anionic components also can provide integrated 

diagnostic/imaging capacities, which would be especially useful for locating and/or 

quantifying nanocarrier disassembly due to the innate capacity to dynamically report 

release events.  Indeed, many promising theranostic strategies combine both 

therapeutic and diagnostic properties in a single formulation;
22

 however, these systems 

often require that the payload is labeled with the diagnostic agent
23

 or conjugated to a 

nanoparticle.
24

  Both labeling and conjugation approaches can attenuate nucleic acid 

binding and alter intracellular trafficking.
25

  Thus, excipients that can simultaneously 

enhance efficacy and provide diagnostic capabilities would avoid competitive 

interactions that may hinder nucleic acid activity.  Such integrated approaches would 

accelerate the testing of novel excipients to improve delivery efficiencies. 

Although many excipient-containing formulations exhibit promising 

characteristics, several problems persist.  One major challenge relates to finding a 

balance in binding affinity that allows for sufficient siRNA release without sacrificing 

extracellular stability.
26

  For example, Huang et al. demonstrated that the addition of 

an anionic polymer, poly(glutamic acid)-g-poly(ethylene glycol) (PGA-g-mPEG), into 

poly(ε-caprolactone)-g-poly(N, N-dimethylaminoethyl methacrylate) (PCL-g-

PDMAEMA)/siRNA polyplexes resulted in increased intracellular stability but 

reduced gene silencing efficiencies relative to unmodified polyplexes.  This behavior 
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was attributed to loosened complexes that allowed siRNA to escape prior to cellular 

uptake,
4
 highlighting the challenging nature of producing stable multicomponent 

nanocarriers.  Another key hurdle to the successful use of excipients in siRNA 

delivery is the lack of knowledge regarding optimal molecular weights, loading 

fractions, and charge densities of the anionic components.
27

  Although these properties 

have been studied in coacervate systems and are critical determinants of nanocarrier 

efficacy,
28

 few reports have provided quantitative understanding of how these 

parameters affect nucleic acid delivery systems and alter siRNA release and gene 

silencing.
17, 27

  For example, Schlegel et al. reported the use of PAA, among other 

anionic excipients, for enhanced delivery of siRNA liposomes but explored only a few 

molecular weights (4.5 or 1,100 kDa for PAA).
27

  The inclusion of these PAA 

molecular weights only led to minor improvements in gene silencing, and the authors 

did not uncover direct structure-function relationships related to siRNA release. 

In this chapter, poly(acrylic acid) (PAA) and quantum dots (QD)s were used as 

excipients in stimuli-responsive siRNA polyplexes.  PAA was chosen because of its 

extensive use in a variety of FDA-approved products,
29

 high anionic charge density 

(almost twice that of γ-PGA),
27

 commercial availability, and low cost.  Six different 

PAA molecular weights spanning three orders of magnitude were investigated to 

elucidate the effects of polymer chain length on polyplex stability and siRNA release.  

QDs coated with carboxylic acid groups were chosen due to their diagnostic 

capabilities (superior fluorescent properties and potential for bioimaging),
30

 

concentrated anionic charge density, and commercial availability. 

PAAs and/or QDs were incorporated into polyplex assemblies comprised of 

mPEG-b-poly(5-(3-(amino)propoxy)-2-nitrobenzyl methacrylate) [mPEG-b-
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P(APNBMA)] block copolymers (BCP)s
31

 and siRNA (Figure 5.1).  siRNA 

release/gene silencing was optimized by varying the weight ratio of siRNA and PAA 

(with the total weight of the anionic components held constant) and the molecular 

weight of PAA, and formulations comprised of 30/70 (w/w) PAA/siRNA with PAA 

molecular weights of 154 kDa and 240 kDa (an order of magnitude larger than 

siRNA) were the most efficient.  The PAA-containing polyplexes were extremely 

stable for at least one week in storage and did not lose their efficacy when transfected 

in serum-supplemented media.  Furthermore, the gene silencing efficiency of each 

formulation could be predicted a priori on the basis of heparin-induced siRNA release 

assays and RNAi modeling approaches.  QDs also were incorporated into the 

polyplexes to produce multi-functional nanostructures with increased gene silencing 

efficiency and diagnostic capabilities.  In particular, these nanocarriers self-reported 

polyplex disassembly with a Förster resonance energy transfer (FRET)-based 

detection system, and QD incorporation enhanced visualization via cryogenic 

transmission electron microscopy (cryo-TEM).  Thus, the incorporation of anionic 

excipients is a promising method for improving delivery efficiencies, reducing costs, 

and mitigating toxicity-associated side effects associated with nucleic acid delivery. 
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Figure 5.1: Cartoon schematic of mPEG-b-P(APNBMA) siRNA polyplexes (A) 

without PAA or QDs and (B) with PAA and QDs.  Following polyplex 

formation, the formulations were treated with a photo-stimulus to trigger 

unpackaging of siRNA.  The incorporation of the excipients resulted in 

enhanced and selective release of siRNA.    

5.2 Materials and Methods 

5.2.1 Materials 

The mPEG-b-P(APNBMA)23.6 polymer (Mn = 13.1 kDa) was synthesized via 

atom-transfer radical polymerization as described previously.
31

  Non-targeted siRNA 

molecules (universal negative control) and branched PEI (25 kDa) were purchased 

from Sigma-Aldrich (St. Louis, MO).  Anti-GAPDH siRNA was obtained from GE 

Healthcare Dharmacon, Inc. (Chicago, IL).  PAA polymers of varying molecular 

weights were obtained from Polysciences, Inc. (Warrington, PA) (Mw = 2 kDa; 30 

kDa; 4,000 kDa), Polymer Source (Dorval, Quebec, Canada) (Mw = 154 kDa; 642 

kDa), and Acros Organics (Waltham, MA) (Mw = 240 kDa).  Qdot® 605 ITK™ 
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Carboxyl Quantum Dots and Opti-MEM® media were obtained from Life 

Technologies (Carlsbad, CA).  Rabbit IgG polyclonal GAPDH antibody and 

secondary goat anti-rabbit IgG polyclonal horseradish peroxidase (HRP) antibody 

were purchased from AbCam (Cambridge, MA).  The rabbit IgG polyclonal actin 

antibody was purchased from Santa Cruz Biotechnology (Dallas, TX).  Dulbecco’s 

Modified Eagle Medium (DMEM) and PBS (150 mM NaCl) solutions were purchased 

from Corning Life Sciences – Mediatech Inc. (Manassas, VA).  TEM grids were 

obtained from Electron Microscopy Sciences (Hatfield, PA).  Lanthanide atom doped 

NaYF4 upconverting nanoparticles (UCNP)s capped with carboxylic acid were 

obtained from the Doty lab at the University of Delaware dispersed in 0.1 M 

mercaptopropionic acid (MPA) in water at a concentration of approximately 1 mg mL
-

1
.  All other reagents were purchased from Thermo Fisher Scientific (Waltham, MA). 

5.2.2 Preparation of nanocarriers 

Polyplexes were formed by a self-assembly process through mixing of siRNA, 

PAA, QDs and mPEG-b-P(APNBMA) in 20 nM 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES) buffer at pH 6.0.  A solution containing all anionic 

components (e.g., siRNA, PAA, QDs) and a solution containing the cationic mPEG-b-

P(APNBMA) were prepared separately with equal volumes.  The standard 

(unmodified) polyplex was comprised of 0.4 µg siRNA and mPEG-b-P(APNBMA) at 

an N/P (N: amine groups on mPEG-b-P(APNBMA); P: phosphate groups on siRNA) 

of 4 in a total volume of 25 µl.  In PAA-modified polyplexes, the PAA/siRNA weight 

ratios were varied while holding the total weight of the anionic components constant. 

(Note: the compositions of PAA-containing polyplexes are reported as PAA/siRNA 

(w/w) ratios.)  The cationic block copolymer solutions were added dropwise to the 
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anionic component solutions while mixing thoroughly via vortexing.  The resulting 

solutions were incubated at room temperature for 30 min prior to further analysis. 

5.2.3 Cell culture 

Mouse embryonic fibroblasts (NIH/3T3) were obtained from the American 

Type Culture Collection (ATCC; Manassas, VA) and were cultured following ATCC 

protocols in a growth medium consisting of DMEM supplemented with 10 vol% fetal 

bovine serum (FBS) and 1 vol% penicillin-streptomycin (P/S).  The cells were 

cultured in a humid environment maintained at 37 ºC and 5 vol% CO2.  

5.2.4 In vitro cell transfection  

NIH/3T3 cells were cultured in six-well plates at a density of 10,000 cells cm
-2

 

for 24 h.   Before transfection, the supplemented growth medium was removed, and 

the cells were washed with PBS.  Opti-MEM was added to the plates before the 

polyplex solutions were added dropwise to a final concentration of 20 nM in each 

well.  Following a 3 h transfection period, the Opti-MEM was replaced with 

supplemented DMEM for a 30 min recovery period.  The DMEM was replaced with 

phenol red-free Opti-MEM®, and the cells were irradiated with 365 nm light at an 

intensity of 200 W/m
2
 for 10 min on a 37 ºC hotplate.  Supplemented DMEM was 

added to the wells after irradiation. 

5.2.5 GAPDH protein knockdown 

Cells were cultured for 48 h following transfection.  The cells were lysed with 

a solution consisting of 0.5 vol% Triton X-100, 0.5% sodium deoxycholate, 150 mM 

NaCl, 5 mM Tris–HCl (pH 7.4), 5 mM EDTA, and 1x Halt Protease and Phosphatase 

Inhibitor cocktails.  The total protein concentration for each sample was determined 
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with a BCA Protein Assay Reagent Kit, and the samples were subjected to 4% - 20% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis for 35 min at 150 V.  The 

protein was transferred to a poly(vinylidene fluoride) membrane at 18 V for 70 min, 

and the membrane was subsequently blocked in 5 vol% bovine serum albumin (BSA) 

in Tris–HCl-buffered saline (50 mM Tris–HCl, pH 7.4, 150 mM NaCl) containing 0.1 

vol% Tween 20 (TBST) at room temperature for 1 h.  The membrane was incubated in 

a solution of anti-GAPDH rabbit monoclonal IgG primary antibody (0.5 μg mL
-1

 in 

TBST) at 4 °C overnight.  Afterwards, the membrane was incubated with a solution of 

goat anti-rabbit polyclonal IgG antibody conjugated to HRP (0.4 μg mL
-1

 in TBST) at 

room temperature for 1 h.  Target proteins were visualized using SuperSignal
TM

 West 

Dura Chemiluminescent Substrate with a FluorChem Q imager (ProteinSimple, San 

Jose, CA).  Next, antibodies were stripped from the blot using Restore™ PLUS 

Western Blot stripping buffer for 15 min.  The membrane was blocked in a 5% BSA 

solution for 1 h and then incubated in anti-actin rabbit polyclonal IgG (0.3 μg mL
-1

 in 

TBST) overnight.  The next day, after incubation with a solution of secondary goat 

anti-rabbit polyclonal IgG antibody conjugated to HRP, chemiluminescent imaging 

was used to detect the actin bands.  The band intensity of each target protein was 

analyzed with ImageJ software.  

5.2.6 Polyplex size determination using fluorescence correlation spectroscopy 

(FCS) 

Polyplexes were formulated with Dy547-labeled siRNA and placed on cover 

slips, and the coverslips were attached to glass microscope slides using SecureSeals 

(Life Technologies, Grand Island, NY).  FCS measurements were performed on an 

LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany) using a 561 nm 
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laser and a 40x (numerical aperture = 1.2) water immersion apochromat objective.  

Thirty measurements, each lasting 8 s, were obtained for each sample.  Data analysis 

was performed with ZEN 2010 software (Carl Zeiss), and the structural and 

measurement parameters were determined using a solution of AlexaFluor555 dye with 

an assumed diffusion coefficient of 340 µm
2
 s

-1
.
32

 

5.2.7 Serum and storage stability assay 

Polyplexes were formed either 30 min or 1 week prior to transfection.  The 

GAPDH protein knockdown protocol described above was followed, except that 

transfections were carried out in DMEM containing 10 vol% FBS and 1 vol% P/S for 

serum stability experiments.   

5.2.8 Heparin-induced siRNA release 

Heparin was added to polyplex samples at a weight ratio of 5:1 

(heparin:combined weight of siRNA and PAA).  The solutions were gently vortexed 

and allowed to incubate in the dark at room temperature for 30 min.  A 6x loading dye 

[3/7 (v/v) glycerol/water] was added to the polyplex solutions, and the solutions were 

subsequently loaded into a 2 wt% agarose gel containing 0.5 µg mL
-1

 ethidium 

bromide and run at 100 V for 30 min.  The wells were imaged on a Bio-Rad Gel Doc 

XR, and the intensity of each free siRNA band was quantified using ImageJ software 

and compared to a control band of free siRNA. 

5.2.9 RNAi modeling 

A set of equations (Equations 3.1-3.3 in section 3.3.3) was solved using 

differential equation solver ode45 in MATLAB.  The initial concentrations of siRNA 

were varied according to the heparin-induced siRNA release data.  
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5.2.10 FRET-based polyplex disassembly 

Polyplexes were formulated as described with either 2 nM QD605 and 10 nM 

Dy647-labeled siRNA (for QD-containing polyplexes) or 10 nM Dy547- and 10 nM 

Dy647-labeled siRNA (for polyplexes not containing QDs).  Following the light 

treatment procedure detailed above, polyplex solutions were loaded into cuvettes.  The 

fluorescence emission (525-750 nm) was measured on a Fluoromax-4 fluorescence 

spectrophotometer (Horiba, Kyoto, Japan) using an excitation wavelength of 488 nm. 

5.2.11 Flow cytometry to detect FRET-based polyplex disassembly 

Polyplexes were formulated with mPEG-b-P(APNBMA)/PAA (30 wt% 240 

kDa)/QD (2 nM)/Dy647 fluorophore-labeled siRNA polyplexes and transfected into 

NIH/3T3 cells.  Following irradiation with 365 nm light for varying lengths of time, 

the fluorescence intensity was measured using flow cytometry on an Accuri C6 

instrument (BD Biosciences, San Jose, CA) and analyzed using FlowJo v7 software 

(FlowJo, LLC, Ashland, OR).  To account for signal bleed-through in the PE-Cy5.5 

(FRET) fluorescence intensity, a compensation matrix was used such that the median 

fluorescence of the control samples (QD only and Dy647-siRNA only) was equal to 

the autofluorescence signal from untransfected cells.   

5.2.12 Cryogenic transmission electron microscopy (cryo-TEM) imaging of 

nanocarriers 

Polyplexes were formulated with 30/70 PAA/siRNA (240 kDa) and 1 nM QDs 

as described above.  The formulations were air-dried until the solutions were ~10x 

concentrated.  Cryo-TEM samples were prepared using a FEI Vitrobot.  Before 

loading, carbon-coated copper TEM grids (C-flat™ holey carbon film with 200 mesh 

and Multihole patterning) were cleaned by plasma etching for 60 s.  A 5µL drop of 
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polyplex solution was added to the grid, and the grid was blotted twice to remove the 

excess solution.  The grids were plunged into cold liquid ethane to vitrify the sample 

and then transferred to liquid nitrogen.  The grids were transferred to a Gatan 

cryotransfer holder and imaged with a FEI Talos TEM operating at 120 kV.  The 

images were analyzed using DigitalMicrograph Version 3.9.4 and ImageJ Version 

1.47.  Cryo-TEM sample preparation and image acquisition was conducted by Dr. 

Tiffany Suekama.    

5.3 Results and Discussion 

5.3.1 Formulation of PAA-containing polyplexes   

Ternary complexes were formulated with varying weight fractions of siRNA 

and PAA to determine how much of the cationic polymer was needed for complete 

encapsulation of siRNA in the presence of both siRNA and the PAA excipient.  

Ethidium bromide exclusion assays indicated that formulations made with larger 

fractions of PAA were not able to encapsulate siRNA as efficiently (Figure 5.2).  

Specifically, whereas siRNA in the 0/100 (PAA/siRNA) formulation was completely 

bound in polyplexes at an N/P ratio of 1, consistent with earlier studies,
33

 free siRNA 

remained in the 30/70 and 50/50 formulations at an N/P ratio of 2 and was not 

completely encapsulated in these samples until an N/P of 4.  Thus, all nanocarriers 

were formulated at an N/P ratio of 4 in subsequent studies to ensure complete 

encapsulation.  The decrease in siRNA binding affinity upon PAA addition likely was 

a result of the higher anionic charge density of PAA,
27

 resulting in lower effective 

charge ratios.  In particular, the effective charge ratios of the 0/100, 10/90, 30/70, and 

50/50 formulations are ~4.0, ~3.0, ~2.0, and ~1.4, respectively.  The high anionic 
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charge of PAA is favorable for inducing greater amounts of siRNA release 

intracellularly because it leads to preferential retention of PAA relative to the 

siRNA.
17

   

 

Figure 5.2: Representative ethidium bromide exclusion analyses of various 

formulations.  Control polyplexes were formed at various N/P ratios with 

mPEG-b-P(APNBMA) and siRNA.  Different formulations were made 

by substituting siRNA with 240 kDa PAA at various weight ratios while 

keeping the amount of mPEG-b-P(APNBMA) unchanged.  Polyplex 

solutions were examined via gel electrophoresis. 

5.3.2 Gene silencing of PAA-containing polyplexes 

Given that PAA incorporation altered siRNA binding affinity, the effects of 

polyplex composition on gene silencing were investigated.  To this end, the molecular 

weight of the PAA was varied over three orders of magnitude at various PAA loading 

fractions.  Following transfection, cells were treated with a photo-stimulus, and the 
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protein silencing efficiency was measured.  The fold change in silencing efficiency per 

weight of siRNA delivered was compared to control polyplexes formulated without 

PAA.  As shown in Figure 5.3, all 10/90 formulations exhibited no significant 

differences in gene silencing in comparison to the control polyplexes.  Polyplexes 

comprised of 50/50 PAA/siRNA also had protein knockdown levels comparable to 

0/100 PAA polyplexes, although the efficacy of these formulations was more 

dependent on PAA molecular weight.  Conversely, the 30/70 polyplexes comprised of 

154 kDa and 240 kDa PAA demonstrated enhanced gene silencing that was nearly 

100% more efficient than the polyplexes without PAA (2-fold difference).  Within 

each loading fraction, the 4,000 kDa PAA formulations generated the least efficient 

silencing responses, and the intermediate PAA molecular weights provided the highest 

levels of knockdown.  It is important to note that all formulations remained dormant 

and did not mediate protein silencing in the absence of 365 nm light (Figure 5.4).  The 

on/off photo-controlled nature of the polyplexes is indicative of their intracellular 

stability and provides a distinct advantage over other polyplex systems for biomedical 

applications that require precise spatiotemporal control over gene expression.
34
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Figure 5.3: Silencing efficiency fold change of mPEG-b-P(APNBMA)/PAA ternary 

siRNA polyplexes.  siRNA was substituted with PAA on a weight 

percent basis, and the molecular weight of PAA was varied.  Cells were 

treated with 20 nM siRNA polyplexes, irradiated with 365 nm light for 

10 min, and lysed for western blot analysis at 48 h post-transfection.  

Data represent the fold change in GAPDH protein silencing efficiency 

(on a per µg of siRNA basis) of each formulation relative to polyplexes 

without PAA (fold change = 1).  Results are shown as the mean of data 

obtained from three independent experiments. 

 

Figure 5.4: Representative western blot analysis of GAPDH protein levels following 

treatment with various mPEG-b-P(APNBMA)/240 kDa PAA siRNA 

formulations at an N/P ratio of 4 in the absence of light irradiation.  The 

cell extract was collected 48 h post-transfection.  Relative band 

intensities were quantified on the basis of the change in GAPDH protein 

expression levels relative to the band intensity of the loading control, β-

actin.  These values were normalized to the native levels in controls with 

no treatment.   
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5.3.3 Serum and storage stability    

The most efficient formulation (30/70, 240 kDa) was analyzed further to 

elucidate the serum and storage stability of the polyplexes.  First, polyplexes were 

exposed to either serum-free media or serum-supplemented media to determine if the 

polyplexes could resist serum-induced aggregation or degradation and maintain 

activity.  FCS analyses suggested that there was no significant change in the average 

polyplex diameter following incubation in FBS for 3 h (Figure 5.5).  As shown in 

Figure 5.6A, the mPEG-b-P(APNBMA)/PAA polyplexes mediated the same level of 

knockdown in serum-supplemented and serum-free media.  However, polyplexes 

made with PEI, a cationic polymer commonly used in nucleic acid delivery, rapidly 

aggregated and were ineffective in silencing gene expression (Figure 5.6B).  

Furthermore, mPEG-b-P(APNBMA)/PAA polyplexes that were formulated and stored 

for one week prior to transfection exhibited similar gene silencing efficiencies as 

polyplexes used 30 min prior to transfections in serum-free media.  mPEG-b-

P(APNBMA)/PAA polyplexes that were stored for one week prior to transfection in 

serum-supplemented media mediated a higher gene silencing efficiency than PEI and 

mPEG-b-P(APNBMA) polyplexes without PAA in standard conditions (30 min 

storage, serum-free transfection media).   
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Figure 5.5: Serum stability of mPEG-b-P(APNBMA)/240 kDa PAA and PEI siRNA 

polyplexes, based upon analysis of polyplex size following exposure to 

100% FBS for various lengths of time at 37 °C.  The nanocarriers that 

were not exposed to FBS (0 h) were stored in the formulation buffer, 

HEPES buffer, at 37 °C prior to analysis.  Average polyplex diameters 

were computed from FCS analyses.  Results are shown as the mean ± 

standard deviation of data obtained from three independent experiments.  

An asterisk indicates a statistically significant difference between 

polyplex sizes after exposure to FBS (p < 0.05).    
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Figure 5.6: Polyplex stability in serum-containing media and following storage for 

one week.  The silencing efficiencies of (A) mPEG-b-P(APNBMA)/PAA 

(30/70, 240 kDa) ternary siRNA polyplexes and (B) PEI/siRNA 

polyplexes were analyzed.  Transfections were conducted in either 

OptiMEM (serum-free) or DMEM containing 10% FBS.  Polyplexes 

were incubated for either 30 min or 1 week prior to transfection.  Cells 

were treated with 20 nM siRNA polyplexes, irradiated with 365 nm light 

for 10 min, and lysed for western blot analysis at 48 h post-transfection.  

Data represent the fold change in GAPDH protein silencing efficiency 

(on a per µg of siRNA basis) of each sample relative to polyplexes 

without PAA (red dashed line).  Results are shown as the mean ± 

standard deviation of data obtained from three independent experiments.  

An asterisk indicates a statistically significant difference between a given 

sample and polyplexes incubated for 30 min prior to transfection in 

serum-free media (p < 0.05). 

Polyplex stability in polyanion-rich environments, such as serum-containing 

culture media, is a particularly important problem that has limited translation of 

nucleic acid delivery vehicles.
26

  Although many nanocarriers are able to resist 

aggregation and maintain their size in serum, protein-nanoparticle interactions remain 

a major challenge.
35

  For example, Sizovs et al. formulated a number of 

nanocomplexes that exhibited promising serum stability properties, but most failed to 



 196 

mediate gene knockdown in serum-supplemented media.
36

  This phenomenon is 

representative of the widespread problem of biotransformation, a process by which 

proteins and other biomolecules adsorb to nanocarrier surfaces, forming a corona that 

critically alters the physico-chemical identity of the nanostructure in vivo.
37

  These 

changes may inhibit cellular internalization, induce premature polyplex disassembly, 

or trigger activation of the immune system.
36, 38

  The fact that PAA-containing mPEG-

b-P(APNBMA) polyplexes did not lose efficacy in serum-supplemented media 

suggests that these formulations are extremely stable and may be well suited for in 

vivo applications. 

The ability of nanocarriers to remain stable over relatively long periods of time 

is another critical characteristic required for clinical use.
39

  This feature is particularly 

important in settings that require numerous doses to be administered over multiple 

days, as a single batch of nanocarriers can be formulated and used for all doses.  

However, in the literature, the vast majority of polyplexes are formulated within a few 

hours of their desired use to minimize aggregation over time.  Moreover, most 

polyplex systems capable of prolonged stability often require lyophilization or storage 

in non-ambient conditions, which hinders practical application.
40

   

The fact that the nanocarriers were able to mediate efficient gene silencing in 

serum-supplemented media following storage for one week is indicative of their robust 

stability in biological environments.  In addition to the incorporation of an anti-fouling 

PEG block in mPEG-b-P(APNBMA), hydrophobic interactions between the aromatic 

rings in the cationic block and the siRNA backbone likely confer enhanced resistance 

to biotransformation.
33

  Multiple reports also have demonstrated that formulating 

polyplexes with a combination of hydrophobic and electrostatic interactions improved 



 197 

in vivo stability and gene silencing.
41, 42

  Nevertheless, subsequent studies were 

conducted in Opti-MEM to isolate the potential effects of heparin-induced siRNA 

release on gene silencing efficiencies. 

5.3.4 Heparin-induced siRNA release and cellular uptake    

The ability of anionic glycosaminoglycans, such as heparin, to mediate nucleic 

acid release from nanocarriers has been shown to be correlated with transfection 

efficiencies.
43

  To this end, heparin stability assays were conducted to better 

understand why the various mPEG-b-P(APNBMA)/PAA polyplexes mediated 

different levels of gene silencing.  Following addition of heparin at a 5:1 

heparin:siRNA weight ratio, the percent of siRNA that was liberated from each 

formulation was measured by gel electrophoresis as shown in Figure 5.7.  Generally, 

10/90 and 50/50 polyplexes released smaller percentages of siRNA than 30/70 

polyplexes.  Formulations made with the highest molecular weight PAA (4,000 kDa) 

released the smallest fractions of siRNA, and formulations made with intermediate 

molecular weights (154 kDa and 240 kDa) disassembled to the greatest extent, 

particularly in the case of 30/70 polyplexes.  Therefore, a range of PAA molecular 

weights and weight fractions was identified that exhibited the greatest amounts of 

siRNA release, consistent with gene silencing studies.  Notably, although PAA was 

incorporated to increase gene silencing by reducing polymer-siRNA binding, mPEG-

b-P(APNBMA)/PAA polyplexes remained sufficiently stable as to require high 

heparin:siRNA ratios to induce detectable siRNA release, in distinct contrast to 

PEI/siRNA polyplexes.
33
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Figure 5.7: Heparin-induced siRNA release from mPEG-b-P(APNBMA)/PAA 

ternary siRNA polyplexes.  siRNA was substituted with PAA on a 

weight percent basis, and the molecular weight of PAA also was varied.  

Following polyplex formulation, heparin was added at a weight ratio of 

5:1 heparin:siRNA and incubated for 30 min.  The solutions were 

subjected to gel electrophoresis and the amount of free siRNA was 

quantified using ImageJ.  Results are shown as the mean of data obtained 

from three independent experiments. 

The gene silencing trends reported in Figure 5.3 are remarkably similar to the 

siRNA release data shown in Figure 5.7, suggesting that the modulation of binding vs. 

release was a key factor dictating knockdown efficacy.  In particular, formulations 

comprised of intermediate PAA weight fractions (30/70 PAA/siRNA) and 

intermediate PAA molecular weights (154-204 kDa) released the greatest amounts of 

siRNA and mediated the most efficient gene knockdown.  These trends are influenced 

by a number of factors including excipient chain length, overall nanocarrier charge, 

and number of excipient molecules per nanocarrier.  All 10/90 formulations exhibited 

silencing efficiencies similar to the control polyplexes without PAA, suggesting that a 
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10 wt% modification is not enough to significantly alter the physical properties of the 

nanocarriers.  However, formulations that had 50 wt% of the siRNA replaced with 

PAA also did not mediate significantly improved gene silencing, which is a result of 

PAA having an anionic charge density approximately five times greater than siRNA.  

In particular, these nanocarriers had overall charge ratios that were close to neutral 

(effective charge ratio of ~1.4), which decreases the competitive binding interactions 

with intracellular polyanions that promote polyplex disassembly.  The 30/70 

formulations, on the other hand, possessed almost twice as many cationic charges as 

anionic charges (effective charge ratio of ~2.0) and strongly interacted with 

polyanions, such as heparin, to liberate siRNA.  

For all weight fractions of PAA, but particularly in the case of 30/70 

polyplexes, the optimal PAA molecular weights were approximately 10-20 times 

greater than the molecular weight of siRNA (~13 kDa).  Many reports in the literature 

have demonstrated that the binding affinity of ionic polymers increases with molecular 

weight.
10, 44

  As the PAA molecular weight increases to molecular weights much 

greater than the molecular weight of siRNA, the electrostatic interactions are stronger 

and the PAA preferentially binds to the cationic polymer so that siRNA can be 

selectively released.  At the same time, the longer PAA chains can form entanglements 

within the nanocarriers that stabilize the polyplexes and limit their disassembly.
15, 45

  

Additionally, if the weight fraction of PAA is held constant, the number of individual 

polymers in each polyplex decreases as the molecular weight of PAA increases (Table 

5.1).  For example, the 30/70 4,000 kDa PAA nanocarriers would have ~0.3 PAA 

chains per polyplex, meaning that the majority of the nanocarriers are unmodified and 

contain no PAA.  This analysis helps explain why this particular formulation exhibited 
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gene silencing efficiencies similar to the control polyplexes without PAA.  Taken 

together, PAA polymers with intermediate molecular weights balance all of these 

effects (i.e., providing preferential binding, limiting the amount of chain entanglement, 

and distributing PAA chains in all polyplexes) more effectively than the high and low 

molecular weight polymers. 

Table 5.1: Estimated number of PAA polymer chains per polyplex in various 

formulations.   

  
PAA MW (Da) 

  
2k 30k 154k 240k 642k 4,000k 

wt% PAA 
10 110 12 2.4 1.5 0.6 0.1 
30 320 35 7.1 4.6 1.7 0.3 
50 530 59 12 7.7 2.9 0.5 

 
Note: MW of siRNA is ~13 kDa 

In addition to intracellular siRNA release, cellular uptake also may play a 

significant role in determining overall efficiency.
16

  Thus, cellular uptake analyses 

were conducted to investigate the effect of polyplex composition on nanocarrier 

internalization.  The amount of siRNA uptake was proportional to the weight fraction 

of siRNA in the formulations (Figure 5.8), indicating that approximately the same 

number of polyplexes were being internalized regardless of the amount of PAA 

incorporation.  Therefore, differences in cellular uptake likely do not significantly 

contribute to the differences in gene silencing efficiency. 
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Figure 5.8: Cellular uptake of mPEG-b-P(APNBMA)/240 kDa PAA siRNA 

polyplexes over a range of PAA/siRNA weight ratios.  Cells were 

incubated in polyplex solutions formulated with Dy647-labeled siRNA, 

and cellular fluorescence was measured using flow cytometry.  The mean 

fluorescence intensity (MFI) per µg of siRNA was computed and 

normalized to the MFI of cells that were treated with 0/100 polyplexes.  

Results are shown as the mean ± standard deviation of data obtained from 

three independent experiments.  

5.3.5 Predicting gene silencing via siRNA release assays    

To verify that the gene silencing efficiency of each formulation was primarily 

controlled by the amount of siRNA the delivery vehicles could liberate, the siRNA 

release data from Figure 5.7 was inputted into a kinetic model of siRNA-mediated 

gene silencing established previously (see Chapter 3).
46

  As shown in Figure 5.9, the 

model predicted gene silencing levels that were similar (< 15% for nearly all polyplex 

compositions) to those measured experimentally in Figure 5.3.  The ability of this 

method to capture the complex process of gene silencing was particularly exciting 

given the simplicity of the heparin stability assays and kinetic modeling.  The 
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accuracy of the predictions also suggested that siRNA release and protein/mRNA 

turnover, as opposed to other considerations (e.g. the effects that the polymer chains 

may have on RISC interactions with siRNA), were the rate-determining steps in this 

system.  Furthermore, use of the kinetic model enabled generation of a “heat map” to 

identify the amount and molecular weight of excipient a priori for achieving a desired 

level of knockdown.  These insights into PAA compositions are likely directly 

translatable to other anionic polymer excipients and stimuli-responsive polyplex 

systems.  For example, a recent study screened numerous anionic excipients and found 

that the most effective formulation at inhibiting tumor growth in an in vivo mouse 

model contained an anionic polymer (γ-PGA) with a molecular weight within the ideal 

range determined herein.
17

  The authors partially attributed this enhancement to chain 

entanglement effects but did not vary the γ-PGA loading fraction to explore the effect 

of number of charged groups on polyplex efficacy.  Thus, this streamlined approach to 

optimizing polyplex compositions may improve current systems and facilitate the 

introduction of other excipients more rapidly and efficiently.   
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Figure 5.9: Model predictions of silencing efficiency fold change of mPEG-b-

P(APNBMA)/PAA ternary siRNA polyplexes.  The relative amounts of 

heparin-induced siRNA release (Figure 5.7) were inputted into the RNAi 

model to predict the fold change in GAPDH protein silencing efficiency 

(on a per µg of siRNA basis) of each formulation relative to polyplexes 

without PAA (fold change = 1). 

5.3.6 Incorporation of quantum dots: selective siRNA release 

In addition to PAA, other anionic components can be added to enhance the 

selective release of siRNA.  Inclusion of QDs, which are ideally suited for 

fluorescence-based analyses and are amenable to bioimaging techniques,
30

 may allow 

for the development of theranostic nanocarriers.  Various concentrations of QDs were 

added to mPEG-b-P(APNBMA)/PAA polyplexes during formulation, as depicted in 

Figure 5.10A.  Polyplexes incorporating PAA were comprised of 30/70 PAA/siRNA 

(240 kDa PAA), the most efficient formulation identified in Figure 5.3.  Heparin-
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induced siRNA release assays were conducted and visualized using gel 

electrophoresis.  As shown in Figure 5.10B, increasing amounts of siRNA were 

released as the concentration of QDs increased.  Moreover, selective release of siRNA 

was exhibited for QD concentrations of 0.5-2 nM and 0.5-1 nM for the 0/100 and 

30/70 polyplexes, respectively, as indicated by the lack of free QDs migrating down 

the gel.  The percent of siRNA released was quantified and is displayed in Figure 

5.10C.  The siRNA release efficiency was higher across all QD concentrations for the 

30/70 polyplexes relative to the polyplexes without PAA.  The siRNA release data 

was inputted into the RNAi model (see section 3.3.3) to predict protein knockdown 

levels, which were found to be in agreement with experimental data (Figure 5.11).  

Thus, inclusion of additional anionic components increased the selective release of 

siRNA and enhanced the gene silencing efficiency.   
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Figure 5.10: Heparin-induced siRNA release from polyplexes incorporating QDs. 

Varying amounts of QDs were added during mPEG-b-P(APNBMA)/240 

kDa PAA/QD siRNA polyplex formation.  Following complex 

formulation, heparin was added at a heparin:siRNA weigh ratio of 5:1 

and incubated for 30 min.  (A) Cartoon schematic of polyplex formation.  

(B)  The solutions were subjected to gel electrophoresis.  (C) The amount 

of free siRNA from the agarose gels was quantified using ImageJ.  

Results are shown as the mean ± standard deviation of data obtained from 

three independent experiments. 
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Figure 5.11: Model predictions of protein silencing efficiencies of mPEG-b-

P(APNBMA)/240 kDa PAA/QD siRNA polyplexes following irradiation 

with 365 nm light.  Predictions from the kinetic model were computed on 

the basis of siRNA release data in Figure 5.10 and are shown as 

diamonds [0/100 PAA/siRNA (w/w) in green and 30/70 PAA/siRNA 

(w/w) in pink].  The predicted values (diamonds) were compared to 

experimental data (bars) [0/100 polyplexes in orange and 30/70 

polyplexes in blue].  Experimental results are shown as the mean ± 

standard deviation of data obtained from three independent experiments.  

The red dashed line represents the maximum level of GAPDH protein 

silencing achievable with a single dose of siRNA.
46

  

5.3.7 QD-based FRET analyses of polyplex unpackaging 

Monodisperse QDs have unique fluorescence properties, such as high photo-

stability and narrow symmetric emission spectra, that make them ideal candidates for 

use in FRET-based analyses.
30

  Polyplexes were formulated with various combinations 

of QDs, fluorescently labeled siRNA, and PAA before being irradiated with light for 

various lengths of time.  The FRET ratio, defined as the ratio between the peak 

intensities of the donor (QD or Dy547-siRNA) and acceptor (Dy647-siRNA) 

fluorophores, was computed and is plotted in Figure 5.12A.  Control polyplexes with 

no modifications lost the FRET signal the slowest, indicating that greater amounts of 

siRNA and QDs remained tightly packaged in the nanocarriers following irradiation.  



 207 

All other formulations lost at least 90% of the FRET signal after 10 min of irradiation, 

indicating that the polyplexes loosened and that the average distance between siRNAs 

and QDs was at least 44% greater than the Förster radius (~9 nm).
47

  Polyplexes 

modified with PAA disassembled more rapidly than polyplexes modified with QDs; 

however, polyplexes incorporating both QDs and PAA disassembled the fastest.  

These trends are particularly apparent following 10 min of irradiation, which is the 

duration of light treatment applied during transfections, as plotted in Figure 5.12B. 

 

Figure 5.12: Light-induced polyplex disassembly of mPEG-b-P(APNBMA) 

polyplexes.  The complexes were formulated with various combinations 

of 2 nM QDs, 30 wt% PAA, and fluorophore-labeled siRNA.  Following 

irradiation with 365 nm light for varying lengths of time, the fluorescence 

intensity was measured.  (A) The FRET efficiency was computed for 

each complex composition as follows: no modifications (green), QDs 

(blue), PAA (purple), and QDs and PAA (red).  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments for each time point.  (B)  The FRET ratio following 10 min 

of irradiation.  The results are reported as the average fluorescence of 

three independent samples for each irradiation time.  Note: all of the 

groups (at 10 min) are statistically different from each other (p < 0.05).  



 208 

The fluorescence-based diagnostic capabilities of QDs also can easily be 

extended to live cells to enable analysis of polyplex disassembly.  As shown in Figure 

5.13, mPEG-b-P(APNBMA)/PAA (30 wt% 240 kDa)/QD (2 nM)/Dy647-siRNA 

polyplexes were formulated and transfected into NIH/3T3 cells.  Following irradiation 

with 365 nm light for varying lengths of time, the FRET fluorescence intensity was 

measured using flow cytometry.  Cells that were not irradiated with light exhibited 

strong fluorescence signals, and the fluorescence intensity decreased as the cells were 

irradiated with the photo-stimulus for longer times (Figure 5.13A).  After 10 min of 

irradiation, ~95% of the FRET signal was lost (Figure 5.13B).  The dynamics of 

polyplex loosening/disassembly in solution (Figure 5.12) were relatively consistent 

with those detected intracellularly (Figure 5.13), further indicating that siRNA release 

measurements in solution are a reasonable predictor of polyplex behavior inside cells.     

Recently, the use of fluorescence-based imaging agents has become an 

essential tool in the fields of drug delivery and bioimaging.
48

  The incorporation of 

QDs into the mPEG-b-P(APNBMA) complexes enabled the formation of nanocarriers 

that can self-report on their dynamic structural changes and disassembly in solution.  

Such information is critical for accessing the effectiveness of various excipients in 

nanocarriers, which can be used to predict gene silencing efficiencies using modeling 

methods discussed above.  Given the excellent serum stability of the mPEG-b-

P(APNBMA) complexes, the QD-containing nanocarriers may serve as effective in 

vivo fluorescence-based imaging probes.  
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Figure 5.13: FRET-based detection of polyplex disassembly inside cells.  (A) 

Representative flow cytometry histograms showing the fluorescence 

intensity distributions of cells treated with light for various lengths of 

time.  (B) The median FRET fluorescence intensity of cells treated with 

light for various lengths of time, normalized to cells that were not treated 

with 365 nm light (0 min).  Results are reported as the mean ± standard 

deviation of data obtained from three independent experiments. 

5.3.8 Cryo-TEM imaging of QD-containing polyplexes  

In addition to their advantageous fluorescence properties, QDs also hold 

tremendous promise as diagnostic imaging agents for tracking delivery vehicles in live 

cells and in vivo.
49

  The high electron density of QD cores provides better contrast 

relative to polymeric/nucleic acid systems, which often are barely visible due to their 

hydrated nature and low electron density.
50

  Many types of electron microscopy are 

useful for studying nanoparticle distribution in tissue samples;
1, 51

 however, cryo-TEM 

is uniquely suited for the analysis of nanocarriers in solution prior to delivery into 

biological samples.  This powerful technique allows for the imaging of solution-

assembled nanostructures in their native environment without the need for the samples 

to be stained or fixed.
51

  Specifically, cryo-TEM avoids many challenges associated 

with dry state TEM and atomic-force microscopy such as solvent evaporation, surface 
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interactions, chemical fixation, and staining, all of which may lead to structural 

changes and/or artifacts.
52

   

To access the bioimaging potential of the formulations, mPEG-b-

P(APNBMA)/PAA/QD siRNA complexes were prepared and imaged using cryo-TEM 

(Figure 5.14).  The QDs were clearly visible as dark spheres with diameters of 5-10 

nm.  Moreover, the QDs were clustered within polymer/siRNA complexes that 

appeared as a light shade relative to the QDs due to the low electron densities of 

mPEG-b-P(APNBMA) and siRNA (Figure 5.15A).  The polyplexes had a consistent 

spherical-like morphology with average diameters of ~150 nm (Figure 5.15B), which 

is in agreement with the average sizes obtained using FCS (Figure 5.5).  FCS analyses 

previously showed that ~250 siRNAs were incorporated into each polyplex.
46

  Given 

that the siRNA was used at a 20x molar excess to the 1 nM QDs, ~13 QDs were 

expected to be included within each complex; the representative polyplexes imaged in 

Figure 5.14 and Figure 5.15 corroborated this estimate.  Gel electrophoresis 

experiments verified that no QDs were free in solution (see also Figure 5.10 and the 

note in the caption of Figure 5.15).  Without the high contrast provided by the QDs, 

the polymeric polyplexes would have been extremely difficult to distinguish (Figure 

5.15C).  Thus, the incorporation of QDs facilitated the bioimaging of polyplexes, 

which is an indispensable tool for tracking nanocarriers in diagnostic applications.          
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Figure 5.14: Representative visualization of an isolated QD-containing polyplex using 

cryo-TEM.  A solution of mPEG-b-P(APNBMA)/PAA (30 wt% 240 

kDa)/QD (1 nM) siRNA polyplexes was formulated and prepared for 

cryo-TEM analyses.  The white circular line indicates the approximate 

edge of the polyplex to guide the eye.  The dark 5-10 nm spheres are 

QDs, which appear confined within the polyplex.  The scale bar 

represents 100 nm.   

 

Figure 5.15: Representative cryogenic transmission electron microscopy (cryo-TEM) 

micrographs of mPEG-b-P(APNBMA)/PAA (30 wt% 240 kDa)/QD (1 

nM) siRNA polyplexes.  (A) A reproduction of the micrograph displayed 

in Figure 5.14, except the white dashed circular line was removed for 

visual clarity.  (B) Representative micrograph of another polyplex.  (C) A 

micrograph that shows two polyplexes that were intentionally burned to 

create holes in the polymer/siRNA complexes.  All scale bars represent 

100 nm.  Note: The few QDs that were not clustered within the polyplex 

likely were displaced during cryo-TEM sample preparation.    
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5.3.9 Incorporation of UCNPs 

Given the successful incorporation of anionic QDs into the polyplex for 

diagnostic purposes, the addition of anionic UCNPs to facilitate the use of near 

infrared (NIR) irradiation also was explored.  This change in the polyplex 

composition is important because the application of 365 nm light in biomedical 

technologies has significant drawbacks related to penetration depth and 

cytotoxicity.
53

  These issues can potentially be circumvented by exploiting UCNPs, 

which upconvert low energy light (NIR light, > 750 nm) to higher energy light (UV 

light, ~365 nm).  UCNPs were synthesized by Dr. Christopher Milleville and 

characterized by Eric Chen from the Doty lab at the University of Delaware, and the 

emission spectra following excitation with 980 nm light are displayed in Figure C.1.  

Although the emission peak around 365 nm was very weak, it was still possible that 

this intensity would be sufficient to induce mPEG-b-P(APNBMA) cleavage and 

siRNA release.     

To determine if the UCNPs could be encapsulated in polyplexes as QDs 

were, acid-functionalized UCNPs (negatively charged in water) were added to the 

polyplex formulations at various loading ratios, and the complexation with mPEG-b-

P(APNBMA) was tested using gel electrophoresis (Figure C.2).  As the 

UCNP/siRNA (w/w) loading ratio increased, the amount of heparin-induced siRNA 

release also increased, indicating that the UCNPs were influencing polyplex 

stability.  DLS measurements also were conducted to confirm that the UCNPs were 

being incorporated into the polyplexes.  These analyses found that the average 

hydrodynamic diameter increased significantly upon the addition of UCNPs, and 

that the sizes surpassed 200 nm at all UCNP/siRNA ratios ≥ 3 (Figure C.3).  Only 

one population was detected using DLS, further suggesting that the UCNPs were 
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incorporated into the polyplexes.  Moving forward, an UCNP/siRNA ratio of 3 was 

used to minimize the size of the complexes.   

Next, the UCNP-containing polyplexes were irradiated with the highest 

possible intensity of 980 nm (NIR) light to determine if the UCNPs facilitated 

upconversion that was efficient enough to induce mPEG-b-P(APNBMA) charge 

reversal and siRNA release.  As shown in Figure 5.16A, even polyplexes that were 

incubated in SDS solutions (S/P ratio of 2.5) and irradiated with 980 nm light for 15 

min did not exhibit any siRNA release or polyplex loosening, whereas polyplexes 

irradiated with 365 nm light for 5 min released some siRNA and loosened (as 

indicated by the appearance of fluorescence in/near the wells).  The lack of response 

from the NIR irradiation was likely due to insufficient mPEG-b-P(APNBMA) 

charge reversal.  UV-Vis analyses were conducted to confirm this hypothesis 

(Figure 5.16B), and the polymer absorbance at 316 nm did not decrease following 

NIR irradiation for 5 or 15 min (Figure 5.16C), indicating that polymer cleavage did 

not occur.  These results suggested that the upconversion process of these particular 

UCNPs (Figure C.1) was not nearly efficient enough to induce significant levels of 

mPEG-b-P(APNBMA) cleavage at the maximum irradiation intensity.  This 

limitation is common, as most UCNPs suffer from very weak and narrowband NIR 

absorption.
54
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Figure 5.16: Light-induced siRNA release and mPEG-b-P(APNBMA) cleavage of 

UCNP-containing polyplexes.  (A) Polyplexes were formulated with a 

UCNP/siRNA (w/w) ratio of 3 and incubated in solutions containing no 

SDS or SDS with an S/P ratio of 2.5 for 30 min.  The polyplexes were 

then irradiated with either no light, 365 nm light for 5 min, 980 nm light 

for 5 min, or 980 nm light for 15 min.  The solutions were analyzed via 

gel electrophoresis.  (B) The solutions obtained from (A) also were 

measured using UV-Vis spectroscopy.  (C) The peak absorbance of 

mPEG-b-P(APNBMA) at 316 nm was tracked to determine if polymer 

cleavage occurred. 

5.4 Conclusions 

The incorporation of PAA and QD excipients in photo-responsive complexes 

was systematically explored to enhance the utilization of siRNA.  Wide ranges of 

PAA loading fractions and molecular weights were investigated, and the most efficient 

compositions were 30/70 PAA/siRNA with PAA molecular weights of 154 kDa and 

240 kDa (~10-20 times that of siRNA).  These nanocarriers mediated selective siRNA 



 215 

release and improved the gene silencing efficiency by 100% relative to unmodified 

polyplexes.  Moreover, the nanocarriers maintained full activity either when stored for 

one week or when transfected in serum-supplemented media.  siRNA release studies 

enabled the generation of a predictive “heat map” that provided a priori insight into 

gene silencing efficiencies as a function of PAA loading fraction and molecular 

weight.  These parameters governed polyplex activity on the basis of charge density 

and entanglement effects.  QDs also were incorporated into polyplexes, and 

formulations containing 2 nM QDs enhanced gene silencing efficiency by 40% 

relative to unmodified polyplexes.  Furthermore, the QD-containing polyplexes were 

able to self-report dynamic structural changes and nanocarrier disassembly through 

fluorescence-based analyses, and cryo-TEM analyses demonstrated that QDs 

enhanced the bioimaging potential of the nanocarriers.  UCNPs also were incorporated 

into polyplexes, but their upconversion efficiency was much too low to induce 

polyplex disassembly with NIR light.  Thus, this chapter highlights the ability of 

excipients to improve the efficiency of nucleic acid delivery vehicles and develop 

theranostics capable of self-reporting their disassembly.  The insights gleaned from 

these results were used to increase siRNA release from polyplexes through the 

addition of anionic excipients and impart diagnostic capabilities into the nanocarriers.  
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HYBRID FORMULATIONS FOR ATTENUATING MALADAPTIVE 

RESPONSES IN HUMAN AORTIC ADVENTITIAL FIBROBLASTS 

This chapter describes the formulation of hybrid lipid-polymer nanocomplexes 

to enable efficient, on/off control over gene silencing in human primary AoAFs.  

Furthermore, the implementation of a dosing regimen allowed for the attenuation of 

maladaptive responses through the prolonged knockdown of two key functional genes.  

The text and figures in this chapter are adapted from a manuscript under review at 

Advanced Biosystems, written by Greco, C. T.; Epps, T. H., III; Sullivan, M. O., and 

entitled “Attenuation of Maladaptive Responses in Aortic Adventitial Fibroblasts 

through Stimuli-Triggered siRNA Release from Lipid-Polymer Nanocomplexes.” 

6.1 Introduction 

Cardiovascular disease is the leading cause of death worldwide,
1
 and vascular 

reconstructive surgeries, including the placement of bypass grafts, have become 

routine procedures for treating these ailments.
2
  Unfortunately, even standard 

treatments, such as autologous vein grafts from the leg or arterial grafts from the arm 

or thorax, commonly fail within a few years due to inappropriate vessel remodeling.
3-6

  

These graft failures are primarily driven by maladaptive cellular responses elicited by 

tissue injury and hemodynamic stress.
7
  Anastomoses, the sites of surgical vessel 

connection, are at particular risk due to suture line scarring, stricture, and higher 

incidences of stenosis and fibrosis.
8
  Unfortunately, although drug eluting stents and 

externally applied films have shown promise in preventing complications, these 

Chapter 6 
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interventions provide inadequate spatial and temporal control over cell behaviors in 

the graft conduit.
9, 10

  Thus, new methods are needed that can locally target the key cell 

types involved in failure.  Such approaches could enable improved healing responses 

by tuning the application and release of regulatory therapies according to the localized 

environment within the site of injury.
11

      

Adventitial fibroblasts (AF)s, which populate the outermost layer of arteries, 

are particularly important cellular mediators of normal and pathogenic vessel 

remodeling.
12, 13

  Specifically, AFs are the dominant cell type in the adventitium, and 

they regulate the structural integrity and growth of blood vessels through the 

production of extracellular matrix and the recruitment of the microvascular blood 

supply.
13, 14

  AFs contribute to the injury response through a variety of mechanisms, 

including their capacity to rapidly proliferate and differentiate into myofibroblasts, 

which have the ability to generate high contractile forces though the expression of 

alpha smooth muscle actin (αSMA) and the formation of multicellular networks.
15, 16

  

Although such forces are necessary to induce vessel remodeling, this behavior is 

detrimental when it becomes excessive following reconstructive surgery.
17

   In 

particular, AF proliferation and differentiation directly control the progression of 

intimal hyperplasia and fibrosis, leading to the accumulation of fibrous connective 

tissue, vessel thickening and scarring, and ultimately, graft failure.
11, 18

  Therapeutic 

approaches geared toward the attenuation of AF-driven fibrosis would be extremely 

valuable.
15

    

In addition to the local targeting of AFs, the control of genes that regulate 

maladaptive responses in AFs also is critical to promote healing at anastomotic sites.  

For example, recent studies have elucidated key proliferative effectors and phenotypic 
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modulators that likely play significant roles in the fibrotic response of AFs.
19, 20

  Two 

prominent genes noted in the above studies are interleukin 1 beta (IL1β), a cytokine 

that mediates injury-induced inflammation,
21

 and cadherin 11 (CDH11), a cell-cell 

adhesion receptor that coordinates the contraction of fibroblast populations.
22

  It also is 

important to understand the differential effects of IL1β and CDH11 on the signaling 

cascade initiated by transforming growth factor beta 1 (TGF-β1), a potent activator of 

myofibroblasts that is produced by local inflammatory cells and overexpressed in 

diseased environments.
23

  Although TGF-β1-induced changes in both IL1β and 

CDH11 expression have been correlated with myofibroblastic differentiation and 

inflammation in fibroblastic lineages, the functional relationship between IL1β and 

CDH11 has not been explored in the context of adventitial remodeling.   

In this chapter, lipid-small interfering RNA (siRNA) complexes (lipoplexes) 

were modified with stimuli-responsive polymers to gain spatiotemporal control over 

gene knockdown in human primary aortic adventitial fibroblasts (AoAF)s, which 

enabled the elucidation of the functional roles of IL1β and CDH11 in improving 

vascular healing.  These hybrid nanocomplexes were necessary because primary cells 

(e.g. AoAFs) tend to be refractory to transfection compared to immortalized cell 

lines.
24

  Previous work established that the mPEG-b-poly(5-(3-(amino)propoxy)-2-

nitrobenzyl methacrylate) [mPEG-b-P(APNBMA)] block copolymer system was 

capable of locally regulating the extent of protein silencing on cellular length scales,
25

 

making it an ideal candidate for spatially regulating gene expression in anastomoses.  

Additionally, the precisely controlled nature of the system allows for accurate 

predictions of siRNA dosing regimens that facilitate gene knockdown over clinically-

relevant timescales associated with adventitial remodeling (one week).
26
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These characteristics were exploited through the formulation of hybrid 

nanocarriers that mediated on-demand, spatially-controlled knockdown of IL1β and 

CDH11 in AoAFs to ≤ 5% of their initial levels following treatment with a photo-

stimulus.  The silencing of IL1β on its own significantly reduced myofibroblast 

differentiation and proliferation, whereas CDH11 silencing on its own had only a 

moderate effect.  Subsequently, kinetic modeling approaches were used to design 

dosing regimens that fully silenced IL1β and/or CDH11 together, over sustained time 

periods.  Complete attenuation of TGF-β1-induced myofibroblast differentiation was 

achieved by simultaneously silencing IL1β and CDH11 for one week, the timescale 

relevant to adventitial remodeling.
26

  Thus, these studies uncovered synergistic 

functional roles of IL1β and CDH11 in AoAFs and showed that sustained knockdown 

of these genes is a viable method for mitigating fibrotic responses.  In the longer term, 

the photo-sensitive lipid-polymer nanocomplexes offer a unique opportunity to locally 

regulate fibrotic conditions in anastomoses and improve healing following 

cardiovascular surgery. 

6.2 Materials and Methods 

6.2.1 Materials 

Lipofectamine RNAiMAX, anti-CDH11 siRNA, and rabbit IgG polyclonal 

antibody were purchased from Life Technologies (Carlsbad, CA).  Non-targeted 

(universal negative control) siRNAs were purchased from Sigma-Aldrich (St. Louis, 

MO).  Anti-IL1β (human) siRNA and rabbit IgG polyclonal antibody were obtained 

from Santa Cruz Biotechnology (Dallas, TX).  Poly(acrylic acid) [PAA] (Mw = 

240,000 g mol
-1

) was obtained from Acros Organics (Waltham, MA).  The mPEG-b-
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P(APNBMA)n polymers (Mn = 7,900 g mol
-1

, n = 7.9; Mn = 13,100 g mol
-1

, n = 23.6) 

were synthesized via atom-transfer radical polymerization as described previously.
27

  

Dulbecco's Modified Eagle Medium (DMEM) and Dulbecco's phosphate-buffered 

saline (DPBS, 150 mM NaCl, pH of 7.4) were obtained from Corning Life Sciences – 

Mediatech Inc. (Manassas, VA).  Opti-MEM medium, SuperSignal West Dura 

Chemiluminescent Substrate, Phalloidin-660, Hoescht 33258, TRIzol Reagent, and 

AlamarBlue were purchased from Life Technologies (Carlsbad, CA).  Antibodies 

(rabbit anti-GAPDH IgG polyclonal, rabbit anti-αSMA IgG polyclonal, secondary 

goat anti-rabbit IgG polyclonal-horseradish peroxidase (HRP), and secondary goat 

anti-rabbit IgG polyclonal-Alexa Fluor 488) and recombinant human TGF-β1 were 

purchased from AbCam (Cambridge, MA).  Bovine serum albumin (BSA) and a 

bicinchoninic acid (BCA) protein assay kit were purchased from Pierce (Rockford, 

IL).  Primers were obtained from Eurofins MWG Operon (Huntsville, AL) with the 

following sequences: αSMA (human) forward 5' TATCCCCGGGACTAAGACGG 3'; 

αSMA (human) reverse 5' CACCATCACCCCCTGATGTC 3'; GAPDH (human) 

forward 5' CGGGTTCCTATAAATACGGACTGC 3'; GAPDH (human) reverse 5' 

CCCAATACGGCCAAATCCGT 3'; IL1β (rabbit) forward 5' 

ACCAACAAGTGGTGTTCTCCAT 3'; IL1β (rabbit) reverse 5' 

ACGGTTGGGGTCTACACTCT 3'; GAPDH (rabbit) forward 5' 

AGGTCGGAGTGAACGGATTT 3'; GAPDH (rabbit) reverse 5' 

TTCCCGTTCTCAGCCTTGAC 3'.  The iTaq Universal SYBR Green One-Step Kit 

and optical flat 8-cap strips were purchased from Bio-Rad (Hercules, CA).  Anti-IL1β 

(rabbit) siRNAs were obtained from MilliporeSigma (Darmstadt, Germany).  All other 

reagents were obtained from Thermo Fisher Scientific (Waltham, MA). 
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6.2.2 Formulation of siRNA nanocomplexes 

The hybrid nanocomplexes were formed using a solution mixing self-assembly 

method.  Solutions of siRNA and Lipofectamine RNAiMAX were prepared in Opti-

MEM and mixed according to Life Technologies’ protocol (to produce a final solution 

containing 0.2 µg siRNA and 3 µL Lipofectamine in a total volume of 96 µL).  After a 

5 min incubation period, 0.2 µg 240,000 g mol
-1

 PAA was added to the lipoplex 

solution.  The solution was mixed via gentle vortexing and then incubated for 20 min.  

A separate polymer solution was prepared by adding equimolar amounts of mPEG-b-

P(APNBMA)7.9 and mPEG-b-P(APNBMA)23.6, on the basis of cationic amine groups.  

The polymer solution was mixed, via gentle vortexing, with the lipoplex/PAA solution 

to form hybrid complexes with an N:P ratio (N: cationic amine groups on polymer, P: 

anionic phosphate groups on siRNA) of 4.  The hybrid complexes were incubated in a 

dark environment at room temperature for 30 min prior to further analysis.  For the 

on/off photo-controlled protein silencing experiments, two separate control 

formulations were used: lipoplexes made with Lipofectamine RNAiMAX according to 

the manufacturer’s protocol and polymer/siRNA complexes (polyplexes) formed as 

described previously.
28

  

6.2.3 Cell culture 

Human aortic adventitial fibroblasts were obtained from Lonza (Walkersville, 

MD) and cultured following Lonza’s protocol in stromal cell basal medium (SCBM) 

supplemented with the stromal cell growth medium (SCGM) SingleQuot Kit.  Rabbit 

aortic fibroblasts were obtained from Cell Biologics (Chicago, IL) and cultured in the 

same media as the human AoAFs.  The cells were cultured in a humid environment 

maintained at 37 ºC and 5 vol% CO2.  
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6.2.4 In vitro cell transfection  

AoAFs were cultured in plates at a density of 15,000 cells cm
-2

 for 24 h.   

Before transfection, the supplemented growth medium was removed, the cells were 

washed with DPBS, and Opti-MEM was added to the plates.  The nanocomplex 

solutions were then added dropwise at a final siRNA concentration of 10 nM.  

Following a 3 h transfection period, the Opti-MEM was replaced with supplemented 

growth medium for a 30 min recovery period.  The medium was replaced with phenol 

red-free Opti-MEM, and the cells were irradiated with 365 nm light at an intensity of 

200 W m
-2

 for 10 min on a 37 ºC hotplate.  Supplemented growth medium was added 

to the wells after irradiation.  To stimulate cell differentiation in some samples, TGF-

β1 was added to the growth medium at a concentration of 10 ng mL
-1

.  The growth 

medium and TGF-β1 were replenished every two days.     

6.2.5 Protein knockdown analysis 

Western blot analyses were used to measure IL1β and CDH11 protein 

silencing.  In the single dose experiments, cells were transfected and lysed at the 

specified time points.  The protein was extracted from the cells by adding a lysis 

solution composed of 0.5 vol% Triton X-100, 0.5% sodium deoxycholate, 150 mM 

NaCl, 5 mM Tris–HCl (pH 7.4), 5 mM EDTA, and 1x Halt Protease and Phosphatase 

Inhibitor cocktail.  For the repeated dosing experiments, a second transfection of 

nanocomplexes was performed 72 h after the first transfection, and protein was 

extracted at the given time points.  The total protein concentration of each sample was 

measured using the BCA Protein Assay Kit.  The protein solutions were subjected to 

4% - 20% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

for 35 min at 150 V.  The separated proteins then were transferred onto a 
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poly(vinylidene fluoride) membrane at 18 V for 75 min.  The membrane was 

subsequently blocked in 5 vol % BSA in Tris–HCl-buffered saline (50 mM Tris–HCl, 

pH 7.4, 150 mM NaCl) containing 0.1 vol % Tween 20 (TBST) at room temperature 

for 1 h.  The membrane was incubated overnight with IL1β or CDH11 primary 

antibodies in TBST at 4 °C.  The next day, the membrane was incubated in a solution 

of secondary antibody conjugated to HRP for 1 h.  The SuperSignal West Dura 

Chemiluminescent Substrate was used to enable detection of the bands through 

chemiluminescent imaging in a FluorChem Q (ProteinSimple, San Jose, CA).  To 

image the GAPDH bands, the membrane was stripped for 15 min with Restore PLUS 

Western Blot stripping buffer, blocked in BSA solution for 1 h, and subsequently 

incubated with GAPDH primary antibody overnight.  The next day, after incubation in 

a solution of secondary goat anti-rabbit antibody conjugated to HRP, 

chemiluminescent imaging was used to detect the bands.  The intensity of each target 

protein was analyzed with ImageJ software. 

6.2.6 RNAi modeling 

A set of equations (Equations 3.1-3.3 in section 3.3.3) was solved using 

differential equation solver ode45 in MATLAB.
25

  Each siRNA dose was modeled by 

increasing the normalized siRNA concentration by 100 units following time points 

corresponding to light-triggered siRNA release.  The siRNA turnover rate was 

estimated by determining the cell doubling time of AoAFs cultured in standard growth 

medium, which was measured to be ~38 h (Figure D.1).  Protein degradation rate 

constants were computed on the basis of IL1β and CDH11 half-lives, which were ~2.5 

h and ~8 h, respectively, as reported in the literature.
29, 30

  The mRNA degradation rate 
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constants were estimated by using a ~8 h half-life for both genes, as this is the 

approximate average mRNA turnover rate.
31

 

6.2.7 Immunocytochemistry (ICC) 

Cells were transfected with siRNAs.  At the specified time points, the cells 

were washed with DPBS and fixed in 4% paraformaldehyde for 15 min.  The cells 

were permeabilized with 0.1% (v/v) Triton X-100 in DPBS for 15 min and blocked 

with 5% bovine serum albumin in DPBS for 1 h.  αSMA, a marker of myofibroblast 

differentiation, was detected by overnight incubation at 4 °C in an αSMA primary 

antibody solution [2 µg mL
-1

 in DPBS].  Alternatively, CDH11 protein expression was 

detected by overnight incubation at 4 °C in a CDH11 primary antibody solution [2 µg 

mL
-1

 in DPBS].  Samples were then incubated with a solution of secondary antibody 

labeled with AlexaFluor® 488 [4 µg mL
-1

 in DPBS] for 1 h.  Cells were incubated in a 

solution of Phalloidin-660 [160 nM in DPBS] for 30 min to detect F-actin, and then 

the cells were incubated in a solution of Hoescht 33258 [0.5 µg mL
-1

 in DPBS] for 10 

min to detect nuclear DNA.  Cells were visualized using a 20x objective on an LSM 

META 510 confocal microscope (Zeiss, Germany) controlled by Image Pro Plus 

software (version 7.0; Media Cybernetics).  The fluorescence intensities in zoomed-

out (4x magnification) micrographs were quantified using ImageJ software.  The 

fluorescence intensities of at least 1,000 cells from each channel were averaged 

through the quantification of total pixel intensity.  Then, the signal from the protein of 

interest (αSMA or CDH11) was divided by the signal from the housekeeping protein 

(F-actin).   
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6.2.8 mRNA knockdown analysis 

αSMA mRNA knockdown was measured using quantitative PCR (qPCR).  

Single and double transfections were carried out, and RNA was isolated by TRIzol 

Reagent according to the manufacturer’s protocols.  The iTaq Universal SYBR Green 

One-Step Kit was used to prepare samples for qPCR in triplicate, using the αSMA or 

GAPDH primers, as described in the manufacturer’s protocols.  cDNA synthesis and 

qPCR were conducted on a Bio-Rad CFX96
TM

 using the following conditions: 10 min 

at 50 °C; 1 min at 95 °C; 40 cycles of 10 s at 95 °C and 30 s at 60 °C; and finally, a 65 

°C to 95 °C ramp at a rate of 0.5 °C every 5 s.  The ΔΔCT method was used for 

analysis,
32

 and all sample data were normalized to data from untreated cell controls. 

6.2.9 Cell Proliferation 

Cell growth was evaluated using the AlamarBlue assay according to the 

manufacturer’s protocols.  Cells were transfected and grown in fully supplemented 

medium for 4 days or 7 days after the first transfection for the single dose and double 

dose experiments, respectively.  Medium containing 10 vol% AlamarBlue was added 

to each well, and the cells were incubated for 6 h in a humid environment maintained 

at 37 ºC and 5 vol% CO2.  Fluorescence was measured using a GloMax-multi 

detection system plate reader (Promega, Madison, WI).  To determine the baseline 

fluorescence, medium containing 10 vol% AlamarBlue was added to a well without 

cells.  Note: All samples were treated with the photo-stimulus to isolate the effects of 

protein knockdown on cellular proliferation.   
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6.3 Results and Discussion 

6.3.1 Hybrid nanocomplexes enable on/off control over gene silencing   

To achieve spatially-tailored and temporally-tuned gene silencing in AoAFs, 

various formulations of mPEG-b-P(APNBMA)/siRNA polyplexes were tested that 

had previously been shown to provide efficient, light-triggered siRNA delivery in 

murine embryonic fibroblasts.
28

  None of the polyplex formulations were able to 

mediate efficient gene silencing in AoAFs (Figure 6.1).  A lack of endosomal escape 

might be the limiting factor, based on prior evidence demonstrating that human 

primary cells often are refractory to transfection.
24

  Lipoplexes comprised of 

Lipofectamine RNAiMAX were shown to transfect AoAFs efficiently (Figure 6.1), 

presumably because cationic lipids can interact with endosomal membranes and 

enhance cargo escape in primary cells.
33

  However, these lipid solutions were not 

capable of mediating photo-controlled, spatiotemporal release.  In contrast, hybrid 

nanocomplexes combining lipids and polymers remained dormant in the absence of a 

photo-trigger but rapidly released siRNA following the application of light, leading to 

efficient gene silencing in AoAFs (Figure 6.1).  The model gene, IL1β, was knocked 

down to ~5% of the protein expression levels measured in untreated controls, 

demonstrating that the hybrid siRNA nanocarrier system was vital to overcoming the 

shortcomings of the individual polyplex and lipoplex formulations.  Moreover, the 

on/off control over siRNA activity afforded by the hybrid nanocomplexes can easily 

be extended to spatially regulate gene expression on the cellular length scale using 

previously described procedures.
25
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Figure 6.1: Photo-controlled IL1β protein silencing with mPEG-b-P(APNBMA) 

polyplexes, Lipofectamine RNAiMAX lipoplexes, and hybrid 

nanocomplexes.  AoAFs were treated with siRNA using the various 

carriers, irradiated with 365 nm light for either 0 min (black bars) or 10 

min (gold bars), and lysed for western blot analysis at 48 h post-

transfection.  Data represent the IL1β protein expression levels relative to 

the levels of the loading control glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), normalized to the protein levels in controls 

with no siRNA treatment.  Results are shown as the mean ± standard 

deviation of data obtained from three independent experiments. 

The hybrid nanocomplexes were formulated according to the process depicted 

in Figure 6.2.  First, siRNA was complexed with a cationic lipid, Lipofectamine 

RNAiMAX.  Because these lipoplexes possessed a net positive charge and the mPEG-

b-P(APNBMA) also was cationic, an anionic component was needed to facilitate 

electrostatic interactions.  PAA, a polymer with a high anionic charge density,
34

 was 

mixed with the lipoplexes to reverse the overall charge.  Finally, the cationic mPEG-b-
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P(APNBMA) was incorporated to impart photo-responsive characteristics (charge 

reversal) to the system.     

The structural design and formulation process of the hybrid nanocomplexes 

share similarities with other lipid-polymer systems in the literature.
35, 36

  Generally, 

polymers are added to lipid-based carriers to impart a specific characteristic to the 

system.  These features include reduced charge, stealthy behavior, biocompatibility, 

smaller sizes, and enhanced endosomal escape.
37

  Although these modifications have 

proven to be effective, few stimuli-responsive components have been used to induce 

controlled siRNA release within hybrid lipid-polymer assemblies.
38

  In this chapter, 

mPEG-b-P(APNBMA) was used to gain photo-responsive control over the 

disassembly of lipid-containing complexes.  This favorable combination of behaviors 

(e.g. light-responsiveness and endosomal escape) presumably arose as a result of 

polymer shielding of the endosome-destabilizing cationic lipids prior to light-triggered 

polymer cleavage/charge reversal, which then initiated lipid-mediated endosome 

destabilization.
39

  Thus, the nanocomplexes provide the benefits of both lipids and 

stimuli-sensitive polymers, enabling precisely tuned on/off control over nucleic acid 

activity in human primary AoAFs.        
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Figure 6.2: Schematic depicting the formulation of the hybrid nanocomplexes.  First, 

nucleic acids (siRNA) were encapsulated in lipoplexes using cationic 

lipid (Lipofectamine RNAiMAX).  Second, anionic polymer (PAA) was 

added to reverse the lipoplexes surface charge.  Third, a mixture of 

photo-responsive cationic polymers (mPEG-b-P(APNBMA)n with 50% n 

= 7.9 and 50% n = 23.6, on a molar basis of cationic amine groups) was 

incorporated into the formulation to form the hybrid nanocomplexes. 

It is important to note that the composition of the nanocomplexes was 

optimized to transfect human AoAFs.  Gene silencing experiments in other cell types 

demonstrated the cell specificity of the nanocomplexes, suggesting that the effects of 

protein knockdown would be minimal in other types of cells (e.g. smooth muscle 

cells) surrounding AoAFs on the adventitial side of vessels.   Furthermore, future work 

involves the application of the nanocomplexes within hydrogels of ~1 mm thickness to 

the outside surface of vascular segments to enable modulation of adventitial cell 

behavior.  These gel thicknesses allow for 365 nm light penetration.   

6.3.2 Characterization of hybrid nanocomplexes 

The hybrid lipid-polymer nanocomplexes were characterized to determine their 

fundamental physicochemical properties.  As shown in Table D.1, the nanocarriers 

had an average diameter of 168 nm, which is within the size regime of nanoparticles 

that are able to undergo endocytosis and enter cells.
40

  The nanocomplexes had a zeta 

potential of +3.1 mV (Table D.1), indicating that the nanocarrier surface was slightly 
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positively charged but very close to neutral.  The relatively neutral zeta potential 

suggests that the mPEG-b-P(APNBMA) polymers were coating the lipoplexes and the 

PEG chains were forming an outer corona around the charged cores.
41

  The slight 

positive charge is favorable for inducing cellular uptake and minimizing interactions 

with serum-components. 

Another important consideration in the formulation of new siRNA delivery 

vehicles is their cytotoxicity, especially when treating sensitive human primary cells 

such as AoAFs.  As shown in previous work, mPEG-b-P(APNBMA)-only polyplexes 

did not lead to any significant change in cell viability relative to untreated cells 

(Figure 6.3).  The hybrid nanocomplexes also possessed excellent biocompatibility 

(~98% cell viability), similar to the polyplexes.  AoAFs that were treated with mPEG-

b-P(APNBMA)-only polyplexes or the hybrid nanocomplexes combined with the 

photo-stimulus exhibited a modest (~20%) decrease in cell viability compared to 

untreated cells, indicating that 365 nm light was moderately cytotoxic.  However, 

lipoplexes comprised of Lipofectamine RNAiMAX were significantly more cytotoxic 

than the polyplexes or the hybrid nanocomplexes, as treatment with lipoplexes 

reduced cell viability by ~18% and ~46% without and with 365 nm light, respectively 

(Figure 6.3).  The lack of a significant cytotoxic response of the hybrid lipid-polymer 

nanocarriers suggests that the biocompatible mPEG-b-P(APNBMA) forms an outer 

corona that shields the cationic lipids from interacting with cells.  This shielding 

feature and its resulting low cytotoxicity indicate that the hybrid nanocomplexes hold 

promise for use in therapeutic settings. 
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Figure 6.3: Aortic adventitial fibroblast (AoAF) cell viabilities following treatment 

with either polyplexes, lipoplexes, or hybrid nanocomplexes with without 

365 nm light irradiation.  48 h following siRNA and light treatment, an 

Alamar Blue (AB) assay was used to measure cell viability relative to 

cells that were untreated.  Results are reported as the mean ± standard 

deviation of data obtained from three independent experiments. 

Finally, the light-triggered siRNA release behavior of the nanocomplexes was 

explored to gain a better understanding of the on/off gene silencing response.  As 

shown in Figure 6.4, nanocarriers that were not irradiated with light remained stable 

and encapsulated nearly 100% of the siRNA.  Nanocomplexes that were treated with 

the photo-stimulus for increasing lengths of time exhibited increasing amounts of 

siRNA release.  After 10 min of irradiation, which is the dosage of light used during 

transfections, ~56% of the siRNA was released.  The high level of light-triggered 
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siRNA release helps explain the efficient, on/off gene silencing trends detected in 

cells, even when low concentrations of siRNA (10 nm) were used. 

 

Figure 6.4: Light-triggered siRNA release from hybrid nanocomplexes.  The 

nanocarriers were formulated, incubated in sodium dodecyl sulfate (SDS) 

solutions at an S/P ratio (S: sulfates on SDS, P: phosphates on siRNA) of 

4 to simulate lipid-rich intracellular environments, and irradiated with 

365 nm light for various lengths of time.  (A) The solutions were 

analyzed by gel electrophoresis analyses, and (B) the amount of free 

siRNA was quantified on the basis of relative band intensities via ImageJ 

software.  Results are reported as the mean ± standard deviation of data 

obtained from three independent experiments. 

6.3.3 Gene silencing dynamics following a single siRNA dose 

Given the controlled release nature of the nanocomplexes, the dynamics of 

protein knockdown were investigated to determine how to appropriately dose siRNA 

in AoAFs.  Two genes implicated in maladaptive responses, IL1β and CDH11, were 

studied using a combination of experimental analyses and kinetic modeling.  siRNAs 

targeting IL1β or CDH11 were delivered to cells using the nanocomplexes, and 

siRNA release was induced upon application of a photo-stimulus at 3.5 h post-

transfection.  According to the model, protein expression for both genes was expected 
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to decrease immediately following photo-induced siRNA release (Figure 6.5A).  

However, the rate of change in protein concentrations varied between the two genes.  

IL1β protein expression was forecasted to be almost fully knocked down ~16 h post-

transfection, whereas complete CDH11 knockdown was not expected until ~27 h post-

transfection.  The proteins were predicted to be silenced to ≤ 5% of their initial levels 

for ~47 h (IL1β) or ~34 h (CDH11) before recovering.  Experimental measurements of 

protein concentrations taken at various times validated these predictions and 

demonstrated that the model could accurately capture all three phases of the gene 

silencing process – e.g. initial knockdown, maximal silencing, and recovery of protein 

expression.  
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Figure 6.5: Dynamics of IL1β and CDH11 protein silencing following a single dose 

(A) or double dose (B) of siRNA.  Kinetic modeling was used to predict 

the temporal IL1β (dashed red line) and CDH11 (dashed blue line) 

protein expression following doses of siRNA.  Initial protein 

concentrations were normalized to 100, and the model predictions were 

verified experimentally using western blotting.  Data points represent the 

normalized IL1β (red diamonds) or CDH11 (blue squares) protein 

expression levels relative to the loading control.  Experimental results are 

shown as the mean ± standard deviation of data obtained from three 

independent samples.  (A) AoAFs were transfected with the hybrid 

nanocomplexes at t = 0 h, irradiated with 365 nm light to release the 

siRNA 3.5 h post-transfection, and lysed at the times indicated by the 

data points.  (B) AoAFs were transfected with the hybrid nanocomplexes 

at t = 0 h and t = 72 h, irradiated with 365 nm light 3.5 h after each 

transfection, and lysed at the times indicated by the data points.     

The protein silencing dynamics for IL1β and CDH11 followed the same 

overall trend, expect that the rate of initial protein knockdown depended on the half-

lives of the two proteins (IL1β and CDH11 have protein half-lives of ~2.5 h and ~8 h, 

respectively).
29, 30

  If sufficient amounts of siRNA are released to saturate the RNA-

induced silencing complex machinery, the cleavage of targeted mRNAs rapidly 

occurs, and the translation of new protein is halted.  The existing protein, translated 

before the onset of RNAi initiation, would then degrade in time according to its innate 
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turnover rate.  Therefore, the concentration of IL1β should decrease faster than 

CDH11 on the basis of its shorter protein half-life.   

On the other hand, the duration of sustained maximal silencing depends more 

strongly on the doubling time of the cells, and to a much lesser extent, upon the 

stability of the siRNA.
42

  The intracellular siRNA is diluted in time due both to cell 

division and degradation from nucleases, and RNAi effects generally only last for a 

few days in growing cells, such as AoAFs.  The concentration of IL1β- and CDH11-

targeted siRNA in the AoAFs decreased at approximately the same rate, and the 

protein levels start to recover at ~3 days post-transfection as detailed by the modeling 

and experimental data.  Thus, these analyses elucidated the dynamics of IL1β and 

CDH11 knockdown in AoAFs following a single dose of siRNA.  These timescales 

are consistent with those for inflammation-mediated fibroblast proliferation,
12, 43

 

providing further justification for the use of IL1β- and CDH11-targeted siRNAs for 

the treatment of cardiovascular disease.  

6.3.4 Gene silencing dynamics following a double dose of siRNA 

Following severe injury, adventitial remodeling/myofibroblast differentiation 

occurs over a time period of ~7 days,
26

 and thus, sustained gene silencing is needed in 

such cases.  The kinetic modeling allowed the implementation of dosing schedules that 

enabled knockdown below a desired threshold over the one week duration.  More 

specifically, using the framework established in Figure 6.5A, different dosing 

regimens were analyzed to predict the RNAi response following a second application 

of siRNA.  As shown in Figure 6.5B, the second transfection was started at 72 h; i.e. 

near the time at which the protein levels were predicted to start recovering after the 

first transfection.  The model forecasted that implementation of this dosing schedule 
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would allow the knockdown of both genes to be sustained for ~7 days at levels of < 

20% relative to untreated controls.  Experimental measurements of protein levels 

validated this dosing regimen model and demonstrated that the predictions accurately 

captured the prolonged knockdown and recovery phases.  Thus, the modeling 

approach allowed us to accurately predict that only two doses were needed to achieve 

gene silencing of both genes over the clinically-relevant timescale of one week.
43

  

Specifically, recent work by Robinson et al. found that maladaptive tissue responses 

occur within 3 days of surgery and are sustained on the timescale of weeks.
43

   

One challenging aspect of implementing predictive siRNA dosing schedules is 

the effect of the silenced genes on cellular parameters governing responses to 

subsequent siRNA applications.  Proliferation analyses (discussed later) determined 

that the knockdown of IL1β slowed cellular growth rates by ~30% after each dose.  

Thus, the kinetic model was updated with this information to account for the change in 

siRNA dilution rate as a result of a longer cell doubling time.  The updated model 

accurately predicted that IL1β would remain knocked down longer than CDH11, 

which was verified by experiment measurements.  Therefore, the combination of a 

double dosing regimen and simple kinetic modeling enabled the knockdown of both 

genes to be sustained for one week in a predictable manner. 

6.3.5 Gene silencing affects myofibroblast differentiation (αSMA protein 

expression) 

One of the primary hallmarks of fibrosis is the differentiation of fibroblasts 

into myofibroblasts, which is driven by the production of TGF-β1 by local 

inflammatory cells.
21

  Accordingly, to simulate the inflammatory fibrotic responses in 

culture, recombinant TGF-β1 protein was added to the growth medium of AoAFs.  
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The cells were treated with formulations of non-targeted siRNA, IL1β siRNA, CDH11 

siRNA, or combined IL1β and CDH11 siRNAs via the single dosing schedule in 

Figure 6.5A.  The extent of differentiation was determined by measuring changes in 

αSMA protein expression, the most widely used indicator of the myofibroblast 

phenotype.
7, 12

  As shown in the micrographs in Figure 6.6A, the addition of TGF-β1 

induced AoAFs to differentiate into myofibroblasts within 3 days, consistent with 

responses reported in the literature.
44

   Specifically, AoAFs that were not treated with 

TGF-β1 expressed low levels of αSMA protein relative to F-actin protein; however, 

cells treated with TGF-β1 and either no siRNA or a single dose of non-targeted siRNA 

exhibited robust αSMA protein expression. 

AoAFs treated with TGF-β1 followed by application of functional siRNAs 

targeting IL1β exhibited a significant reduction in αSMA staining, indicating that 

knocking down IL1β blocks the differentiation cascade to a measurable extent.  In 

contrast, TGF-β1-treated cells with silenced CDH11 maintained robust αSMA protein 

expression.  AoAFs that were treated with both IL1β and CDH11 siRNAs also 

exhibited decreased αSMA staining.  The quantification of protein expression based 

upon these ICC experiments is shown in Figure 6.6B and is presented as αSMA 

relative to F-actin.  As can be noted from the micrographs, αSMA protein expression 

was only significantly attenuated when IL1β was knocked down (either alone or in 

combination with CDH11) using the single dose regimen.   

To determine how myofibroblast differentiation would be affected by the 

double dosing regimen, αSMA protein expression was analyzed on day 8.  The 

differences in protein expression as a function of IL1β and/or CDH11 knockdown 

were more prominent in the double dosing experiments, though the overall trends were 
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similar to the single dosing studies (comparison of Figures 6.6B and 6.6C).  The 

delivery of IL1β siRNA suppressed αSMA levels by ~45% at day 8 relative to 

treatment with non-targeting siRNA.  However, CDH11 silencing alone provided no 

reduction in αSMA protein expression compared to treatment with non-targeting 

siRNA.  This behavior most likely was exhibited because AoAFs that were treated 

with only CDH11 siRNA had differentiated to approximately the same extent as cells 

treated with non-targeting siRNA before application of the second dose (Figure 6.6B), 

and further CDH11 knockdown could not reverse the myofibroblast phenotype.  A 

recent report demonstrated that the de-activation of myofibroblasts is difficult to 

control and that the restricted capacity of myofibroblasts to de-differentiate is a major 

cause of fibrotic disorders.
45

 

Regardless of dosing regimen, only cells treated with IL1β siRNA exhibited a 

significant reduction in αSMA protein expression (Figure 6.6).  In agreement with 

these findings, Guo et al. demonstrated that the neutralization of IL1β in vivo 

attenuated fibrosis and was correlated with decreases in TGF-β1 activity.
46

  A number 

of recent studies also reported that increased IL1β levels enhanced the severity of 

fibrosis in vivo.
47, 48

  In a related example, Chen and coworkers showed that IL1β-

stimulation of HO-8910PM and NIH3T3 cells increased the expression of αSMA and 

activated proteins involved in myofibroblast differentiation.
49

  However, others have 

reported different impacts of IL1β activity on αSMA expression in other cell types,
21, 

50, 51
 and moreover, Dewald et al. found significant species-specific differences in 

cellular responses to inflammatory cytokines following myocardial infarction.
52

  The 

finding that IL1β silencing effectively blocked TGF-β1-induced αSMA protein 
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expression in AoAFs is likely applicable to fibroblasts derived from different organs 

but may not directly translate to all cell types or species.  

CDH11 silencing in AoAFs did not attenuate αSMA protein expression 

compared to treatment with non-targeting siRNA, and the combination of CDH11 and 

IL1β silencing also did not further reduce αSMA protein expression as compared with 

samples treated with IL1β siRNA only (Figure 6.6).  The knockdown of CDH11 has 

been shown to regulate the myofibroblast phenotype differently depending on the cell 

type.
53, 54

  For example, Verhoekx et al. reported that αSMA expression remained 

unchanged in human dermal fibroblasts, but was reduced by ~50% in Dupuytren’s 

myofibroblasts following CDH11 silencing.
54

  Wang and coworkers also found that 

CDH11 knockdown did not affect differentiation when porcine valvular interstitial 

cells were treated with 5 ng mL
-1

 of TGF-β1.
23

  Moreover, because the activity of 

CDH11 is dependent on the number of cell-cell contacts, differences in cell density 

also may contribute to the variations in cellular responses (discussed later).     
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Figure 6.6: Attenuation of myofibroblast differentiation (αSMA protein expression) 

following siRNA dosing. AoAFs underwent transfection with different 

siRNA formulations and were treated with either 0 or 10 ng mL
-1

 TGF-

β1 to induce differentiation.  (A) Representative ICC micrographs of 

AoAFs 4 days post-transfection following a single dose of siRNA.  

AoAFs were stained for F-actin (magenta), αSMA (green), and nuclear 

DNA (blue).  Scale bars = 50 µm.  Note: A representative zoomed-in 

micrograph of F-actin staining that shows stress fibers is displayed in 

Figure D.2.  (B) Quantification of relative αSMA protein expression 

from single dose ICC micrographs in (A).  (C) Quantification of relative 

αSMA protein expression from double dose ICC micrographs [not 

shown], characterized on day 8.  The average total fluorescence intensity 

of αSMA relative to F-actin of at least 100 cells per sample was 

measured using ImageJ for both the single and double dose regimens.  

All results are shown as the mean ± standard deviation of data obtained 

from three independent experiments.  An asterisk indicates a statistically 

significant difference in αSMA protein expression in comparison to the 

no siRNA and 10 ng mL
-1

 TGF-β1 treatment control (p < 0.05). 
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6.3.6 Gene silencing affects myofibroblast differentiation (αSMA mRNA 

expression) 

To gain a more quantitative understanding of temporal differences in 

myofibroblast differentiation, changes in the mRNA transcript levels also were 

analyzed.  As shown in Figure 6.7A, the trends for the single dosing regimen were 

generally in agreement with the ICC data from Figure 6.6B.  In particular, the addition 

of TGF-β1 induced a six-fold increase in αSMA transcripts, and the knockdown of 

IL1β provided a significant decrease in differentiation.  The combined knockdown of 

IL1β and CDH11 lead to a greater attenuation of αSMA mRNA expression than IL1β 

knockdown alone, although the αSMA levels were still higher than the ‘no TGF-β1’ 

control.  CDH11 knockdown resulted in a minor, but statistically significant, reduction 

of αSMA transcript levels relative to cells not treated with siRNA.  Despite slight 

differences, the measurements of αSMA mRNA (3 days) and αSMA protein 

expression (4 days) post-transfection, respectively, were in agreement.   

αSMA transcript levels also were studied on day 7 of the double dosing 

schedule.  AoAFs incubated in TGF-β1 exhibited ~4.5 times more αSMA mRNA 

transcripts than untreated cells (Figure 6.7B), suggesting that untreated cells did not 

significantly alter their fibroblast phenotype on tissue culture plastic over 7 days 

(Figure D.3).  The delivery of IL1β siRNA significantly reduced αSMA mRNA levels 

relative to the delivery of non-targeting siRNA, whereas CDH11 silencing did not 

provide these effects.  However, the combined knockdown of IL1β and CDH11 

attenuated αSMA mRNA expression to the same level as the no TGF-β1 control, 

indicating that differentiation was completely halted over one week with the double 

dosing schedule.    
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Given the lack of response from CDH11 silencing alone, the significantly 

enhanced attenuation of differentiation from the combined delivery of IL1β and 

CDH11 siRNA in comparison to IL1β siRNA alone (combined effects were not 

simply additive) suggests that the two genes may cooperate synergistically.  Little is 

known about the direct relationship between IL1β and CDH11, but Yoshioka et al. 

recently found that the knockdown of CDH11 reduced IL1β-induced proliferation by 

42% in rheumatoid arthritis-derived synovial fibroblast cells.
55

  The authors concluded 

that CDH11 is involved in IL1β-mediated pathways, and that there is an indirect 

interplay between the two genes via β-catenin.
55

  In a related study, CDH11 

expression was found to be upregulated after addition of IL1β in fibroblast-like 

synoviocytes.
56

  These reports suggest that the two genes affect one another in other 

cell types.  More work is needed to probe the intricate interactions between the 

downstream effectors of IL1β and CDH11 in AoAFs; however, the data strongly 

suggest that the combined knockdown of the two genes provides a powerful 

synergistic method for attenuating TGF-β1-induced myofibroblast differentiation.       



 249 

 

Figure 6.7: Attenuation of myofibroblast differentiation (αSMA mRNA expression) 

following the two different siRNA dosing schedules.  AoAFs underwent 

transfection at either t = 0 h (A) or t = 0 h and t = 72 h (B) with various 

siRNA formulations and were treated with either 0 or 10 ng mL
-1

 TGF-

β1 to induce differentiation.  (A) qPCR analyses of αSMA mRNA 

expression levels 3 days post-transfection in the single dose regimen.  (B) 

qPCR analyses of αSMA mRNA expression levels 7 days after the first 

transfection [4 days after the second transfection] in the double dose 

regimen.  qPCR values were normalized to the levels in the no siRNA 

and no TGF-β1 treatment control for each dosing schedule.  All results 

are shown as the mean ± standard deviation of data obtained from three 

independent samples.  A single asterisk indicates a statistically significant 

difference in αSMA mRNA expression in comparison to the no siRNA 

and 10 ng mL
-1

 TGF-β1 treatment control, and a double asterisk indicates 

a statistically significant difference in αSMA mRNA expression in 

comparison to the IL1β siRNA treatment formulation (p < 0.05). 

6.3.7 Attenuation of cellular proliferation following gene silencing  

In addition to myofibroblast differentiation, increased cellular proliferation is a 

classic hallmark of fibrosis.  The reduction of fibroblast proliferation is a critical 

therapeutic goal to mitigate maladaptive responses and promote healing in 

cardiovascular tissues, particularly in the first week following vessel injury.
12, 57

  

Changes in the growth rates of the AoAFs were analyzed to determine if the 
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knockdown of IL1β and/or CDH11 affected proliferation.  As shown in Figure 6.8, 

non-targeting siRNA did not significantly alter proliferation, which is indicative of the 

biocompatibility of the hybrid nanocomplexes.  The knockdown of IL1β reduced 

proliferation by ~30% and ~50% following a single and double dose, respectively.  

The delivery of only CDH11 siRNA provided a relatively minor reduction in 

proliferation rate in comparison to the untreated control samples.  The combined 

knockdown of IL1β and CDH11 reduced proliferation to the same extent as IL1β 

alone.  Thus, IL1β, but not CDH11, appears to play a critical role in AoAF 

proliferation. 

The findings in AoAFs are generally in agreement with most literature reports 

of IL1β and CDH11 in other cell types.
49, 55, 58

  While IL1β has been widely identified 

as playing a key role in fibroblast proliferation, few studies have implicated CDH11.
55

   

For example, Vesey et al. found that IL1β was a potent inducer of proliferation with 

similar activities to those of TGF-β1 in human cortical fibroblasts.
58

  Consistent with 

these findings, the studies presented in this chapter indicated that the synergistic 

effects of knocking down IL1β and CDH11 attenuated differentiation (Figure 6.7) but 

were not detected in the AoAF proliferation analyses.    
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Figure 6.8: Proliferation of AoAFs following the single or double dose siRNA 

regimen.  AoAFs were treated with different siRNA formulations and 

irradiated with 365 nm light for 10 min after each transfection.  The 

change in the number of cells was measured using the AlamarBlue assay 

4 days or 7 days after the first transfection for the single dose (orange 

bars) and double dose (purple bars) experiments, respectively.  Data 

represent the normalized extents of cellular proliferation relative to cells 

that were not treated with siRNA, with 100 indicating no change relative 

to untreated cells.  A value of 0 indicates no change in the absolute 

number of cells from the time of transfection.  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

experiments.  An asterisk indicates a statistically significant difference in 

proliferation in comparison to the no siRNA treatment controls (p < 

0.05).   

6.3.8 Cell density effects on CDH11 knockdown 

In both the single dose and double dose studies, the knockdown of CDH11 

provided only minor, if any, attenuation of myofibroblast differentiation.  However, 

previous work identified CDH11 upregulation in inflamed AoAFs as a primary marker 

of myofibroblasts,
19, 22

 thus making it a promising target for mitigating differentiation.  
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One possible reason for this discrepancy is that CDH11 signaling requires cell-cell 

adhesion,
22

 which occurs at high cell densities,
23

 yet under standard culturing 

conditions, cell-cell contacts are not made until confluency (3-4 d in this study).  

Within the context of Figure 6.5B, CDH11 may be a better target after day 3 when the 

cells are beginning to become more confluent.  A second possible explanation is that 

CDH11 is simply a downstream effector of other proteins that govern the 

differentiation pathway, and the modulation of CDH11 does not impact upstream 

cascades.   

To determine if silencing CDH11 has a significant impact on differentiation 

under other culturing conditions, cells were grown at different confluencies.  As 

shown in Figure 6.9A, CDH11 siRNA was applied to low density and high density 

cells.  There were almost no AoAFs with cell-cell contacts in the low density samples, 

but the majority of cells were in contact with other cells in the high density samples.  

AoAFs growing at the higher density expressed greater amounts of CDH11, as 

reported in the literature.
23

  Both the low density and high density samples exhibited 

nearly complete knockdown when treated with CDH11 siRNA, despite the 

overexpression of CDH11 in the high density case.  The αSMA protein expression of 

the cells was measured, and there was no difference in αSMA protein levels between 

the untreated samples and treated low density samples (Figure 6.9B).  However, 

CDH11 siRNA treatment of the cells grown at high density was found to significantly 

reduce αSMA protein expression (Figure 6.9B), albeit to a lesser extent than IL1β 

siRNA treatment (see also Figures 6.6 and 6.7).  Therefore, CDH11 knockdown is a 

more promising strategy for attenuating differentiation when the number of AoAF 

cell-cell contacts is greater.   
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This finding is particularly important because the in vivo environment of the 

adventitium is crowded, and the cells are densely packed with many cell-cell 

interactions.
12

  Recent reports in the literature also found CDH11 to be not merely a 

downstream effector of TGF-β1, but also a factor able to regulate myofibroblast 

differentiation through multiple other pathways.
23

  Moreover, the possible synergistic 

effects of CDH11 and IL1β knockdown (see Figure 6.7B) and the role of CDH11 in 

the propagation vs. suppression of maladaptive responses in adventitial fibroblasts 

(e.g. by coordinating the contraction of fibroblast populations)
15, 17, 19

 justify further 

exploration of CDH11 as a possible therapeutic target.  Taken together, CDH11 

silencing may be a more promising strategy in clinical settings, especially if combined 

with the knockdown of IL1β.                        
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Figure 6.9: Effect of cell density on myofibroblast differentiation following CDH11 

knockdown.  AoAFs were plated at 10,000 cells cm
-2

 (low density) or 

30,000 cells cm
-2

 (high density), transfected with CDH11 siRNA, and 

treated with 10 ng mL
-1

 TGF-β1 to induce differentiation.  ICC analyses 

were conducted to measure (A) CDH11 or (B) αSMA protein expression.  

(A) Representative ICC micrographs of AoAFs 2 days post-transfection.  

AoAFs were stained for F-actin (magenta), CDH11 (yellow), and nuclear 

DNA (blue).  Scale bars = 50 µm.  (B) Quantification of αSMA protein 

expression from ICC analyses.  The average total fluorescence intensity 

of αSMA relative to F-actin of at least 100 cells per sample was 

measured using ImageJ.  Results are shown as the mean ± standard 

deviation of data obtained from three independent samples.  An asterisk 

indicates a statistically significant difference in αSMA protein expression 

in comparison to the no siRNA treatment control at the appropriate cell 

density (p < 0.05). 

6.3.9 Gene knockdown in rabbit aortic fibroblasts 

The promising results obtained in human primary AoAFs justified more in-

depth studies of the nanocomplexes in animal models.  Recent work from Prof. Akins’ 

lab at Nemours − Alfred I. duPont Hospital for Children (Wilmington, DE) 

demonstrated that the placement of hydrogels on skeletonized left common carotid 
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arteries in rabbits attenuated maladaptive responses following surgery.
43

  Furthermore, 

the timescales of these cellular responses in vivo closely matched the timescales of the 

siRNA dosing regimens displayed in Figure 6.5.  Thus, the rabbit surgical models 

represented a natural extension of the work reported in sections 6.3.1-6.3.8. 

In preparation of the experiments in rabbits, new siRNA had to be designed to 

target rabbit IL1β mRNA.  Three custom-designed siRNAs (details in Table D.2 in 

Appendix D) were delivered to rabbit aortic fibroblasts separately and pooled together 

(1/3 each) using Lipofectamine lipoplexes.  As shown in Figure 6.10, all three siRNAs 

significantly silenced IL1β, and the pool of all three siRNAs was the most efficient. 

 

Figure 6.10: Gene silencing in rabbit aortic fibroblasts using different siRNAs.  The 

siRNAs were encapsulated in Lipofectamine RNAiMAX lipoplexes 

separately or pooled in equal weight ratios (1/3 each) and delivered to 

rabbit aortic fibroblasts.  qPCR analyses of IL1β mRNA expression 

levels 24 h post-transfection were conducted, and the qPCR values were 

normalized to the levels in the no treatment control.  All results are 

shown as the mean ± standard deviation of data obtained from three 

independent samples.  An asterisk indicates a statistically significant 

difference in IL1β mRNA expression in comparison to the pooled siRNA 

treatment (p < 0.05).   
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Next, the efficacy of the hybrid nanocomplexes in rabbit aortic fibroblasts was 

examined.  Cells were treated with the hybrid formulations (same composition as 

above) carrying the pooled IL1β-targeting siRNA and either protected from or treated 

with 365 nm irradiation for 10 min.  As shown in Figure 6.11, fibroblasts that were 

irradiated with light exhibited a significant decrease in IL1β expression relative to 

cells that were not treated with the photo-stimulus.  However, gene silencing still 

occurred in cells that were not exposed to 365 nm light, indicating that the 

nanocomplexes were not completely stable/dormant.  The silencing efficiency 

following treatment with light also was lower than lipoplexes (Figure 6.10).  These 

results were not too surprising, as the composition of the formulation was optimized to 

transfect a different cell type (human primary AoAFs).  Future work should be aimed 

at modifying the nanocomplex composition to enable more efficient on/off gene 

silencing in rabbit aortic fibroblasts.                
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Figure 6.11: Gene silencing efficiency of hybrid nanocomplexes in rabbit aortic 

fibroblasts.  Pooled siRNA was delivered using the hybrid 

nanocomplexes (same composition as used in human AoAFs), and the 

cells were protected from or irradiated with 365 nm light for 10 min.  

qPCR analyses of IL1β mRNA expression levels 24 h post-transfection 

were conducted, and the qPCR values were normalized to the levels in 

the no treatment control.  All results are shown as the mean ± standard 

deviation of data obtained from three independent samples.  A single 

asterisk indicates a statistically significant difference in IL1β mRNA 

expression in comparison to the no treatment control, and a double 

asterisk indicates a statistically significant difference in IL1β mRNA 

expression in comparison to cells treated with IL1β-targeting siRNA but 

not light (p < 0.05).   

6.4 Conclusions 

A novel lipid-polymer hybrid formulation was developed to spatiotemporally 

control the knockdown of key genes implicated in maladaptive responses of human 

primary adventitial fibroblasts.  The nanocarriers remained dormant in AoAFs until 

triggered and then silenced protein expression to ≤ 5% of initial levels upon 

application of a photo stimulus.  Additionally, the dynamics of protein turnover of two 
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functional genes, IL1β and CDH11, were accurately predicted using simple kinetic 

modeling.  This approach allowed the implementation of a double dosing regimen that 

sustained the knockdown of both genes for one week, which is the time period 

relevant for severely injured tissue to undergo adventitial remodeling.  Cells with 

silenced IL1β expression for one week exhibited attenuated differentiation and a ~50% 

reduction in proliferation.  The effects of CDH11 knockdown alone were relatively 

minor, but were significantly enhanced at higher cell densities.  However, the 

combined delivery of IL1β and CDH11 siRNAs resulted in the complete halting of 

myofibroblast differentiation, as characterized by αSMA expression.  siRNA also was 

designed to knockdown IL1β in rabbit aortic fibroblasts, and preliminary work 

indicated that the hybrid nanocomplex composition should be tuned to enable on/off 

control over gene silencing in these different cell types.  Thus, this chapter details a 

new formulation design for imparting stimuli-responsive features into materials 

capable of transfecting primary cells and elucidated the key functional roles of IL1β 

and CDH11 in mediating fibrotic responses in AoAFs, both of which are critical for 

advancing therapies in the clinic to treat cardiovascular disease.               
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CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Dissertation Summary 

Overall, the work described in this dissertation provided insights that advanced 

our fundamental understanding of small interfering ribonucleic acid (siRNA) binding 

vs. release and enabled the development of new strategies for improving siRNA 

delivery to help facilitate translation into animal models.  In Chapter 3, the mechanism 

of siRNA release in mPEG-b-poly(5-(3-(amino)propoxy)-2-nitrobenzyl methacrylate) 

[mPEG-b-P(APNBMA)] polyplexes was elucidated, which allowed for precise 

spatiotemporal control over protein knockdown and the development of a simple 

kinetic model to predict the dynamics of gene silencing.  In Chapter 4, mixed polymer 

polyplexes were formulated that enhanced gene silencing efficiencies and provided 

controlled dose responses that could be predicted by kinetic modeling.  In Chapter 5, 

the incorporation of anionic excipients into polyplexes facilitated greater siRNA and 

enabled Förster resonance energy transfer (FRET)-based monitoring of nanocarrier 

disassembly in situ while maintaining serum- and storage-stability.  In Chapter 6, 

lipid-polymer hybrid formulations were used to gain on/off control over gene silencing 

in human primary cells and establish dosing regimens that could halt myofibroblast 

differentiation through the knockdown of two functional proteins.  Taken together, this 

work exploited the tremendous versatility of mPEG-b-P(APNBMA) to elucidate key 

structure-function relationships related to nucleic acid delivery and develop 

formulation strategies to enhance the efficacy of siRNA delivery technologies that will 

Chapter 7 
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hopefully improve human health in the future.  The following subsections provide 

more detailed motivations and synopses of the work presented in Chapters 3-6.  

7.1.1 siRNA release: mechanistic understanding and spatiotemporal control 

(Chapter 3) 

Current siRNA delivery systems lack the ability to precisely tune siRNA 

release and maximize gene silencing in a spatiotemporal manner.  To overcome these 

challenges, photo-responsive block copolymer solution assemblies were developed, 

for which stimuli-triggered changes in polymer structure altered nanocarrier stability 

and defined siRNA activity.  Uniquely, the biomaterial design enabled the 

development and validation of a simple kinetic model that accurately predicted the 

extent of intracellular nanocarrier disassembly and silencing.  Moreover, the 

constructs showed that maximal gene silencing could be achieved using 

concentrations of siRNA five-fold lower than typical formulations due to the ability to 

rapidly release sufficient amounts of siRNA to saturate the cellular ribonucleic acid 

(RNA)-induced silencing complex (RISC) machinery.  The ability of the nanocarriers 

to remain dormant prior to photo-triggered siRNA release allowed for the generation 

of cell patterns in gene expression with spatial control on cellular length scales and no 

detectable off-target effects.  Furthermore, precisely tuned changes in nanocarrier 

structure enabled the modulation of protein and messenger RNA (mRNA) knockdown 

levels in murine fibroblasts and terminally differentiated human primary cells.  These 

advances led to increased precision, potency, and utility relative to other recent 

spatiotemporally-controlled nucleic acid delivery vehicles reported in the literature.  

Moreover, the combination of experimental examination and kinetic modeling should 
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be applicable to a host of systems for which temporal control over nucleic acid 

delivery is a critical parameter in influencing cellular responses. 

7.1.2 Mixed polymer nanocarriers and kinetic modeling to predict dosing 

(Chapter 4) 

Two of the most prominent challenges that limit the clinical success of siRNA 

therapies are a lack of control over cargo release from the delivery vehicle and an 

incomplete understanding of the link between gene silencing dynamics and siRNA 

dosing.  These obstacles were overcome through the formulation of siRNA polyplexes 

containing light-responsive polymer mixtures, whose varied compositions and 

triggered release behavior provide enhanced gene silencing and controlled dose 

responses that can be predicted by simple kinetic models.  Through the straightforward 

mixing of two block copolymers, the level of gene knockdown was easily optimized to 

achieve the maximum level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

protein silencing in NIH/3T3 cells (~70%) using a single siRNA dose.  The kinetic 

model was used to describe the dynamic changes in mRNA and protein concentrations 

in response to siRNA treatment.  These predictions enabled the application of a second 

dose of siRNA to maximally suppress gene expression over multiple days, leading to a 

further 50% reduction in protein levels relative to those measured following a single 

dose.  Furthermore, polyplexes remained dormant in cells until exposed to the photo-

stimulus, demonstrating the complete control over siRNA activity as well as the 

stability of the nanocarriers.  Thus, this work demonstrated that pairing advances in 

biomaterials design with simple kinetic modeling provided new insight into gene 

silencing dynamics and presents a powerful strategy to control gene expression 

through siRNA delivery. 



 269 

7.1.3 Incorporation of anionic excipients for improved theranostics (Chapter 5) 

The incorporation of anionic excipients into polyplexes is a promising strategy 

for modulating siRNA binding vs. release and integrating diagnostic capabilities; 

however, specific design criteria and structure-function relationships are needed to 

facilitate the development of nanocarrier-based theranostics.  Poly(acrylic acid) (PAA) 

and quantum dot (QD) excipients were incorporated into photolabile siRNA 

polyplexes to increase gene silencing efficiencies by up to 100% and enable self-

reporting of nanocarrier disassembly.  The systematic approach identified the 

functional relationships between gene silencing and key parameters such as excipient 

loading fractions and molecular weights that facilitated the establishment of design 

rules for optimization of nanocarrier efficacy.  For example, PAA molecular weights 

~10-20 times greater than that of the co-encapsulated siRNA exhibited the most 

efficient release and silencing.  Furthermore, siRNA release assays and RNAi 

modeling allowed us to generate a PAA “heat map” that predicted gene silencing a 

priori as a function of PAA molecular weight and loading fraction.  QDs further 

promoted selective siRNA release and provided visual as well as FRET-based 

monitoring of the dynamic changes in nanostructure in situ.  Moreover, even with the 

addition of anionic components, the formulations exhibited substantially improved 

stability and shelf-life relative to other polyplex formulations (e.g. PEI), with complete 

stability after a week of storage and full activity in the presence of serum.  Taken 

together, these studies enabled synergistic improvements in siRNA release and 

diagnostic capabilities, along with the development of mechanistic insights that are 

critical for advancing the translation of nucleic acid theranostics into the clinic. 
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7.1.4 Hybrid formulations for attenuating maladaptive responses in human 

aortic adventitial fibroblasts (Chapter 6) 

Lipid-siRNA assemblies were modified with photo-responsive polymers to 

enable spatiotemporally-controlled silencing of interleukin-1 beta (IL1β) and cadherin 

11 (CDH11), two genes that are essential drivers of maladaptive responses in human 

aortic adventitial fibroblasts (AoAF)s.  These hybrid nanocomplexes addressed the 

critical challenge of locally mitigating fibrotic actions that lead to the high rates of 

vascular graft failures.  In particular, the lipid-polymer formulations provided potent 

silencing of IL1β and CDH11 that was precisely modulated by a photo-release 

stimulus, leading to knockdown of these genes to the desired extents between 100% 

and ≤ 5% of their initial levels.  Moreover, light-triggered gene silencing was 

combined with a dynamic modeling framework to design a multi-dose siRNA regimen 

that sustained knockdown of both genes over clinically-relevant timescales.  Multi-

dose suppression illuminated a cooperative role for IL1β and CDH11 in pathogenic 

adventitial remodeling and was directly linked to desirable functional outcomes.  

Specifically, myofibroblast differentiation and cellular proliferation, two of the 

primary hallmarks of fibrosis, were significantly attenuated by IL1β silencing.  

Meanwhile, the effects of CDH11 siRNA treatment on differentiation became more 

pronounced at higher cell densities characteristic of constrictive adventitial remodeling 

in vivo.  Simultaneous knockdown of IL1β and CDH11 for one week completely 

halted myofibroblast differentiation, indicating potentially synergistic roles for these 

proteins.  Thus, this work offered a unique formulation design for photo-responsive 

gene suppression in human primary cells and established a new dosing method to 

satisfy the critical need for local attenuation of fibrotic responses in the adventitium 

surrounding vascular grafts. 
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7.2 Recommendations for Future Work  

7.2.1 Direct extensions of recent work 

There are two separate, but related, thrusts that build directly on recent work 

that is described in previous chapters.  The first topic relates to translating the hybrid 

lipid-polymer formulations into in vivo rabbit models as preclinical analysis that 

would lead to a treatment strategy for coronary artery bypass graft interventions.  

Specifically, the formulations will be applied to arterial bypass grafts in rabbits in 

collaboration with Prof. Robert E. Akins’ laboratory.  The second thrust aims to make 

the polyplex formulations responsive to near infrared (NIR) light (as an alternative to 

ultraviolet (UV) light) through the incorporation of upconverting nanoparticles 

(UCNP)s.  Changing the excitation wavelength from 365 nm to > 750 nm provides 

many benefits for biological applications and will aid in the translation of the 

polyplexes into new systems, especially in vivo.      

7.2.1.1 In vivo rabbit models    

In addition to veterinary medicine and the creation of research tools, one of the 

ultimate goals of biomedical technologies is translation into humans to improve health 

outcomes.  A key step in the translational process is vigorous testing of the technology 

in various animal models.  Given the encouraging in vitro gene silencing results in 

rabbit aortic fibroblasts presented in Chapter 6, future work should be designed to 

facilitate the translation into rabbit models.  This project will be conducted in 

collaboration with Prof. Robert E. Akins’ laboratory, which has expertise performing 

bypass grafting with surgically skeletonized arteries in New Zealand White rabbits. 

In Chapter 6, a hybrid lipid-polymer formulation composition was identified 

that mediated efficient IL1β transcript knockdown in rabbit aortic fibroblasts after 
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irradiation with 365 nm light but remained dormant without exposure to the photo-

stimulus.  These promising results suggest that the hybrid formulation may be useful 

in animal models when applied to rabbit aortic fibroblasts; however, it is likely that the 

native (in vivo) cells will have significant differences from the (in vitro) primary cells 

that will change the efficacy of the siRNA formulation.
1
  Nevertheless, the current 

composition of the hybrid formulation represents a reasonable starting point that 

probably will need to be tuned for effective gene silencing in vivo. 

Numerous other studies can be conducted prior to/in conjunction with gene 

silencing experiments, including cellular uptake and biocompatibility assays.  Despite 

the fact that the skeletonization procedure will significantly reduce the number of 

barriers to cellular uptake, various extracellular proteins and tissue components may 

remain present in the animal model that could interact with the nanocarriers and alter 

cellular internalization (Figure 7.1).
2
  Modifications to the hydrophilic PEG block (as 

detailed in section 7.2.2.2) or the implementation of strategies for improving 

endosomal escape (as detailed in section 7.2.3.2) may help overcome these delivery 

hurdles.  Another important factor to consider is the duration of the transfection.  

Unlike in vitro experiments that have transfections last for a few hours, the time frame 

during surgery is on the order of minutes.  To determine the time window necessary 

for sufficient internalization given the new rate of cellular uptake, the siRNA can be 

labeled with a fluorophore and tracked using fluorescence detection techniques.
3
  

Alternatively, quantum dots could be incorporated into the formulations to enable 

monitoring with electron microscopy in addition to fluorescence assays.
4
  The 

biocompatibility of 365 nm light irradiation and nanocarrier treatment also should be 
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investigated using cell viability assays to determine the potential limitations related to 

undesired off-target (side) effects.             

 

Figure 7.1: Representative view of the surgical field following skeletonization of the 

left common carotid artery in a rabbit (R = rostral, C = caudal).  This 

figure was adapted with permission from Robinson, K. G.; Scott, R. A.; 

Hesek, A. M.; Woodford, E. J.; Amir, W.; Planchon, T. A.; Kiick, K. L.; 

Akins, R. E., Reduced arterial elasticity due to surgical skeletonization is 

ameliorated by abluminal PEG hydrogel. Bioeng. Transl. Med. 2017, 

Accepted Article.
2
  Copyright 2017. 

7.2.1.2 Incorporation of upconverting nanoparticles 

Preliminary data was presented in Chapter 5 (section 5.3.9) that detailed the 

incorporation of UCNPs into polyplexes.  The primary objective of this work was to 

enable light-triggered siRNA release from the nanocarriers using NIR light (> 750 nm) 

instead of UV light (365 nm) to avoid challenges related to penetration depth and 

cytotoxicity.
5
  Both types of tested UCNPs were acid-functionalized so that they 

would be negatively charged in water solutions and would electrostatically bind to 

mPEG-b-P(APNBMA).  Similarly to the addition of quantum dots, the incorporation 

of anionic UCNPs resulted in polymer/siRNA/nanoparticle assemblies that were 
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relatively stable at low N/P ratios.  However, the upconversion efficiency of the 

nanoparticles (emission wavelengths of ≤ 365 nm) was extremely low and not 

sufficient to induce polymer cleavage at the maximum irradiation intensity.  This 

limitation is common, as most UCNPs suffer from very weak and narrowband NIR 

absorption.
6
  The major shortcoming of inefficient upconversion to 365 nm needs to 

be addressed before further progress can be made in the project.   

There are reports of significantly more efficient UCNPs in the literature that 

were produced using fairly complicated and specialized synthetic procedures (that lie 

outside the expertise of our groups).
7, 8

  Thus, it is worthwhile to continue/form 

collaborations with groups that possess the technical expertise to carry out these 

synthetic protocols.  Additionally, there have been recent advances in the field that 

have enhanced upconversion properties through multistep energy-cascaded transfer.
9, 

10
  These breakthroughs rely on the conjugation of organic NIR-absorbing dyes, which 

can act as antennas to greatly improve upconversion efficiencies and broaden the 

absorption spectrum (Figure 7.2).
6, 11

  For example, Zou et al. found that their dye-

sensitized nanoparticles enhanced upconversion by a factor of ~3,300 relative to 

unmodified UCNPs.
6
  Another report demonstrated that upconversion efficiencies of 

as high as 19% and significant absorption ranges spanning 150 nm in the NIR 

spectrum could be achieved.
11

  The authors of these studies also speculated that 

optimization of the organic dye emission and nanoparticle absorption spectral overlap 

would further increase upconversion efficiencies.  Therefore, a combination of higher 

quantum yield UCNPs and broadband dye-sensitization strategies may allow for the 

upconversion of NIR light to reach efficiencies sufficient enough to cleave the o-

nitrobenzyl (o-NB) moiety of mPEG-b-P(APNBMA) and trigger siRNA release.    



 275 

 

Figure 7.2: Antenna dyes (green) absorb NIR irradiation (red wavy arrows) and 

transfer it via FRET (brown arrows) to the UCNP core (yellow sphere). 

Upconversion is defined by a process in which the absorption of two or 

more low-energy (NIR) photons leads to the emission of a single photon 

with higher energy in the visible or UV regions (rainbow wavy arrow).  

This figure was adapted with permission from Zou, W. Q.; Visser, C.; 

Maduro, J. A.; Pshenichnikov, M. S.; Hummelen, J. C., Broadband dye-

sensitized upconversion of near-infrared light. Nat. Photon. 2012, 6 (8), 

560-564.
6
  Copyright 2012, Rights Managed by Nature Publishing 

Group. 

7.2.2 Modifications to the polymer structure 

The tailorability of mPEG-b-P(APNBMA) is one of the platform’s greatest 

advantages, yet only the molecular weight of the cationic block was varied in this 

dissertation.  Two additional approaches for imparting enhanced or new characteristics 

to the polymers are changing the chemical structure of the monomer unit or altering 

the molecular architecture of the hydrophilic block.  The first strategy involves various 

aromatic substitutions and molecular group additions that can be made to the 

photocleavable o-NB moiety in the APNBMA monomer to increase the efficiency of 

the photo-reaction and/or shift the absorbance to higher wavelengths.  The second 
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strategy involves changing the hydrophilic block to tune the shielding of the polyplex 

corona for applications that require different levels of solution stability and/or cellular 

uptake.     

7.2.2.1 Altering the o-NB functional moiety in the monomer 

In essentially all applications, it is desirable to have more rapid response times 

to the photo-stimulus and shorter irradiation times.  These traits are particularly 

beneficial when working with sensitive cell types (e.g. human primary cells) that have 

low tolerances for high doses of 365 nm light or in in vivo settings when speed is 

critically important from a practicality standpoint.  However, the photo-reactions of o-

NB derivatives are quite inefficient, as the quantum yields are typically < 0.1 events 

photon
-1

.
12, 13

  The most straightforward approach for addressing this concern is to 

increase the photolysis reaction efficiency by tuning the molecular structure of the o-

NB group.  As the photo-reaction is based on photons interacting with π-bonds and the 

subsequent transition of electrons (forming radicals and various excited electronic 

states), the addition of electron-donating or electron-withdrawing groups to the 

benzylic site of the aromatic ring should alter the quantum yield of the photolysis 

reaction and change the kinetics.
12

  A proven strategy for enhancing the reaction 

efficiency is the incorporation of an α-methyl group onto the benzylic carbon, which 

can improve the relative cleavage rate by a factor of at least five.
14, 15

  In addition to 

electronic effects, the methyl group also provides increased steric hindrances that 

stabilize intermediates and enhance the total reaction efficiency.
16, 17

  The position of 

the α-methyl group on the benzylic carbon is depicted in Figure 7.3 as R1 (R1 = Me).     
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Figure 7.3: The generic form of the mPEG-b-P(APNBMA) polymers.  Various 

alterations to the molecular structure of the APNBMA monomer unit 

could be made to tune the photo-responsive nature of the polymer.  First, 

the α-group on the benzylic carbon, which is depicted as R1, can be 

modified.  A methyl group is commonly substituted in this position to 

increase the quantum yield (R1 = Me).  Second, a hydrogen on the 

aromatic ring (R2 position) can be substituted with a methoxy (R2 = 

OMe) to provide a bathochromic shift in the excitation spectrum.         

Another important factor to consider when designing the molecular structure of 

the photolabile o-NB moiety is the maximum excitation wavelength of the 

chromophore.  Generally, biological systems are more susceptible to sustaining DNA 

mutations and cellular damage with shorter wavelength UV light (< 365 nm).
18

  As 

shown in Figure 7.4, the absorbance spectrum of mPEG-b-P(APNBMA) exhibits an 

excitation maximum of ~316 nm prior to irradiation.  Although the o-NB group in the 

polymer absorbs light up to ~400 nm, the relative absorbance at 365 nm relative to the 

maximum absorbance at 316 nm is < 25%.  The inefficiency of the photo-reaction at 

higher wavelengths within the UV spectrum necessitates the use of fairly high doses of 
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light, which increases the likelihood of cellular damage, hinders the practical 

implementation of experimental procedures, and limits the stimulus response time.   

To address these drawbacks, various alkoxy substituents have been 

incorporated into the aromatic rings of o-NB moieties to induce a bathochromic shift 

(towards lower energy absorbance).
12, 19

  Replacing hydrogen with electron 

withdrawing groups on the aromatic ring changes the electronic properties of the 

molecule and shifts the principle absorbance of the chromophore to higher 

wavelengths.
20

  In particular, substituting a methoxy group for a proton significantly 

facilitates the photolytic cleavage reaction with > 350 nm light.
15

  A previous study 

demonstrated that the modification of o-NB with methoxy groups allowed the 

photolysis reaction to proceed at reasonable rates using 420 nm light.
12

  This 

substitution to the aromatic ring is depicted in Figure 7.3 as R2 (R2 = OMe).     

 

Figure 7.4: The absorbance spectrum of mPEG-b-P(APNBMA).  The maximum 

excitation wavelength is ~316 nm, and the absorbance drops off rapidly 

at longer wavelengths (approaching no absorbance ≥ 400 nm).     
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7.2.2.2 Changing the hydrophilic block  

The chemical/physical composition of the polyplex surface is an extremely 

important determinant of the nanocarrier’s solubility, biocompatibility, stability, 

behavior, and efficacy.  For example, the nanocarrier corona may increase the delivery 

vehicle’s solubility in water, reduce cytotoxicity, provide “stealthiness” and steric 

stability in the extracellular environment, influence cellular binding and the mode of 

internalization, and affect polyplex disassembly and siRNA release.
21

  The importance 

of each of these factors depends on the application (e.g. “stealthiness” is more critical 

for in vivo applications than in vitro applications).  In many polyplex systems, the 

corona is comprised of a neutral hydrophilic block such as poly(ethylene glycol) 

(PEG) or N-(2-hydroxypropyl)methacrylamide (HPMA).
22

  PEGylation is the most 

common strategy for stabilizing nanocarriers and protecting the charged core from 

opsonization and nuclease-mediated degradation.
23

  The hydrophilic PEG chains form 

a “shell” around the polyplex core that is necessary for reducing electrostatic 

interactions with the surrounding medium, especially intracellularly or in the body.   

Although the ideal PEG molecular weight depends on the particular polyplex 

system, specific trends have emerged.  For example, PEG blocks that are shorter than 

2 kDa cannot effectively stabilize polyplexes in the extracellular environment.
24

  

Moreover, longer PEG blocks (e.g. 20 kDa) tend to provide more stability 

extracellularly but decrease cellular uptake.
25

  A balance between these effects often is 

found to be optimal with PEG molecular weights of approximately 5-10 kDa.
24, 25

  

PEG density also plays an important role in determining polyplex behavior.  One 

method for varying the density of PEG is grafting PEG chains onto a cationic polymer 

(tuning the number of PEGs per cationic polymer).
26

  Generally, increasing the PEG 

density increases stability but reduces cellular uptake, as was the case with increasing 
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PEG molecular weight.  These tradeoffs suggest that PEG molecular weight and 

density should be systematically varied to determine the optimal combination for each 

polyplex system in the desired application; however, such studies may be tedious and 

expensive.
25

  Alternatively, the use of mixed polymer nanocarriers would facilitate the 

rapid testing of multiple formulations from as few as two different polymers.
27

  

Therefore, only one or two modified polymers would need to be synthesized to 

explore a wide parameter space.   

The mPEG-b-P(APNBMA) polymers contain a ~5 kDa PEG block on each 

polymer chain.
28

  A number of modifications could be made to the “base” hydrophilic 

block, including a shorter/longer PEG block or the incorporation of a comb-like 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) block.  Depending on the 

application, more or less PEG shielding may be desirable.  For example, shorter PEG 

blocks (e.g. 2 kDa) likely would be beneficial for in vitro applications where 

maximizing polyplex uptake is essential; whereas longer PEG blocks (e.g. 20 kDa) 

would be critical for in vivo applications such as injection into the bloodstream.
29

  

Analogously, the PEGMA block length could be varied to impart the desired shielding 

characteristics and a comb-like corona morphology.
30

  Other groups have 

demonstrated that the incorporation of PEGMA (Mn ~300-2,000 Da) blocks ranging 

from ~8-33 kDa into cationic polymers produced polyplexes that enhanced the 

delivery of nucleic acids.
31, 32

  These reports suggest that synthesizing a polymer with 

a PEGMA block within these specifications may significantly improve the current 

polyplex system, particularly if mixed with “base” mPEG-b-P(APNBMA).              
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7.2.3 Endosomal escape: mechanistic understanding and strategies for 

enhancement 

Endosomal escape is one of the primary intracellular barriers to siRNA 

delivery.
21

  Generally, polyplexes are internalized into cells through various endocytic 

pathways and become entrapped within endosomes.  The siRNA nanocarriers must 

escape the endosomes to reach the cytoplasm (the site of RISC) before they are 

subjected to the degradative conditions in the acidifying endomembrane compartments 

and lysosomes.  Despite extensive work in the literature, endosomal escape continues 

to hamper effective siRNA delivery and has been identified as the limiting step in 

many polyplex systems.
33

  It is important to elucidate the endosomal escape 

mechanism and ultimate fate of the mPEG-b-P(APNBMA) polyplexes as well as 

provide a better understanding of endosomal escape that is pertinent to a wide variety 

of other delivery vehicles.  Furthermore, strategies for enhancing the ability of the 

mPEG-b-P(APNBMA) polyplexes to escape endosomes may greatly benefit future 

work in a variety of applications.         

7.2.3.1 Mechanistic understanding of cellular uptake, endosomal escape, and 

polyplex fate 

Work presented in Chapters 1, 3, and 4 demonstrated that the polyplexes were 

rapidly internalized into NIH/3T3 cells.  The polyplexes also mediated efficient gene 

silencing after exposure to the photo-stimulus, meaning that the polyplexes and/or 

siRNA must have escaped the endomembrane vesicular compartments and engaged 

the RISC.
34

  NIH/3T3 cells that were not irradiated with 365 nm exhibited no gene 

silencing, suggesting that the polyplexes remained dormant and did not escape the 

endosome and/or did not release their siRNA payload.  In Chapter 6, the incorporation 

of a cationic lipid (Lipofectamine) was necessary to enable on/off control over gene 
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knockdown in human primary cells, presumably due to challenges related to 

endosomal escape.  In both cases, the on/off behavior was exploited to 

spatiotemporally control and tune the amount of protein knockdown; however, the 

specific endocytic pathway(s), mechanism of endosomal escape, and ultimate fate of 

the entrapped nanocarriers were not investigated in detail.  Perhaps even more 

importantly, the unique on/off nature of the system provides a special opportunity to 

explore general siRNA delivery concepts such as endosomal escape mechanisms and 

the ideal location and timing of siRNA release that would be applicable to a host of 

other systems.          

It is important to understand which specific endocytic pathways the polyplexes 

use to become internalized into cells.  The most common pathways include clathrin 

(receptor)-mediated endocytosis, caveolae, macropinocytosis, and phagocytosis.
35

  All 

of these pathways differ in where the cargo is trafficked, the rate of intracellular 

transport, and where the endosomes tend to accumulate.  To study these modes of 

internalization, a number of chemical endocytic inhibitors can be used to block 

specific pathways before transfection.
36

  A reduction in the amount of cellular uptake 

in the presence of a particular inhibitor would suggest that the corresponding 

endocytic pathway transports a significant proportion of the polyplexes into the cells.  

However, these chemical inhibitors tend to be non-specific and not completely reliable 

indicators of endocytic pathways.
37

  An alternative/complementary approach involved 

the RNAi-induced knockdown of a protein that is specific and critical to a certain 

pathway.  For example, Ross et al. silenced caveolin-1 in IBC SUM149 cells and 

found a significant reduction in gene transfection efficiency, which provided evidence 

that the polyplexes were internalized through the caveolin pathway.
38

  These studies 
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are relatively simple and may provide crucial insights into the expected trafficking 

patterns and ultimate destinations of the polyplexes.   

The dynamics and locations of intracellular polyplex trafficking also should be 

investigated.  Extensive work has been conducted by Dr. Nikki Ross in the Sullivan 

group to study the trafficking patterns of histone-targeted polyethylenimine 

(PEI)/DNA polyplexes.
39

  In particular, colocalization experiments with fluorescently 

labeled nucleic acids and cellular compartments as well as subcellular sucrose density 

gradient fractionation with radiolabeled nucleic acids elucidated detailed trafficking 

information.  The insights gained from these experiments allowed for improved 

transfection efficiencies and suggested new opportunities in biomedical applications.  

Another critical aspect to investigate is the mechanism of endosomal escape.  

A greater understanding of this mechanism would answer numerous system-specific 

questions and possibly shed light on new strategies that other polyplex systems could 

exploit.  There are numerous experiments described in the literature to probe 

endosomal escape mechanisms, including lysosomal colocalization, endosomal pH-

buffering, and electron microscopy approaches.
40-42

  A particularly accessible and 

simple method involves labeling late endosomes/lysosomes with a stain and the 

siRNA with a fluorophore.
43

  Detection of the colocalization of the two signals using 

confocal microscopy, in combination with quantification methods such as the 

Manders’ coefficient,
44

 provides information regarding endosomal escape at various 

points along the trafficking pathway.
39

  In the mPEG-b-P(APNBMA) system, for 

example, the entrapment within late endosomes/lysosomes could be measured to study 

the effects of light irradiation and determine if polymer cleavage aids in endosomal 

escape, as hypothesized earlier.   
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Finally, it would be useful to know the ultimate fate of the polyplexes.  The 

most likely destinations for dormant polyplexes are lysosomal degradation and 

exocytosis, neither of which allows the siRNA to engage with the RISC.
35

  The final 

destination of the polyplexes also could be determined using colocalization 

experiments with labeled cellular compartment and nanocarrier components.  

7.2.3.2 Strategies for overcoming limitations related to endosomal escape 

As described in Chapter 5, the vast majority of the internalized siRNAs was 

not able to engage the RISC, even in the most efficient formulations that were able to 

release large amounts of siRNA, due to insufficient endosomal escape.  Moreover, the 

lack of gene silencing in AoAFs without the addition of cationic lipids was 

presumably caused by inefficient endosomal escape.  These results were not 

particularly surprising given that the mPEG-b-P(APNBMA) polymers do not contain 

any moieties that were explicitly designed for endosomal escape.  Nevertheless, the 

packaged siRNA was able to escape the compartment and enter the cytoplasm when 

irradiated with 365 nm light in NIH/3T3 cells.  I hypothesized that, following 

irradiation, the cleaved cationic groups from the polymer backbone interacted with the 

endosomal membrane and destabilized/ruptured the lipid bilayers to allow for 

endosomal escape.  The liberated species may be free siRNA, partially disassembled 

polyplexes, and/or completely intact polyplexes.  However, I speculated that this 

proposed mechanism did not occur in AoAFs, possibly due to different trafficking 

pathways or more stable endosomes.  These findings suggested that the addition of 

new functional moieties that help induce endosomal escape to the polymer may enable 

more efficient gene silencing in NIH/3T3 cells and facilitate on/off control over 

siRNA activity with Lipofectamine-free systems in AoAFs.      
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A common strategy to trigger endosomal escape is the use of pH-responsive 

materials that can exploit the supposed proton-sponge effect, in which pH buffering of 

the endomembrane vesicle leads to an accumulation of ions within the compartment 

and an increase in osmotic pressure that bursts the endosome.
45

  In fact, the excellent 

gene delivery efficiency of PEI, which possesses a high concentration of primary, 

secondary and tertiary amines, often is attributed to its pH buffering capabilities that 

aid in endosomal escape.
39, 42

  These reports suggest that the incorporation of PEI into 

the formulations may enhance endosomal escape in the mPEG-b-P(APNBMA) 

system.  Alternatively, numerous pH-responsive chemical groups can be added to the 

polymer as a third block to take advantage of endosomal acidification during 

trafficking.
46

  For example, fusogenic peptides, such as HA2 (derived from influenza 

virus hemagglutinin), have conformations that change in response to lower pH 

conditions.
47

  The protonation of the acidic residues of the peptides induce the 

formation of hydrophobic faces that can strongly interact with the endosomal 

membrane, causing membrane destabilization and rupture.
47

  Thus, the addition of 

endosomolytic reagents such as HA2 to the polymer offers a promising strategy for 

enhancing endosomal escape.    

Other approaches for improving endosomal escape include formulating hybrid 

systems with cationic lipids (other than Lipofectamine), which are known to interact 

with endosomal membranes,
46

 and the co-delivery of photosensitizers.
47

  The most 

commonly employed fusogenic lipid is dioleoylphosphatidylethanolamine (DOPE),
46

 

which has been used to induce endosomal escape and enable efficient gene silencing 

with subpicomolar amounts of siRNA.
48

  Moreover, the use of photosensitizers is 

particularly appealing from an application standpoint because the mPEG-b-
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P(APNBMA) system already utilizes light.  There are numerous photosensitizers that 

have successfully improved endosomal membrane disruption through the generation 

of highly reactive oxygen species upon application with a photo-stimulus.
49

  For 

example, Oliveira et al. demonstrated that the inclusion of a photosensitizer, meso-

tetraphenylporphine with two sulfonate groups on adjacent phenyl rings (TPPS2a), into 

lipoplexes enhanced gene silencing by a factor of 10 relative to lipoplex treatment 

alone.
50

  The photosensitizer was stimulated using 375–450 nm light, which is close to 

the wavelengths that are relevant for o-NB cleavage.  Therefore, the addition of 

photosensitizer agents represents a potentially straightforward method for enhancing 

endosomal escape and gene silencing efficiencies.           

7.2.4 Co-cultures and other anionic theranostic cargo  

The polyplexes and hybrid formulations have been used to successfully deliver 

siRNA to cell monocultures; however, there are other cell culture models and 

therapeutic/diagnostic payloads for which the mPEG-b-P(APNBMA) platform could 

be beneficially employed.  The first possible extension of the platform is the 

application of polyplexes to co-culture cell systems that are more representative of an 

in vivo environment.  The second possible extension of the platform is the delivery of 

other anionic cargos, alone or in combination with siRNA.   

7.2.4.1 Cell co-cultures  

There are hundreds of different cell types in the human body that perform their 

own specialized functions.  Moreover, target cells are typically not isolated in the body 

but instead are surrounded by many other types of cells, and almost all health 

problems are carried out by multiple cell types that play key roles in the disease 
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progression in the given tissue(s).  To better mimic the complicated disease 

environment in animals, cell co-cultures may be implemented during in vitro 

experiments.
38

   

The choice of the co-culture depends on the particular application.  For 

example, there are three cell types that are particularly relevant to coronary artery 

bypass grafting – fibroblasts, endothelial cells, and smooth muscle cells.
51

  If the 

therapeutic is intended to be used in only one of these cell types (e.g. fibroblasts), it 

would be appropriate to determine if the nanocarriers could be designed to target only 

that specific cell type and avoid off-target effects in the other cells (e.g. endothelial 

and smooth muscle cells).  A co-culture system would be useful for investigating 

whether this goal is even feasible.  To implement such an experiment, the composition 

of the hybrid lipid-polymer formulations possibly could be tuned to allow for efficient 

gene silencing in one cell type but no silencing in the others at a given irradiation 

dosage.   

Macrophages also play a critical role in many applications, as they are present 

in nearly all tissues.
52

  These cells engulf cellular debris, foreign substances, cancer 

cells, and other components that are not recognized to be associated with the host’s 

healthy body (including nanocarriers).  Furthermore, macrophages play critical roles 

the immune system and are extremely active during inflammation, both of which are 

important components to the body’s response to many diseases.
52

  Therefore, co-

culture systems involving macrophages would be useful for determining the 

propensity of macrophages to uptake the nanocarriers relative to the target cells and 

investigating how macrophages influence disease progression.   
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7.2.4.2 Anionic cargos  

The work outlined in this dissertation primarily focused on the delivery of 

siRNA as well as diagnostic quantum dot nanoparticles using mPEG-b-P(APNBMA).  

The polymer also is able to encapsulate DNA, mRNA, and gold nanoparticles into 

polyplexes.  The cationic block of mPEG-b-P(APNBMA) should be able to 

electrostatically bind essentially all negatively charged molecules, including 

multivalent anionic small molecules and negatively charged peptides/proteins.  For 

example, other cationic copolymers have been shown to solubilize anionic small 

molecule drugs, such as mefenamic acid and indomethacin,
53

 and anionic 

antimicrobial peptides/proteins (AAMP)s have garnered interest for medical 

applications.
54

  It is likely that the polyplex system could be adapted to deliver these 

other anionic cargo for therapeutic and/or diagnostic purposes.  Generally, the strength 

of electrostatic binding increases as the charge density and molecular weight increase; 

thus, smaller molecules with low charge densities will likely be the most difficult to 

encapsulate but the easiest to release.
22

  The N/P ratio, mixed polymer composition, 

and incorporation of anionic excipients could be varied to optimize the balance 

between binding vs. release for any cargo.  It also would be interesting to explore the 

co-delivery of various combinations of these cargos, which may be practical for 

specific applications and may enable staggered release profiles with different dosages 

of light.  Ultimately, the modularity of the system offers numerous directions that may 

prove to be fruitful for both fundamental science and biomedical therapeutic 

standpoints.            
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7.2.5 Summary of recommended future directions  

There are four main categories for future work: direct extensions of recent 

work (in vivo applications and incorporation of UCNPs), modifications to the polymer 

structure, mechanistic understanding and strategies for enhancing endosomal escape, 

and co-culture systems and anionic theranostic cargo.  Initially, I recommend 

continuing the recent work related to translating the technology into rabbit models so 

that the primary hurdles can be identified early and subsequently addressed.  For 

example, the results may indicate that stability and/or cellular uptake is an issue, 

meaning that a modification to the hydrophilic (PEG) block may be necessary before 

further progress can be made in vivo.  Perhaps the UV light causes severe cytotoxicity 

or cannot penetrate far enough into the tissue, which would suggest accelerating the 

UCNP work and the synthesis of a new monomer unit that undergoes the photo-

reaction more efficiently and at higher wavelengths.  It also is possible that endosomal 

escape is a major challenge in vivo, indicating that one of the strategies described in 

section 7.2.3.2 may be critical for overcoming this barrier.  Due to the complex nature 

of animal models, it is difficult to predict which combination of these potential hurdles 

will be the most pressing; however, the ideas detailed in this chapter should provide a 

good starting point for addressing these possible challenges.         
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SUPPORTING INFORMATION FOR CHAPTER 3 

 

 

 

Table A.1: Representative calculation of the normalized mRNA expression level (m) 

of a test sample relative to the untreated control.  The values were 

computed using Equations 2.12 and 2.13, as described in detail in 

Chapter 2 (section 2.7).     

 

 

Cq 

target 

gene 

Cq 

housekeeping 

gene 

[target] - 

[housekeeping] 
d m 

untreated 

sample 
17.1 12.5 4.6 0 100% 

test 

sample 
18.9 12.7 6.2 1.6 33.0% 
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Table A.2: The raw values of the ratios between the intensities of the acceptor and 

donor peaks (I665/I560) of three independent samples from Figure 3.9B 

(prior to normalization). 

Irradiation 

time (min) 

Sample 

#1 

Sample 

#2 

Sample 

#3 
Average 

Standard 

Deviation 

0 1.12 1.11 1.19 1.14 0.044 

2.5 0.53 0.43 0.53 0.50 0.058 

5 0.3 0.36 0.36 0.34 0.035 

10 0.28 0.24 0.21 0.24 0.035 

20 0.14 0.18 0.17 0.16 0.021 

40 0.09 0.08 0.12 0.10 0.021 
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Figure A.1: Compensation matrices used to correct for signal spillover in Figure 3.10.  

The APC and PE channels primarily detected signals from individual 

fluorophores (control samples) and the PE-Texas Red channel primarily 

detected the signal attributed to FRET. 
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SUPPORTING INFORMATION FOR CHAPTER 4 

 

 

 

 

Table B.1: Raw values of polyplex diameters and the calculation of the average and 

standard deviation for each mixed polymer formulation.  These values 

are plotted in Figure 4.5.  

 
0/100 25/75 50/50 75/25 100/0 

Sample #1 120.1 103.8 44.5 24.2 21.9 

Sample #2 113.3 87.0 38.4 27.0 22.3 

Sample #3 124.9 94.1 35.6 30.4 24.5 

Average 

diameter (nm) 
119.4 95.0 39.5 27.2 22.9 

Standard 

deviation (nm) 
5.8 8.4 4.6 3.1 1.4 
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Table B.2: Raw values of polyplex zeta potentials and the calculation of the average 

and standard deviation for each mixed polymer formulation.  These 

values are plotted in Figure 4.5.  

 
0/100 25/75 50/50 75/25 100/0 

Sample #1 10.9 11.1 8.3 6.4 6.2 

Sample #2 12.7 12.6 10.2 7.7 5.6 

Sample #3 12.3 12.8 9.9 6.8 6.2 

Average zeta 

potential (mV) 
12.0 12.2 9.5 6.9 6.0 

Standard 

deviation (mV) 
0.98 0.96 0.99 0.68 0.34 
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SUPPORTING INFORMATION FOR CHAPTER 5 

 

 

Figure C.1: Emission spectra of lanthanide atom doped NaYF4 upconverting 

nanoparticles (UCNP)s as a function of irradiation intensity.  The UCNPs 

were excited with 980 nm light, and the resulting emission was 

characterized.  These measurements were performed by Eric Chen from 

the Doty lab at the University of Delaware.   

Discussion for Figure C.1: The UCNPs exhibited a very weak emission peak around 

365 nm.    
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Figure C.2: Polyplex formation and siRNA release as a function of the UCNP 

loading ratio.  (A) Acid-functionalized UCNPs were added to the 

polyplex formulations at various loading ratios (UCNP/siRNA [w/w]), 

and heparin was added (heparin/siRNA [w/w] of 5) to induce siRNA 

release.  Then, the solutions were subjected to gel electrophoresis.  (B)  

The free siRNA bands in the gel in (A) were quantified using ImageJ 

analyses.   

Discussion for Figure C.2: As the UCNP/siRNA (w/w) loading ratio increased, the 

amount of heparin-induced siRNA release also increased, indicating that the UCNPs 

were influencing polyplex stability.   
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Figure C.3: Average polyplex size as a function of UCNP loading ratio.  Polyplexes 

were formulated with various loading ratios of UCNP/siRNA (w/w) and 

analyzed using dynamic light scattering (DLS).   

Discussion for Figure C.3: The average hydrodynamic diameter increased 

significantly upon the addition of UCNPs, and the sizes surpassed 200 nm at 

UCNP/siRNA ratios ≥ 3.  Only one population was detected using DLS, further 

suggesting that the UCNPs were incorporated into the polyplexes. 
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SUPPORTING INFORMATION FOR CHAPTER 6 

 

 

 

 

Figure D.1: Cell doubling time of AoAFs, as evaluated by the AlamarBlue assay.  

Results are reported as the mean ± standard deviation of data obtained 

from three independent samples. 

Methods for Figure D.1: Cells were cultured in plates at a density of 20,000 cells cm
-2

 

and grown for 72 h.  Medium containing 10 vol% AlamarBlue was added to the plates, 
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and the cells were incubated for 2 h in a humid environment maintained at 37 ºC and 5 

vol% CO2.  Fluorescence was measured using a GloMax-multi detection system plate 

reader (Promega, Madison, WI).  To determine the baseline fluorescence, medium 

containing 10 vol% AlamarBlue was added to a well without cells.   

 

Discussion for Figure D.1: The AoAFs had a doubling time of ~38 h, which was 

incorporated into the ks,deg rate constant estimate for the kinetic modeling predications.  
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Table D.1: Average size and zeta potential of the hybrid lipid-polymer 

nanocomplexes.  The average nanocomplex diameter was determined 

using fluorescence correlation spectroscopy (FCS).  The average zeta 

potential was determined using a Brookhaven Instruments (Brookhaven, 

CT) ZetaPALS, and each sample was measured with 3 runs of 10 cycles.  

Results are reported as the mean and standard deviation of data obtained 

from three independent experiments.      

 
average 

standard 

deviation 

diameter (nm) 168 11 

zeta potential (mV) +3.1 2.8 

 

Methods for Table D.1: Nanocomplexes were formulated with Dy547-labeled small 

interfering RNA (siRNA) and analyzed on cover slips.  FCS measurements were 

carried out on an LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany) 

using a 561 nm laser and a 40x (numerical aperture = 1.2) water immersion 

apochromat objective.  Thirty measurements, each lasting 8 s, were taken for each 

sample, and data analysis was performed with ZEN 2010 software (Carl Zeiss).  A 

solution of free Alexa Fluor 555 dye, with an assumed diffusion coefficient of 340 

µm
2
 s

-1
,
1
 was used to determine the structural and measurement parameters.   

 

Discussion for Table D.1: The nanocomplexes had an average diameter of 168 nm.  

The nanocarriers had a zeta potential of +3.1 mV, which is very close to neutral.    
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Figure D.2: Representative micrograph showing F-actin stress fibers at a higher 

magnification.  The scale bar represents 25 µm.     
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Figure D.3: Changes in alpha smooth muscle actin (αSMA) mRNA expression 

(marker of myofibroblast differentiation) over the course of one week 

without transforming growth factor beta 1 (TGF-β1) treatment.  

Quantitative PCR (qPCR) analyses compared the αSMA mRNA 

expression levels on day 7 relative to day 0.
2
  Results are shown as the 

mean ± standard deviation of data obtained from three independent 

samples.  The samples were not significantly different from each other at 

a significance level of 0.05.   

Discussion for Figure D.3: The αSMA mRNA expression levels in AoAFs did not 

significantly change over the course of one week (significance level of 0.05).  This 

suggests that the AoAFs primarily maintained their fibroblast phenotype over 7 days 

when seeded on tissue culture plastic.         
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Table D.2: Sequences of custom-designed siRNA sequences that target IL1β in 

rabbits.  The siRNA was purchased in duplex form from MilliporeSigma 

(Darmstadt, Germany).   

siRNA Sequence (Sense) 5' to 3' Sequence (Antisense) 5' to 3' 

#1 CAGAGAAUCUGAACCAACAdTdT UGUUGGUUCAGAUUCUCUGdTdT 

#2 CUGUACCUGUCCUGCGUGAdTdT UCACGCAGGACAGGUACAGdTdT 

#3 GAGUGUGAUGCAGUACGAUdTdT AUCGUACUGCAUCACACUCdTdT 
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