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ABSTRACT 

In that last few decades, there has been a great interest in developing small 

interfering RNA (siRNA) therapeutics and research tools.  There are many challenges 

that limit success of siRNA therapeutics, including control over siRNA release, lack of 

predictability, and the need for multiple doses of siRNA for sustained treatment.  In 

this thesis, those challenges are addressed through the formulation of photo-responsive 

polyplexes for siRNA delivery.  Mixed polyplexes were created by mixing two photo-

responsive block copolymers to optimize polyplex properties, including size and zeta 

potential.  It was found that a 50/50 mixture of the two polymers was able to achieve 

70% protein knockdown of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 

which is suggested to be the maximum amount of GAPDH silencing possible in a 

single dose of siRNA.  Furthermore, a simple kinetic model was employed to predict 

siRNA, messenger RNA (mRNA), and protein concentrations in the cell over time and 

develop a dosing schedule.  These predictions enabled the application of a second dose 

of siRNA to suppress gene expression over three days, leading to a further 50% 

reduction in protein levels compared to a single dose.  Polyplexes remained dormant 

in cells until exposed to light, demonstrating the complete control over siRNA activity 

as well as the stability of the nanocarriers.  Additionally, a layered, photo-responsive 

system was developed to obtain controlled release over multiple doses of siRNA from 

a single particle.  Thus, this work demonstrates that simple kinetic modeling and 

straightforward biomaterials design can be used to suppress gene expression 

maximally for an siRNA delivery system.  
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Chapter 1 

INTRODUCTION AND MOTIVATION 

1.1 RNA interference (RNAi) 

The RNA interference pathway (RNAi) is a powerful method of gene 

regulation that occurs in eukaryotic cells.1  In the RNAi pathway, short double-

stranded pieces of RNA, called small interfering RNA (siRNA), activate a gene 

silencing protein complex called the RNA-induced silencing complex (RISC).  Once 

activated, RISC cleaves target strands of messenger RNA (mRNA) and post-

transcriptionally down-regulates protein expression.  Harnessing the power to silence 

proteins temporarily is of great interest for use as a research tool or as a therapeutic 

approach.  Billions of dollars have been spent on siRNA research since the discovery 

of siRNA by Fire and Mello in 1998.2  RNAi-based medical treatments are being 

explored to address diseases, including cancers and cardiovascular issues.3 

1.2 siRNA delivery methods 

There are multiple challenges to utilizing siRNA as a therapeutic.  Molecules 

of siRNA are negatively charged and cannot pass across cell membranes on their own.  

Additionally, ‘naked’ siRNAs are subject to degradation by ribonuclease (RNase) 

enzymes throughout the body.4  Furthermore, custom siRNA synthesis is an expensive 

and time-consuming process.  Predictability of siRNA release also is a concern, since 

many applications require precise control over gene silencing kinetics.  To address 

some of these challenges, siRNA can be packaged into a delivery vehicle for 

protection from nuclease degradation and control over siRNA release.  Delivery 

vehicles are often categorized as either viral vectors or non-viral vectors.  
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1.2.1 Viral vectors 

Viruses have evolved over millions of years to be efficient delivery vehicles 

for nucleic acids.  Once bound to the cell membrane, virus particles can inject nucleic 

acid cargoes directly into the cytoplasm or orchestrate endocytic uptake and 

subcellular transport, which is beneficial since the RISC forms in the cytoplasm.5,6  

However, there are many concerns with using viral vectors as siRNA delivery 

vehicles, including patient inflammatory response, immunogenicity, and oncogenicity 

of virus particles.7  At the University of Pennsylvania, a patient in a viral-vector gene 

therapy clinical trial for delivering deoxyribonucleic acid (DNA) as a treatment for 

liver disease passed away from side effects of the viral vector treatment.8  The toxicity 

concerns over use of viral vectors limit their potential for clinical translation of siRNA 

therapeutics.  Additionally, viral vectors are costly and relatively small, so there is a 

limit to how much cargo can be loaded.  Furthermore, viral vectors are not particularly 

effective for siRNA delivery and are better suited for delivering DNA or mRNA. 

1.2.2 Non-viral vectors 

Due to the toxicity and manufacturing concerns of viral vectors, non-viral 

vectors are the promising delivery vehicles for nucleic acids.5  Non-viral vectors can 

be customized easily for specific applications, and stimuli-responsive elements can be 

incorporated to add additional levels of control over siRNA delivery to meet the need 

for predictability and control in gene silencing.9,10  Two main challenges to non-viral 

siRNA delivery are the low delivery efficiency of siRNA and the issue of gaining 

complete control over siRNA release. 
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1.3 Cationic polymer nanocarriers for siRNA 

Cationic polymer nanocarriers in particular are promising delivery vehicles for 

siRNA due to their tunability and biocompatibility.11  Cationic polymers self-assemble 

via electrostatic interactions with siRNAs to form nanocarrier structures called 

polyplexes.  The polymers form a protective structure around the negatively charged 

siRNA core.  Ideal polymer nanocarriers will efficiently encapsulate siRNA to protect 

it from degradation as well as incorporate a mechanism for endosomal escape and 

intracellular delivery.12 

There are many challenges to developing effective polyplex delivery systems, 

including obtaining proper size, surface charge, biocompatibility, and unpackaging 

kinetics and mechanisms.11  Polyplex systems must balance the seemingly 

contradictory demands of sufficient siRNA binding and encapsulation with siRNA 

release capabilities.13  Furthermore, polyplexes must be small enough to be 

internalized by cells, but also have enough positive surface charge to promote 

internalization, without having too high of a cationic charge density to become 

cytotoxic.13  Balancing all these requirements creates challenges to designing polymer 

nanocarriers that are efficient vehicles for siRNA delivery.  To address some of these 

challenges, stimuli-responsive elements can be incorporated into polyplex structures.  

Stimuli-responsive elements often are incorporated into polymer nanocarriers 

for control of siRNA release, which can increase delivery efficiency and reduce off-

target effects.10  Polyplexes can be designed to release siRNA upon exposure to 

internal stimuli, such as pH or enzymes, or external stimuli, such as temperature and 

light.  Among these stimuli, light-responsive nanoparticles are attractive due to their 

ease of spatiotemporally controlled release, as well as their precision and flexibility.14  

Using light as a stimulus enables precise on/off control over siRNA release so that 
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gene silencing can be directed accurately.  In practice, light-responsive polyplexes 

would be beneficial to deliver siRNA in topical applications, such as skin cancers, as 

well as some surgical applications, such as wound healing, since light can penetrate 

these tissues.   

1.4 Photo-responsive polymer for siRNA delivery 

Previously, the Epps and Sullivan groups at the University of Delaware 

developed a photo-responsive polymer for siRNA delivery.15–17  The novel mPEG-b-

poly(5-(3-(amino)propoxy)-2-nitrobenzyl methacrylate) (mPEG-b-P(APNBMA)n) 

diblock copolymer consists of a non-fouling poly(ethylene glycol) (PEG) block and a 

biocompatible cationic polymer block.  The cationic charges provide efficient 

electrostatic binding to encapsulate siRNA.  Polyplexes self-assemble in aqueous 

solution due to electrostatic interactions.  Within the cationic polymer block, a photo-

cleavable o-nitrobenzyl group is incorporated.  Upon ultraviolet (UV) irradiation the 

o-nitrobenzyl group cleaves to form a negatively charged carboxylate ion.15 The 

cleavage breaks apart the polyplex structure when and where photo-stimulus is 

applied, leading to spatiotemporal control over siRNA release.  Previous results show 

that the photo-responsive polyplexes do not disassemble without UV light, 

demonstrating complete spatiotemporal control over siRNA delivery.17  Additionally, 

the photo-responsive polyplex enables delivery of precise doses of siRNA due to tight 

packing with the cationic charges on the polymer and sufficient release upon charge 

reversal.  The photo-responsive polyplex system simultaneously and independently 

controls siRNA encapsulation and release.  Figure 1-1 shows the mPEG-b-

P(APNBMA)n as well as the self-assembly of the polyplexes.  
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Figure 1-1.  Photo-responsive polyplexes.  A)  Diblock copolymer mPEG-b-

P(APNBMA)n structure.  B)  Photo-responsive polyplex assembly.  

1.5 Thesis summary 

The work herein uses the photo-responsive polyplex system developed by the 

Epps and Sullivan groups to explore efficient and controlled methods of siRNA 

delivery by pursuing three specific research aims: 

1) Optimize polyplex formulations by mixing two polymers of different 

lengths rather than synthesizing a library of polymers 

2) Incorporate kinetic modeling to optimize siRNA dose schedule and 

improve research process efficiency 

3) Deliver multiple siRNAs in a single polyplex by developing layered 

polymer nanocarriers 

The materials and methods used in this research are outlined in Chapter 2.  

Advances made towards Research Aim 1 and Aim 2 are discussed in Chapter 3.  

Therein, the process of mixing short (n = 7.9) and long (n = 23.6) strands of mPEG-b-

P(APNBMA)n, polyplex composition is optimized for maximal gene silencing upon a 

single dose of siRNA.  Additionally, simple kinetic modeling is incorporated to 
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develop a dosing schedule for siRNA.18  Chapter 4 discusses approaches towards 

Research Aim 3.  A method for formulating photo-responsive layered nanocarriers is 

demonstrated, and suggestions for future directions of the layered nanocarrier project 

are suggested.  The work herein makes several advances towards improved siRNA 

delivery efficiency with photo-responsive polyplex systems.  
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Chapter 2 

MATERIALS AND METHODS 

2.1 Materials 

The mPEG-b-P(APNBMA)n (Mn = 7,900 g mol-1, n = 7.9; Mn = 13,100 g  

mol-1, n = 23.6) polymers were synthesized via atom-transfer radical polymerization 

as described in previous work.15  All siRNA molecules were purchased from GE 

Healthcare Dharmacon, Inc.  (Chicago, IL).  ON-TARGETplus non-targeting siRNAs 

and anti-GAPDH siRNAs were used as received.  Custom-made siRNA (both Dy547- 

and Dy647-labeled) targeting GAPDH were designed and altered terminally 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, SuperSignalTM 

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 purchased 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' 
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CCCAATACGGCCAAATCCGT 3'; β-actin forward 5' CTGTCGAGTCGCGTCCA 

3'; β-actin reverse 5' TCATCCATGGCGAACTGGTG 3'.  The iTaqTM 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).   

2.2 Methods 

2.2.1 Single-layer polyplex nanocarrier formulation 

Polyplexes were formulated via self-assembly method by using solution 

mixing followed by gentle vortexing.  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.  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 molar 

charge compositions of each polymer as desired.  The polymer solutions were added 

to equal volumes of siRNA solutions to achieve the desired total N/P ratios (N: amine 

groups on polymers, P: phosphate groups on siRNA).  The polymer solution was 

slowly added while gently vortexing over a period of 10 s.  Polyplexes were incubated 

for 30 min at room temperature in a dark environment before performing additional 

experiments. 
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2.2.2 Multi-layer polyplex nanocarrier formulation 

Methods for developing layered polyplex nanocarriers for delivering multiple 

siRNAs is discussed in detail in Chapter 4.  

2.2.3 Ethidium bromide gel electrophoresis 

Polyplexes were formulated as described and subjected to gel electrophoresis.  

Gels were prepared with 2 wt.% agarose and stained with 0.5 µg mL-1 ethidium 

bromide.  To analyze polyplexes, 12.5 µL of polyplex solution was added to 2.5 µL of 

gel loading solution (3:7 (v/v) glycerol/water) before being added to the wells.  Gels 

were run at 100 V for 30 min and imaged using a Bio-Rad Gel Doc XR (Hercules, 

CA).  ImageJ software was used to quantify the amounts of free siRNA by analyzing 

the intensities of the fluorescent siRNA bands in the gel. 

2.2.4 Photo-responsive siRNA release 

Polyplexes were 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 between two glass slides and enclosed by a rubber barrier on each side.  

The polyplex solutions were subjected to irradiation with 365 nm light at 200 W/m2 

for varying amounts of time (0-40 min). A sample of 12.5 µL of polyplex solution was 

collected from the glass slides at each desired time point.  The amount of released 

siRNA was quantified via the gel electrophoresis techniques described previously. 



 20 

2.2.5 Polyplex size determination 

2.2.5.1 Fluorescence correlation microscopy (FCS) 

Average polyplex diameters were determined initially via fluorescence 

correlation spectroscopy (FCS) analysis.  Polyplexes were formulated with Dy547-

labeled siRNA and placed on cover slips, which were subsequently attached to a glass 

microscope 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 [NA] = 

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 µm2 s-1. 

Chad Greco performed these experiments. 

2.2.5.2 Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) was used to confirm the size of the polyplexes 

determined via FCS.  Additionally, all size measurements for the layered polyplex 

nanocarriers were determined by DLS.  Polyplex solutions were diluted in HEPES to a 

total volume of 400 μL in glass test tubes and capped with Parafilm to keep out dust 

and other contaminants.  Measurements were taken for 1 min for each sample of 

polyplexes. 
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2.2.6 Determining charge with zeta potential 

Polyplex solutions were prepared as described and diluted with HEPES buffer 

to a volume of 1 mL.  The solutions were then 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. 

2.2.7 Cell culture and transfection 

NIH/3T3 cells were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA).  The cells were cultured 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 plated in 6 well plates at a density of 100,000 cells per well.  The cells 

could adhere and recover for 24 h.  In preparation 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 UV light treatment, the media was removed and replaced with 

Opti-MEM® without phenol red.  The cells were subsequently irradiated with 365 nm 
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light at an intensity of 200 W/m2 for 10 min while on a 37 °C hot plate.  Cells were 

then incubated in fully supplemented DMEM for the remainder of the culture duration. 

2.2.8 Cellular uptake 

Cells were seeded in 12-well plates at a density of 40,000 cells per well and 

could adhere and recover for 24 h.  Polyplex solutions were formed with Dy647-

labeled siRNA, which were then delivered to cells following the previously described 

transfection protocol.  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 solution and filtered in a 35 µm nylon mesh filter 

to remove aggregates in solution.  The cells were stored on ice until further analysis.  

An Accuri C6 instrument (BD Biosciences, San Jose, CA) was used to collect flow 

cytometry measurements.  The analysis was conducted about 4.5 h post transfection, 

and at least 10,000 live cells were analyzed per sample.  FlowJo software was used to 

analyze the data and quantify the mean fluorescence intensity per cell. 

2.2.9 Gene silencing 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 
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cocktail.  For the repeated dosing experiments, a second transfection of polyplexes 

occurred 28 h after the first transfection process.  Protein was extracted with cell lysis 

solution 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 then subject to 4% - 20% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) for 35 min at 150 V.  The separated proteins were then 

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 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 with 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 image the GAPDH bands, which 

were then quantified using ImageJ software.  The membrane was stripped for 15 min 

with Restore™ PLUS Western Blot stripping buffer and blocked in BSA solution for 1 

h.  The membrane was incubated with anti-actin rabbit monoclonal IgG primary 

antibody overnight.  The following day, the same secondary antibody and imaging 

techniques were used to measure the actin bands.  ImageJ was used to analyze the 

intensity of the protein bands on the image. 
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2.2.10 mRNA silencing 

GAPDH mRNA knockdown was measured using qPCR.  Single and double 

transfections were carried out as described previously and RNA was isolated by 

TRIzol® Reagent according to the manufacturer’s protocols 48 h and 75 h post-

transfection, respectively.  The iTaqTM 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 CFX96TM 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,48 and all test sample data were normalized to untreated cell data.  The 

mRNA knockdown studies were conducted by Chad Greco. 

2.2.11 Kinetic modeling 

A simple kinetic model was used to simulate the dynamic silencing response 

and relative cellular concentrations of siRNA, mRNA, and protein.  A system of 

ordinary differential equations was used to model the changes in concentrations of 

each of the three biomolecules.  Rate constants were computed based on the 

component half-lives reported in literature19,20 and 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.  Relative concentrations 
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of mRNA and protein were normalized to 100 as original values, and siRNA release 

was modeled as 100 relative units after application of UV light. 
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Chapter 3 

COMBINING MIXED POLYMER NANOCARRIERS WITH SIMPLE 

KINETIC MODELING TO TUNE siRNA DOSE RESPONSE 

The content in Chapter 3 is modified from Greco and Muir et. al.18 

3.1 Background and motivation 

3.1.1 Mixed polyplexes 

Synthesizing a library of polymers is the most common approach in optimizing 

polyplex delivery systems.11,21  However, taking the time and resources to synthesize 

multiple polymers and analyze each one for siRNA delivery efficiency can be a time-

consuming and costly process.  A more efficient approach is to optimize polyplex 

formulations by creating mixed polyplexes, which contain as little as two different 

polymer components.  The ratio of polymer components within a single polyplex is 

optimized rather than synthesizing multiple materials for analysis.  Parameters like 

size and charge of the polyplexes can be tuned by altering ratios of as little as two 

different polymers.22  For example, Duvall et. al. demonstrated an approach to tuning 

siRNA delivery by creating mixed micelles and altering the ratios of two diblock 

copolymers with different amounts of PEG.23  They found that while increasing PEG 

content decreased cellular internalization due to decreased cationic charge density, it 

also increased the amount of intracellular unpackaging of siRNA, thus delivering more 

siRNA per internalized polyplex.  

3.1.2 Kinetic modeling and dosing schedule 

Biomedical research is often approached with a “trial and error” method in 

terms of selecting time intervals for sampling and developing dosing schedules.  The 
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field of pharmacokinetic modeling is developing with the advancements in 

physiologically-based pharmacokinetic (PBPK) techniques to incorporate simple 

kinetic models for biomolecule distribution at the organ system, tissue, and cellular 

level.24  Bringing computational modeling into the research process reduces time and 

material resources, and it also has potentials to reduce the number of animals required 

for research experiments.   

Kinetic modeling in siRNA dosing requires knowledge of many parameters, 

including siRNA, mRNA, and protein half-lives, as well as specific kinetics of the 

release mechanism of the delivery system.  Many systems rely on commercial siRNA 

delivery agents like Oligofectamine® and Lipofectamine®, which do not have a 

controlled on/off mechanism for siRNA release and complicate kinetic modeling.20,25  

Coupling kinetic modeling with an externally controlled siRNA delivery vehicle will 

simplify kinetic modeling efforts and lead to more accurate predictive siRNA dose 

response.  Photo-responsive siRNA delivery provides excellent on/off control of 

siRNA release, which simplifies the kinetic modeling process and enables more 

accurate predictions of siRNA dosing.  

3.2 Research Aims 1 and 2 – Mixed polyplexes combined with kinetic modeling 

This chapter discusses efforts to combine the mixed polyplex approach with 

simple kinetic modeling to optimize siRNA delivery efficiency in the photo-

responsive polyplex system.18  Two mPEG-b-P(APNBMA)n polymers were 

synthesized – a short polymer, with n = 7.9, and a long polymer, with n = 23.6.  Figure 

3-1 depicts a schematic representation of the mixed polyplex system.  Polyplexes were 

named as a molar ratio of the short/long polymer.  For example, a 25/75 polyplex has 

a 0.25 molar fraction of short polymer and a 0.75 molar fraction of longer polymer.  It 
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was found that the longer polymer demonstrated stronger siRNA binding, yet the 

shorter polymer demonstrated enhanced siRNA release.  Polyplexes with a 50/50 ratio 

were shown to have the highest cellular uptake and maximum gene silencing abilities.  

Furthermore, simple kinetic modeling was incorporated to predict a dosing schedule 

for a single and double dose of photo-responsive siRNA polyplexes.  The work in this 

chapter demonstrates promising efforts towards Research Aims 1 and 2 for the project.  

 

Figure 3-1. Mixed polyplex structure.  

3.3 Results and discussion 

 

3.3.1 Mixed polyplex siRNA encapsulation 

Efficient binding and encapsulation of siRNA is required for a polymer 

delivery vehicle to protect siRNA from being damaged or degraded before cellular 

uptake.11  To analyze the encapsulation abilities of the mixed polyplexes, ethidium 
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bromide gel electrophoresis assays were conducted.  As shown in Figure 3-2, all 

polyplexes fully encapsulated siRNA at a total N:P ≥ 1.5.  At total N:P ratios of 0 to 1, 

there was a clear increase in the percent of free siRNA as more mPEG-b-

P(APNBMA)7.9 was added to the polymer mixture.  This aligns with the previously 

demonstrated trend of slightly enhanced encapsulation abilities of the mPEG-b-

P(APNBMA)23.6 polymer.17  Moving forward, all polyplexes were made at a total N:P 

of 4 to ensure complete encapsulation of siRNA. 

 

Figure 3-2.  Gel electrophoresis assay of mPEG-b-P(APNBMA)n/siRNA polyplexes. 

A) Gel electrophoresis of polyplexes formed at varying total N:P ratios.  

B) Quantification of gel electrophoresis images based on ImageJ analysis 

of siRNA bands.  Figure is reprinted form Greco and Muir et. al. with 

permissions form Elsevier.18  
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3.3.2 Gene silencing 

Because the cationic charge density and length of a polymer has been shown to 

significantly affect gene silencing efficiencies,26 we hypothesized that mixtures of the 

two polymers would possess different abilities to mediate RNAi.  Furthermore, mixing 

two polymers to optimize siRNA release is a more efficient process than synthesizing 

a large polymer library and experimenting with each polymer.  Thus, mixed 

polyplexes containing siRNA targeting glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) were delivered to mouse embryonic fibroblast (NIH/3T3) cells.  The cells 

were treated with 365 nm light for 10 min, and changes in GAPDH protein expression 

levels were measured 48 h post-transfection.  As shown in Figure 3-3, the 0/100 

polyplexes exhibited ~40% knockdown, which was consistent with previous work.17  

Furthermore, all mixed polyplex systems showed an increased ability to mediate gene 

knockdown.  Polyplexes containing an equimolar charge ratio of the two polymers 

demonstrated the highest gene silencing capabilities with ~70% knockdown achieved.  

This level of silencing has been shown to be approximately the highest degree of 

knockdown achievable with a single dose of siRNA due to the relatively long half-life 

of the GAPDH protein.19  However, the level of silencing decreased as even more 

mPEG-b-P(APNBMA)7.9 chains were incorporated.  Additionally, cells transfected 

with any of the polyplex formulations, but not treated with UV light, exhibited no 

silencing, which demonstrates that all the polyplex systems remained dormant in the 

cell without treatment of the photo-stimulus, providing on/off control of siRNA 

activity.  The complete dormancy of the polyplexes without UV stimulus  was 
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surprising, given that many other siRNA delivery systems will rapidly degrade in the 

extracellular environment and exhibit un-controlled release of siRNA.27  The result 

demonstrates the enhanced stability of the photo-responsive polyplexes in intracellular 

environments, likely due to cooperative electrostatic and hydrophobic interactions.16  

Stability is required to eliminate off-target effects and unwanted immune responses,28 

which demonstrates the viability of our polyplex system.  

 

Figure 3-3. GAPDH protein expression levels as a function of molar composition of 

mPEG-b-P(APNBMA)7.9 / mPEG-b-P(APNBMA)23.6.
18  Cells were 

treated with siRNA polyplexes and subsequently exposed to UV 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.  

Statistical significance compared to the 50/50 formulation is marked with 

an “*”.  Figure is reprinted form Greco and Muir et. al. with permissions 

form Elsevier.18  
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3.3.3 Light-induced siRNA release 

Polymer delivery vehicles for siRNA must meet contradictory demands for 

efficient siRNA binding and siRNA release.  To assess the degree of siRNA released, 

polyplexes were formulated and then incubated in a solution of sodium dodecyl sulfate 

(SDS) to simulate intracellular environments containing lipids.  The samples were 

irradiated with light for varying lengths of time, and the percentage of free siRNA was 

visualized using gel electrophoresis and quantified with ImageJ analysis.  As shown in 

Figure 3-4, as the amount of mPEG-b-P(APNBMA)7.9 in the polyplexes increased, the 

amount of siRNA released from UV exposure slightly increased.  This trend is 

consistent with the encapsulation study and indicated that mPEG-b-P(APNBMA)23.6 

has a higher binding affinity for siRNA.  However, the increase in the percentage of 

siRNA released is contradictory to the decrease in gene silencing measured for the 

75/25 and 100/0 polyplexes.  Therefore, we hypothesized that the total amount of 

siRNA being internalized into the cells must be different to explain the trends in gene 

silencing. 
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Figure 3-4. Light-mediated release of siRNA from mPEG-b-P(APNBMA)n/siRNA 

polyplexes.18  Polyplexes were formed at an N:P of 4 and exposed to 

SDS solutions at an S:P of 2.5 before being irradiated with UV light for 

10 min.  The amount of free siRNA was quantified via ImageJ analysis of 

gel electrophoresis experiments.  Figure is reprinted form Greco and 

Muir et. al. with permissions form Elsevier.18 

3.3.4 Cellular uptake 

To investigate if the level of cellular uptake was playing a role in determining 

the gene silencing trends, NIH/3T3 cells were transfected with mixed polyplexes 

containing fluorescently labeled siRNA.  Flow cytometry was used to analyze the 

relative fluorescence intensities of transfected cells, which provided information about 

the relative uptake of each mixed polyplex system.  As shown in Figure 3-5, 

polyplexes made from a mixture of the two polymers showed enhanced cellular 

uptake.  Specifically, the 50/50 polyplexes showed the highest level of cellular uptake 

with a normalized mean fluorescence intensity (MFI) of ~160%; i.e. 60% more 50/50 
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polyplexes were taken up relative to 0/100 polyplexes.  As is apparent visually, the 

trend in MFI closely matched the trend of gene silencing.  Therefore, the effect of 

mixed polyplexes on cellular uptake is the dominant reason for enhanced gene 

silencing of mixed polyplexes, though the amount of light-induced siRNA release 

likely also contributes to a lesser degree.  A greater number of siRNAs pass through 

the cellular membrane, and thus more siRNA is available to cleave mRNAs upon 

escape into the cytoplasm.   

 

Figure 3-5. Cellular uptake of mPEG-b-P(APNBMA)n/siRNA polyplexes.18  

Fluorescently tagged siRNA was incorporated into polyplexes and 

delivered to cells for flow cytometry analysis.  The mean fluorescence 

intensity per cell was normalized to the 0/100 polyplexes.  Results are 

shown as the mean ± standard deviation of data obtained from three 

independent samples.  Figure is reprinted form Greco and Muir et. al. 

with permissions form Elsevier.18 
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3.3.5 Polyplex size and charge 

The extent of cellular uptake has been reported to be dependent on the size and 

zeta potential of the nanocarrier.26  Thus, we hypothesized that the combination of 

these properties was determining the ability of polyplexes to be internalized into cells.  

Most delivery systems have aimed for attaining smaller sizes, which are thought to be 

beneficial for more rapid uptake.  Using fluorescence correlation spectroscopy (FCS), 

the average diameter of each mixed polyplex was measured.  As shown in Figure 3-6, 

the 0/100 polyplexes had a diameter of ~120 nm, which was consistent with DLS 

measurements reported previously.16  Adding more mPEG-b-P(APNBMA)7.9 to the 

polyplex system decreased the diameter, and the 100/0 polyplexes had a diameter of 

only ~25 nm.  Therefore, polyplexes with greater amounts of mPEG-b-P(APNBMA)7.9 

would be expected to be internalized more efficiently. 
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Figure 3-6. Average zeta potentials (light blue, associated with primary y-axis) and 

diameters (pink, associated with secondary y-axis) of polyplexes with 

varying compositions.18  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.  Figure is reprinted form Greco and Muir et. 

al. with permissions form Elsevier.18 

The zeta potential was measured for each formulation and is plotted in Figure 

3-6.  The positive zeta potential values indicate that all the polyplexes had an overall 

moderately positive net charge, which was expected based on the excess polymers 

used in the formulation (total N:P of 4) and the presence of a PEG shielding layer.  

However, as the percentage of mPEG-b-P(APNBMA)7.9 increased, the zeta potential 

decreased.  The zeta potential decrease is most likely the result of increased shielding 

of the positive polyplex core due to the inclusion of polymers with higher mass 
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fractions of PEG.  Higher zeta potentials are preferred for transportation across the 

anionic cellular membrane due to attractive electrostatic forces.26  The low zeta 

potential (~2 mV) of the 100/0 polyplexes explains their lower cellular uptake despite 

their small size.  The 50/50 polyplexes fall in the middle with a relatively high zeta 

potential of ~10 mV and a small diameter of ~40 nm.  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.  Mixed 

polyplexes balance the need for high zeta potential and small diameter.  The 

optimization of these two properties explains the greatly enhanced cellular uptake of 

mixed polyplex systems. 

3.3.6 Kinetic modeling 

3.3.6.1 Single polyplex dose 

Advances in biomaterial design can be paired with developments in kinetic 

modeling to gain a better understanding of the dynamic silencing response to achieve 

optimal gene knockdowns and guide dosing regimens.  Previously, we reported that 

0/100 polyplexes required 20 min of irradiation to achieve 70% knockdown (to reduce 

GAPDH protein levels to ~30%).16  Furthermore, this degree of silencing was shown 

to be the maximum achievable level with a single transfection due to the relatively 

long GAPDH protein half-life, as supported through experimental evidence and mass 

action kinetic modeling.  In this work, we determined that the 50/50 polyplexes 
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mediated the same level of maximum knockdown efficiency following only 10 min of 

light treatment; thus, we chose to use the 50/50 formulation moving forward.   

We sought to demonstrate with kinetic modeling that the 50/50 polyplex 

system was achieving the maximum level of GAPDH silencing possible upon a single 

dose of siRNA.  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 affect the maximum gene silencing efficiencies for each system 

with a single dose of siRNA.  To demonstrate the dynamic silencing process, a simple 

system of ordinary differential equations was solved using rate constants determined 

through literature values of protein half-lives and cell doubling times.19,20  The simple 

model is advantageous in because the model enables easy implementation compared to 

other relatively complicated models in the literature,29 which makes the model more 

likely to be adopted on a large scale. Additionally, the model was able to be 

streamlined only because our polyplexes exhibited precise control over the timing of 

siRNA release. 

As shown in Figure 3-7A, the mRNA and protein levels maintained their 

steady-state values before the introduction of siRNA, which was controllably released 

following light exposure at 3.5 h post-transfection.  A rapid decrease in the mRNA 

levels was apparent immediately, followed by the slower decrease of the protein 

levels.  The amount of siRNA decreased with time, primarily due to dilution through 

cell division.  Consequently, the mRNA levels reached a minimum level of <10% and 
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started to recover, which caused the protein levels to plateau at ~36% before they 

started to increase after 48 h post-transfection. 

 

Figure 3-7.  Mass action kinetic models predict the dynamic nature of the GAPDH 

silencing process with a single dose (A) of siRNA.18  Initial protein and 

mRNA concentrations were normalized to 100 to simulate steady-state 

conditions.  After application of UV light, 100 normalized units of 

siRNA were introduced.  The UV light was applied 3.5 h after each 

transfection.  B) Cells were lysed at 48 h following either a single dose of 

siRNA. 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 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.  Figure is reprinted form Greco and Muir et. al. with 

permissions form Elsevier.18 

As depicted in Figure 3-7B, the kinetic model accurately captured the 

determined experimentally protein expression levels of the dynamic silencing response 

of the 50/50 polyplexes from Figure 3-3.  Additionally, the model predicted mRNA 
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levels to be ~45%.  To further validate the model, qPCR measurements were taken 

and found to agree with the model prediction.  Notably, the results demonstrate the 

ability to achieve a level of silencing of ~70% knockdown of GAPDH with a single 

dose of siRNA, which was previously shown to correspond to RISC saturation.17  

Additionally, we used an siRNA concentration of 20 nM, which is significantly lower 

than concentrations used by many similar polyplex systems in literature (typically  

100 nM).27  The enhanced efficiency of the 50/50 polyplexes, combined with the 

ability to control the timing of siRNA release precisely, allowed for the development 

of a predictable and effective siRNA dosing schedule to silence an endogenous protein 

with a relatively long half-life. 

3.3.6.2 Repeated polyplex dose and predictive dosing schedule 

Though the siRNA-mediated silencing process is dynamic in nature, most 

literature reports fail to consider crucial kinetic factors governing the silencing 

response such as mRNA and protein half-lives.  Oftentimes, incomplete knockdown is 

attributed to limitations of the delivery vehicle and further dosing is not pursued due to 

concerns with cytotoxicity.  As we reported previously, cells treated with polyplex 

solutions and 20 min of irradiation maintained excellent viability.  Given that the 

50/50 polyplexes required only half of the irradiation time to maximize silencing, we 

hypothesized that applying a second dose of siRNA would enable further knockdown 

of protein without compromising cell viability.  Numerous dosing schedules were 

generated by the model to determine the optimal time to deliver the second dose of 



 41 

siRNA.  The model predicted that polyplexes delivered at 28 h post-transfection 

followed by UV light irradiation 3.5 h later would result in significantly enhanced 

protein knockdown before levels started to recover ~75 h post-transfection (Figure 

3-8A).  To test the validity of the kinetic model, mRNA and protein expression levels 

were measured at 75 h post-transfection and are shown in Figure 3-8B.  These 

determined experimentally values were in excellent agreement with the model 

predictions.  The protein expression was ~15%, which is half of the level achievable 

by a single dose (~30%), which demonstrated that multiple dosing was a successful 

method for further silencing GAPDH beyond the maximum achievable levels of a 

traditional single dose.  Additionally, it is important to note that these predictions were 

made possible only because our nucleic acid delivery system is capable of precise and 

timely control over siRNA release. 
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Figure 3-8. Mass action kinetic models predict the dynamic nature of the GAPDH 

silencing process with a double dose of siRNA.18  Initial protein and 

mRNA concentrations were normalized to 100 to simulate state-state 

conditions.  After application of UV light, 100 normalized units of 

siRNA were introduced.  The UV light was applied 3.5 h after each 

transfection.  B) Cells were lysed at 75 h following either a double dose 

of siRNA. 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 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.  Figure is reprinted form Greco and Muir et. al. 

with permissions form Elsevier.18 

3.4 Conclusions 

We have demonstrated that the simple mixing of two photo-responsive polymers 

with different cationic block lengths resulted in dramatic changes in siRNA delivery 

efficiencies.  Mixtures of mPEG-b-P(APNBMA)n polymers containing the same 

hydrophilic block, but different lengths of the cationic block, self-assembled with 
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siRNA to form stable nanocarriers.  All these polyplexes maintained dormancy 

without application of light.  However, upon exposure to the photo-stimulus, the 50/50 

polyplex formulations were shown to knockdown GAPDH protein most effectively 

and achieve a maximum gene silencing efficiency of 70%.  Though nanocarriers with 

increasing amounts of the shorter cationic block released greater amounts of siRNA 

after irradiation with light, the level of cellular uptake was shown to be the dominant 

characteristic determining the extent of gene silencing.  Polyplexes composed of 

equimolar charge ratios of each polymer provided the best uptake by balancing size 

and surface charge effects.  Additionally, the most efficient carriers capable of 

precisely controlled siRNA release were used to test a mass action kinetic model.  The 

model accurately predicted mRNA and protein expression levels following a single 

dose of siRNA.  Furthermore, a dosing regimen was developed to maximize silencing 

of a relatively stable protein, GAPDH.  The optimized mixed polyplex system shows 

complete encapsulation siRNA and efficient release of siRNA which makes 

development of a kinetic model possible and accurate.  The predicted levels of 

silencing were confirmed through experimental data and double dosing of siRNA 

knocked down protein expression to half of the maximum level achievable with a 

single dose.  Additionally, our groups have demonstrated that the simple kinetic model 

can be extended to predict silencing of multiple proteins in different cell lines, 

demonstrating the versatility and high-impact of the simple model.17,30   Thus, the 

development of the mixed polyplex system combined with simple kinetic modeling 
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approaches demonstrates significant progress towards Research Aims 1 and 2 in the 

work herein.  
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Chapter 4 

LAYERED NANOCARRIERS FOR SEQUENTIAL RELEASE OF MULTIPLE 

siRNAs 

4.1 Background and motivation 

4.1.1 Controlled delivery of multiple doses of siRNA 

The temporary nature of siRNA-induced gene silencing means that multiple 

doses of siRNA are required for a sustained therapeutic response.  The Epps and 

Sullivan groups at the University of Delaware collaborated on a project with the Akins 

group at AI DuPont Nemours Hospital on using the photo-responsive polyplex system 

to improve healing in cardiac bypass graft junctions using the delivery of multiple 

siRNAs.30  In this work, mPEG-b-P(APNBMA)n polyplexes were modified with 

Lipofectamine® and polyacrylic acid (PAA) to deliver siRNAs against an interleukin 

protein, IL1β, and a cadherin protein, CDH11, to human aortic adventitial fibroblasts 

(AoAFs). IL1β and CDH11 are involved in the over-proliferation of fibroblast cells at 

the bypass graft junction, which results in the weakening of the junction site.31  

Silencing the two proteins during bypass graft surgery was hypothesized to result in 

improved healing of the bypass graft junction.  It was shown that the delivery of 

siRNA against IL1β and CDH11 halted the proliferation of AoAFs, which has clinical 

applications of reducing aortic bypass graft failures.  Also, it was demonstrated that 

delivery of multiple doses of siRNA at controlled timepoints was necessary to sustain 

proliferation reduction.  In a laboratory setting, multiple doses can be applied with 

repeated delivery of polyplexes.  For clinical translation, it would be advantageous to 

deliver just one dose of polyplexes and use external stimuli to control delivery of 

multiple doses of siRNA.  
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Additionally, many medical applications involve silencing multiple genes of 

interest, thus requiring delivery of multiple siRNAs.  For example, in many cancers, 

there are many dysregulated signaling pathways that are interdependent, and silencing 

multiple genes in a controlled fashion can result in a synergistic and favorable 

therapeutic response.32  Delivering multiple siRNAs in one nanocarrier ensures equal 

cellular uptake of both siRNAs, which will enhance therapeutic success.32  

4.1.2 Research aim 3 - layered, photo-responsive nanocarriers for delivery of 

multiple siRNAs 

To co-deliver two different siRNAs in a single nanocarrier, the development of 

a layered, photo-responsive polyplex system was attempted in this work.  The layered 

nanocarrier consisted of two layers of siRNAs and two layers of photo-responsive 

polymer.  The work herein developed a successful method for producing layered 

nanocarriers.  It was hypothesized that an initial UV stimulus would unpackage the 

outer layer of the polyplex to release the first layer of siRNA, and that a second UV 

stimulus would unpackage the inner layer of polymer and release the second layer of 

siRNA.  The layered polyplex could be utilized in many applications that may benefit 

from sequential, controlled release of multiple doses of siRNA, such as the heart 

bypass graft work explored in the Epps and Sullivan groups.30  With layered 

nanocarriers, it will ultimately be possible to use the photo-stimulus at different times 

to silence IL1β and CDH11 in a sustained fashion, which may further reduce the 

unwanted fibrotic response that weakens bypass graft junctions. 

Figure 4-1 shows the design for the development of photo-responsive, layered 

nanocarriers.  The outer layer of the polyplex consists of mPEG-b-P(APNBMA)7.9 , 

which has been shown to release siRNA faster compared to the longer block co-
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polymer.17,18  In the initial design, the inner layer of polymer consisted of the longer 

diblock co-polymer, mPEG-b-P(APNBMA)23.6, which was chosen based on ease of 

availability of materials at the time.  After an assessment of the initial design, a 

cationic homopolymer, P(APNBMA)29, was used as the inner layer of polymer to 

improve the layering process. The development and characterization the layered 

nanocarrier design formulations is described herein.   

 

Figure 4-1. Schematic representation of the layered polyplex formulations explored in 

this work.  Red indicates siRNA, blue indicates a photo-responsive 

polymer, and green indicates PEG block.  The lighter blue photo-

responsive polymer inner layer is varied in the experiments herein.   

4.2 Results and discussion 

4.2.1 Design 1 – Block copolymer inner layer 

Based on ease of availability of materials, the initial formulation design used 

mPEG-b-P(APNBMA)7.9
 as the outer polymer layer and mPEG-b-P(APNBMA)23.6 as 

the inner layer of polymer.  The following sections discuss the challenges with the 
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initial design and suggestions for improvements in the next approach, Design 2, using 

a homopolymer inner layer. 

4.2.2 Simple formulation approach 

The initial design entailed a simple formulation approach.  Single-layer 

polyplexes were formulated with mPEG-b-P(APNBMA)23.6 as described in Section 

2.2.1, and scaled to 600 μL of polyplexes with 4.8 μg of siRNA in solution.  Then, a 

second layer of 4.8 μg of siRNA in 100 μL of HEPES slowly was added to the mixture 

while gently vortexing over a period of 10 s.  Nanocarriers were subseqwuently kept 

in a dark area for 20 min of incubation at 25 °C.  Following incubation, 100 μL of 

mPEG-b-P(APNBMA)7.9 in HEPES slowly was added to the mixture while gently 

vortexing over a period of 10 s to form the outer layer of polymer at an N:P ratio of 4.  

Nanocarriers were subsequently kept in a dark area for another 20 min of incubation at 

25 °C.  In the initial procedure, there were no purification steps between adding each 

layer.  Figure 4-2 shows a schematic representation of the initial proposed layering 

procedure.  

 

Figure 4-2.  Proposed formulation of creating layered nanocarriers in Design 1 using 

block copolymers for each polymer layer. 
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If the layering experiment were to be successful, it would be expected that the 

zeta potential of the nanocarrier would be positive for the single-layer polyplex, 

negative when the second layer of siRNA was added, and positive again when the 

outer layer of polymer was added.  Additionally, size may increase as each layer is 

added; however, there also is a possibility that particles may become more compact as 

additional charged components are added.  Thus, size measurements alone cannot be 

used to determine successful layering and must be accompanied by measured changes 

in surface charge.  Figure 4-3 shows the diameter size and zeta potential results for the 

initial layering experiment.  
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Figure 4-3.  Initial proposed layering procedure using Design 1. A) Size measurements 

of nanocarriers.  B) Zeta potential measurements of nanocarriers.  Error 

bars indicate ± 1 standard deviation from 3 experimental replicates.  

The zeta potential of the nanocarrier should be positive for the single-layer 

polyplex, negative when the second layer of siRNA is added, and positive again when 

the outer layer of polymer is added.  The size and zeta potential trends did not follow 
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what would be expected for a successful layered polyplex design.  Adding a second 

amount of siRNA and mPEG-b-P(APNBMA)7.9 to the mPEG-b-P(APNBMA)23.6 

polyplexes resulted in a decrease in average size and had no statistically significant 

effect on the surface charge of the nanocarrier.  During the formulation process, excess 

polymer and siRNA were not removed between each attempted layering step.  It is 

hypothesized that instead of making any layered structures, the free polymer in 

solution leftover from making the single layer polyplex was complexing with siRNA 

from the second addition of siRNA to form more single-layer polyplexes.  Adding the 

mPEG-b-P(APNBMA)7.9 thus formed single layer mPEG-b-P(APNBMA)7.9 

polyplexes, which decreased the overall average size of the nanocarriers from 157 nm 

to 85 nm.  The initial approach did not form layered polyplexes, and purification steps 

will be needed to layer the nanocarriers successfully.  

4.2.2.1 Revised formulation approach – centrifugation between layers 

One method of purifying nanocarriers between adding each layer is 

centrifugation.  Deng et. al. successfully employed a simple centrifugation and 

resuspension strategy to purify siRNA-polycation layered nanoparticles between each 

layer addition.33  It was hypothesized that centrifuging the polyplexes between each 

layer and resuspending the pellet would remove excess free polymer and siRNA in 

solution, thus allowing the layering process to occur.  Figure 4-4 shows the results of 

the second formulation process for the initial nanocarrier materials design. 
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Figure 4-4.  Procedural centrifugation purification steps for layered polyplex 

formulation using Design 1. 

Polyplexes were created using mPEG-b-P(APNBMA)23.6, and size was 

measured with dynamic light scattering (DLS).  The polyplexes had a diameter of 

~130 nm, which is consistent with previous size measurements.17,18  Sucrose was 

added at a 1 wt.% ratio to the polyplex solution in order to stabilize the solution and 

prevent aggregation during centrifugation.  Polyplexes were centrifuged at 18,000 g 

for 18 min, based on procedures for similar types of polyplexes created by Deng, 

et.al.33  The supernatant was collected, and the pellet was resuspended.  The 

supernatant was analyzed via DLS, and it was found that there were particles with an 

average diameter of 73 nm in the supernatant.  This suggests that the smaller 

polyplexes were not collected in the pellet and remained in the solution which 

contained excess free polymer.  The resuspended pellet was analyzed via DLS.  

Particles in the purified solution had an average diameter of ~ 230 nm; however, there 

were also notable amounts of aggregates in solution with diameter greater than 1 μm.   
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A second aliquot of siRNA was added to the purified polyplexes.  The average 

size of the polyplexes changed to ~ 260 nm upon the addition of the second aliquot, 

which is not different statistically from the size of the purified polyplexes alone.  

Furthermore, a gel electrophoresis assay showed that the second layer of siRNA did 

not stick to the polyplexes, as there was a significant amount of free siRNA in solution 

(band 3 in Figure 4-4).  It is hypothesized that the PEG block on the polymer shielded 

the siRNA from being able to bind to the polyplex and create a layered structure.  A 

potential solution is to use a homopolymer of P(APNBMA)n without the PEG block to 

formulate the inner polyplex structure for the layered nanocarrier, which is the revised 

design in Design 2.  

4.2.3 Design 2 – homopolymer inner layer 

To address concerns over the second layer of siRNA not being able to adhere 

to the PEG block, a homopolymer of P(APNBMA)29 was synthesized by a post-

doctoral research, Dr. Thu Vi, using modified synthesis steps from Green et.al.15  A 

solution of 400 μL of single-layer homopolymer polyplexes was created at an N:P = 4, 

with an siRNA concentration of 32 µg ml-1  in 20 nM HEPES.  For purification 

between adding each layer, the nanocarriers were centrifuged at 19,000 g for 20 min, 

which is a slight increase in both centrifuge speed and duration compared to the initial 

process.  The intention of increasing the magnitude and length of the centrifugation 

was to recover more purified particles in the resuspended pellet.  After resuspension, a 

solution of 100 μL of HEPES containing 12.8 μg of siRNA was added to form the 

outer layer of siRNA on the polyplex.  After centrifugation and resuspension, the outer 

layer of mPEG-b-P(APNBMA)7.9 in 100 μL of HEPES was added at an N:P = 4 ratio 

relative to the second layer of siRNA.  The revised formulation process for creating 
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layered nanocarriers with a homopolymer inner layer and purification steps between 

each layer addition is shown in Figure 4-5.   

 

 

Figure 4-5.  Revised layering formulation approach with homopolymer inner layer and 

purification via centrifugation between each layer addition.  

During the revised layering process, the size and zeta potential of the 

nanocarriers were measured.  As shown in Figure 4-6A, the size of the nanocarriers 

increased from ~ 125 nm to ~ 190 nm when adding a second layer of siRNA.  There 

was no statistically significant increase in the nanocarrier size when adding the outer 

layer of mPEG-b-P(APNBMA)7.9.  During the layering process, the surface charge of 

the single-layer homopolymer/siRNA nanocarriers was ~ 30 mV.  With the addition of 

the second layer of siRNA, the zeta potential became negative at ~ -40 mV, which 

indicated successful incorporation of a second negatively charged siRNA layer.  

Furthermore, upon the addition of the outer layer of mPEG-b-P(APNBMA)7.9, the zeta 

potential became positive at ~ 25 mV, which suggests successful incorporation of the 

block copolymer outer layer.  Zeta potential measurements are shown in Figure 4-6B. 
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Figure 4-6.  Revised layering procedure using Design 2 and homopolymer inner layer. 

A) Size measurements of nanocarriers.  B) Zeta potential measurements 

of nanocarriers.  Error bars indicate ± 1 standard deviation from 3 

experimental replicates. 

4.3 Conclusions 

The work herein demonstrates that layered photo-responsive nanocarriers can 

be created for controlled delivery of multiple siRNAs from a single particle.  A 

purification step was needed between adding each layer, and a cationic homopolymer 

had to be used to allow the second layer of siRNA to adhere. 
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In this work, we were able to develop a procedure for creating layered 

nanocarriers.  Further experiments would be required to demonstrate successful 

controlled release of two distinct layers of siRNA.  A plot of siRNA release over time 

for both the short block copolymer and the longer homopolymer would bring insight 

into the release characteristics of each polymer.  Additionally, using gel 

electrophoresis after each layering step would provide information as to how much, if 

any, free siRNA exists in solution after adding each layer.  Ultimately, independent 

control over the release of each layer of siRNA should be demonstrated.  Figure 4-7 

below shows an idea for demonstrating successful control over releasing each layer 

using hypothesized microscopy images.  Cells would be transfected with DNA 

plasmids to express green and red fluorescent protein (GFP and RFP, respectively).  

GFP and RFP were chosen due to the commercial availability of siRNA to silence 

each protein.  Layered polyplexes would be created with anti-GFP siRNA on the 

outside and anti-RFP siRNA on the inside.  Over time, with increasing length of light 

exposure, GFP would be silenced first, followed by RFP.   
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Figure 4-7.  Representative microscopy images of proposed experiment to demonstrate 

successful control over releasing each layer of siRNA.  A) Cells express 

both GFP and RFP.  B) After delivering layered polyplexes, over 

increasing exposure to light stimulus, GFP will be silencing first, 

followed by RFP. 

The layered system herein has many potential applications in medical 

treatments requiring repeated dosing of siRNA for sustained knockdown.  Further 

research can also extend this layered system to deliver other components with siRNA, 

such as DNA, mRNA, or small molecule therapeutics.  
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Chapter 5 

CONCLUSIONS 

The field of polymer-based siRNA delivery has the potential to make 

advancements towards personalized medicine.  The work herein addresses three 

research aims to improve the efficiency of siRNA delivery with photo-responsive 

polymer nanocarriers.  The aims are as follows: 

1) Optimize polyplex formulations by mixing two polymers of different 

lengths rather than synthesizing an entire polymer library 

2) Incorporate kinetic modeling to optimize siRNA dosing schedules and 

improve research process efficiency 

3) Deliver multiple siRNAs in a single polyplex by developing layered 

polymer nanocarriers 

Towards Aim 1, it was demonstrated that mixing short and long strands of 

mPEG-b-P(APNBMA)n in siRNA polyplexes resulted in maximum amounts of gene 

silencing.  Additionally, simple kinetic modeling was utilized to develop a dosing 

schedule for siRNA delivery to increase the research efficiency process, which 

addresses Aim 2.  In looking at Aim 3, a procedure for developing layered photo-

responsive nanocarriers for sequential delivery of two different siRNA was developed.   
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Chapter 6 

FUTURE WORK 

There are many possible paths for future with the photo-responsive siRNA 

delivery systems.  Some possibilities include developing siRNA/small molecule co-

delivery systems, creating thin film patches for siRNA delivery, and improving the 

photo-responsive polymer synthesis process.  

6.1 Co-delivery systems 

The work herein aims to design a layered nanocarrier delivery system for a 

nanocarrier consisting of siRNA and photo-responsive polymer.  The work could be 

further expanded to co-deliver an siRNA and a small molecule drug in a single layered 

nanocarrier.  It has been suggested that combining gene and drug therapy techniques 

into a single nanomedicine can reduce cancer drug resistance.4,34  For example, 

Ediriwickrema et. al. developed a layered polymer nanoparticle that contained an 

anticancer drug, camptothecin, and a plasmid encoding an apoptosis-inducing factor, 

which was shown to significantly reduce tumor growth compared to delivering the 

drug alone.  One concern with chemotherapeutics is that they are highly toxic and 

there are a lot of off-target effect concerns.  The spatiotemporal control that our 

system offers could help minimize off-target effects.  For example, our research 

groups could use the layered nanocarrier approach to create a polyplex system with a 

small molecule drug like camptothecin at the core, followed by a layer of 

homopolymer, then a layer of siRNA, and coated in an outer layer of block copolymer.  

The layered nanocarrier system would provide independent controlled release of an 

siRNA and small molecule drug from the same particle.  Exploring nucleic acid and 
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drug co-delivery with our photo-responsive polymer system would be a promising 

next-step of research.  

6.2 Photo-responsive thin film for siRNA delivery 

There are many biomedical applications in which a polymer thin film method 

of therapeutic delivery is advantageous.  Thin film delivery methods provide sustained 

treatment for localized health complications such as wound repair, and thin films also 

form a protective barrier around a site of injury to reduce infection and further re-

opening of the wound.35  For example, Castleberry, et. al., demonstrated that nylon 

thin film dressings coated with polyplex solutions provide improved methods for 

sustained localized siRNA delivery.36  In another example, Flessner et. al. developed a 

layer-by-layer design of degradable polyelectrolyte-based films for the controlled 

release of siRNA from surfaces. 

The photo-responsive polymer developed by the Epps and Sullivan labs could 

be utilized to develop photo-responsive thin films for siRNA delivery.  Each 

application of light would stimulate the release of a specific layer of siRNA, and the 

film could be designed like the layered nanocarriers to provide controlled release of 

multiple siRNA cargo in a single film.  A flow coating procedure could be used to coat 

alternating layered of photo-responsive polymer and siRNA onto a substrate.  The film 

could then be transferred to a medical patch or bandage for localized application.  

Each film layer would be degraded by a different level of photo-stimulus, allowing for 

controlled release of each layer of siRNA. 
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