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Ring opening metathesis polymerization (ROMP) was used to generate a variety of 

self-assembled nanostructures, including purely synthetic and bio-hybrid materials. The 

properties of polynorbornene amphiphilic block copolymer structures and their relationship to 

resulting morphology was explored, paving the way for nanoparticle design at the structural 

and processing level. In the context of bio-synthetic polymer amphiphiles, hydrophobic ROMP 

polymers were attached to hydrophilic DNA strands to produce self-assembly micelles on the 

order of 20 nm in diameter. Herein, we explored the self-assembly properties, stability, and 

applications of these assemblies in pristine conditions and cellular environments. 

Morphology plays an important yet poorly understood role in dictating how 

nanomaterials interact with cells and tissues. Uncovering this relationship relies on working 

out how to control particle morphology in the first place. We prepared purely synthetic 

amphiphiles using ROMP to prepare aqueous phase diagrams of block copolymer assemblies. 

By preparing polymers with varying properties, such as block lengths, block identity, and block 

ratios, the relationship between polymer structure and the resulting self-assembly nanostructure 

could be observed under certain conditions. Furthermore, by manipulating the assembly 

conditions of these polymers, we have shown that multiple stable morphologies can be 

generated from the same block copolymer starting material. This represents the first study of 

its kind for ROMP-derived amphiphilic assemblies, which exhibit variations in self-assembly 

dynamics compared to more traditional block copolymers.  

Adding a level of complexity to our block copolymer system, we next explored more 

therapeutically relevant systems by conjugating DNA to a hydrophobic ROMP homopolymer 

and assembling them into DNA-displaying micelles. We determined the stability of the DNA 

on the micelle surface by treating the structures with various nucleases and human serum. The 

stability of the DNA on the micelle corona resisted degradation by nucleases in some 
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circumstances, but not all, relative to the free DNA control, highlighting the importance of 

careful design of the amphiphile for a given application. 

After determining the stability of DNA polymer assemblies (DPAs), antisense DPAs 

were designed against a known therapeutic target in cancer cells, MDR1. Importantly, these 

materials were designed with sequences not containing chemical modifications, such as locked 

nucleic acids or other backbone alterations. After treating MDR1-dependent doxorubicin 

resistant cells with the antisense micelles, sensitivity to the chemotherapeutic could be restored 

to near-parental cell line IC50 values.  

Despite many desirable properties nanoparticles have in therapeutic applications, a 

major bottleneck in their development is the fact that very little is known about how they 

interact with cells and tissues. Next, a high throughput, whole-genome approach to elucidate 

the pathways responsible for nanomaterial uptake by cells was developed and tested using 

DPAs as a proof-of-concept. Using Genome-wide CRISPR Knock Out (GeCKO), a population 

of cells representing knockouts across the entire genetic spectrum was tested against uptake of 

cyanine 5 labeled DPAs. Using this approach, we have identified the transmembrane protein 

SLC18B1, among a handful of other proteins, as candidates for mediating uptake; a previously 

unknown interaction by DNA-displaying nanomaterials with cell surfaces. By expanding this 

technique to other categories of nanoparticle medicines with different structures and surface 

modifications the generation of new design rules for nanomaterial therapeutics may be prepared 

to help researchers avoid off-target accumulation and advance many more nanotherapies to the 

clinic. 
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Chapter 1 Introduction 

1.1 Introduction 

The nanoscale is a realm in which humans have much to master and more to learn. The 

development of nanotechnologies over the last century has made mind boggling advances in 

materials science, and is rapidly increasing in sophistication. Appreciating the advancement of 

nanomaterial design as a mechanism for interacting with biological entities requires an 

understanding of the driving forces behind the movement and the steps that have been taken to 

get there. At the core of many of these advances is the desire to understand, mimic, and interact 

with living organisms. A particularly pressing research area in nanotechnology is designing 

effective treatments and cures for diseases. As a result, researchers have looked to nature for 

inspiration and guidance on material design, and in many applications bio-synthetic 

nanomaterial hybrids containing peptides and nucleic acids are becoming more common.  

This dissertation is focused on understanding the assembly of polymeric 

nanostructures and their properties and applications in biological settings. Polymer assembly 

scaffolds provide an opportunity to stabilize and deliver biomolecules to cells, paving the way 

for the use of therapeutic, antisense DNA-polymer conjugates in diseased cells such as cancer. 

Chapter 1 lays the foundation for this work and highlights its importance in the context of 

biologically oriented nanotechnologies today. Herein, we present an overview of 

nanotechnology as a field in relation to medicine. We also discuss the background of DNA and 

genetic interference to highlight opportunities for the marriage between nanoparticles and 

genetic programming of cells. The driving force behind this work is to further our 

understanding of how synthetic, nanoscale structures can better serve therapeutic needs in 

human medicine.  
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1.2 Nanomaterials: History and Overview 

Humans have cultivated a relationship with the nanoscale for as long as we have been 

building materials. For example, gold nanoparticles have been employed as structural color 

agents for millennia. Arguably the most famous example of this is the Lycurgus Cup (5th-4th 

century, B.C.), which transitions from green to red in different lighting due to the embedded 

colloidal gold.1 Stained glass produced in the Middle Ages, famous for its richness in color, 

also owes its red hue to the entrapment of gold nanoparticles.2 Carbon nanoparticles have been 

used as reinforcements in rubber tires for more than 100 years, and titanium dioxide particles 

have been used as color additives in a range of materials from sunscreen to toothpaste.3 Outside 

of human control, nature produces elegant, highly complex structures on the nanoscale, such 

as proteins and organelles, that are critical for life itself. It wasn’t until the late 1900’s that 

scientists made the observation that the scale of material, and not simply its chemical makeup, 

determined properties and behavior.4,5 Since this observation, the field of nanotechnology has 

exploded with the development of a rich variety of nanostructures designed to study, control, 

cure, protect, or otherwise influence the natural and synthetic components of our world.   

In the deliberate synthesis of objects on the nanoscale, inorganic particles have the 

longest history. Gold, silver, iron oxide, and silica nanoparticles have been highly productive 

in biological applications.6–8 The oldest examples of nanoparticle use in biology goes to gold, 

which was administered in the Middle Ages as a cure for maladies such as dysentery, venereal 

disease, and tumors, to name a few.9 In more modern experiments, AuNPs have been refined 

as sensors and bioconjugate delivery vehicles across an equally diverse range of diseases.10,11 

AgNPs were first described in 1889 by Lea and coworkers as 7-9 nm citrate-stabilized 

colloids.12 Since this pioneering work, AgNPs have been used as antimicrobial agents and 

chemotherapeutic materials, among other uses, in the more than hundred years that followed.13 
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FeONPs began their in vivo tenure in 1957, when Gilchrist and coworkers injected magnetite 

FeONPs into the lymph nodes surrounding tumor resection sites. These FeONP containing 

nodes were then subjected to induction heating in an effort to destroy metastases.14 Since this 

work, more than half a century of research has looked into the biocompatibility of FeONPs and 

their use in MRI contrast, tissue repair, drug delivery, magnetofection, and other areas.15 

Relative to AgNPs, AuNPs and FeONPs, silica nanoparticles are a new strategy for delivering 

cargo, and mesoporous SiNPs have been shown to deliver drugs, genetic material, and peptides 

to cells.8,16–18  

Inorganic nanoparticles have seen a wide range of use in biological contexts, and are 

still actively being developed as therapeutic and diagnostic agents today. They are the first 

examples of synthetic, nanoscale devices intended to interact with biology, and much of the 

field’s core knowledge is a direct result of fundamental findings from these structures. The next 

class of nanomaterials to enter the arena was polymer based. Specifically, self-assemblies of 

polymers building blocks have been a highly active area of research over the last several 

decades, and we next move our discussion to the history and utility of these nanoparticles. 

1.2.1 Polymer Nanomaterials 

Despite the long history of inorganic nanoparticles, carbon-based, polymeric, “soft” 

nanomaterials have gained traction in biological applications over the last 30 years.19 Polymers 

and their resulting self-assemblies may be purely synthetic, biological, or a combination of the 

two. Synthesis of biopolymers like peptides and nucleic acid chains have their own rich history, 

and the advances in synthetic DNA will be covered in the following section. In the realm of 

synthetic polymers, important advances in controlled polymerization methods like ring-

opening metathesis polymerization (ROMP) and reversible addition-fragmentation chain 

transfer (RAFT) have paved the way for well defined, discrete polymer compositions that result 
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in self-assemblies with low dispersity.20–25 For example, ROMP with Grubbs’ third generation 

initiator can be used to prepare brush copolymers of whole peptide sequences directly for use 

as cell penetrating materials.26,27 For instances when a biomolecule cannot be directly 

polymerized into the polymer scaffold, important advancements towards the synthesis of bio-

hybrid materials have been made aimed at expanding the “bioconjugate toolbox,” that is, 

precise and efficient attachment chemistries for the incorporation of biomolecules into polymer 

scaffolds.28–30 Specific examples that have made waves in recent years are the copper-catalyzed 

azide-alkyne cycloaddition (CuAAC) and the strain-promoted azide/alkyne click (SPAAC) 

chemistries.31,32 The synthesis of precise, functionally diverse polymers has ushered in an era 

of self-assembly nanoparticles capable of stabilizing internal cargos, improving 

pharmacokinetics of small molecule therapies, acting as structural support in damaged tissues, 

and more. 

Using polymers as nanoscale assemblies requires an understanding of the driving 

forces behind the self-assembly phenomenon. Block copolymer (BCP) phase separation and 

assembly in the bulk has been explored extensively over the last half-century,33 and more 

recently the properties and applications of self-assembly in solution, e.g. the aqueous phase, 

has been explored.34,35 Under appropriate conditions, assembly of BCP systems, wherein one 

block is hydrophilic and the other hydrophobic, results in a diverse array of morphologies as 

dictated by the hydrophobic effect.36 Assembly of BCPs in solution and the resulting 

morphology is generally achieved by a reduction in free energy via three main parameters: (i) 

stretching of the hydrophobic core block, (ii) interfacial tension between the core and solvent, 

and (iii) repulsion between corona strands.34,37–39 Researchers have since used this 

understanding to design polymer nanoparticles with diverse morphologies and capabilities.  

One reason polymer-based nanoparticles are desirable as carriers in cells and 

organisms is their highly modular nature. Payloads may be displayed on the surface or 
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sequestered in the core, and attached via covalent linkage, electrostatically bound, or 

encapsulated in the hydrophobic core. Another benefit to polymer self-assemblies is that the 

chemistry of the assembly itself may be biodegradable, targeting, and stimuli-responsive.40 

Furthermore, a diverse range of morphologies may be accessed and, in some cases, switched 

on command based on exposure to stimuli.41–44 Early examples of polymeric nanoassemblies 

in vivo used conjugated andriamycin copolymer assemblies against leukemia and solid tumors 

in murine models.45,46 Since then, more diverse and complex strategies have been employed 

towards the delivery of drugs, contrast agents, genes, and more. One example of a complex 

polymer assembly involved multifunctional chemotherapy-loaded nanodelivery vehicles 

simultaneously capable of targeting and enhancing MRI contrast. Gao and coworkers 

developed a polymeric nanoassembly which targeted Integrin avb3 through the display of 

cRGD on the hydrophilic corona while enhancing MRI contrast through superparamagnetic 

iron oxide nanoparticles loaded in the micelle core.47 After being taken up by cells, the micelles 

then released doxorubicin that had been sequestered in the poly lactic acid core through a pH 

sensitive mechanism, effectively inhibiting proliferation.  

In the Gianneschi research group, one pillar of our studies involves the use of 

polymeric nanostructures as delivery vehicles in cells and tissues to overcome inherent 

limitations of naked small molecules and biopolymers. These limitations include rapid 

clearance, biological instability, and off-target effects. Drugs, DNA, MRI contrast agents, and 

peptides are all actively being explored in this context.27,48–52 In the medical community, there 

is a crippling need to provide a safe and efficient mechanism for the uptake of genetic material 

in cells and tissues. To highlight the opportunities for polymeric nanomaterials in this field, we 

will next move our discussion to the regulation of gene expression and gene editing.  

1.3 Manipulating Gene Expression 
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Since the elucidation of the central dogma of biology, first alluded to by Francis Crick 

in 1958, it has been a primary goal of researchers to develop methods that effectively enhance, 

disrupt, or otherwise alter the flow of genetic information in cells.53,54 Several key technologies 

represent the pillars of modern genetic manipulations: synthetic DNA, recombinant DNA 

technology, genome sequencing, antisense & RNA interference, and gene editing. However, 

none of the genetic insights and manipulations known today would be possible without the 

laborious efforts that lead to the discovery of DNA and its structure.   

1.3.1 A Brief History of DNA 

Leading up to the central dogma, nearly two hundred years of scientific thought and 

research laid the groundwork necessary to determine the importance and structure of DNA. 

Beginning with The Origin of Species in 1859, Charles Darwin published observational 

evidence that selective pressures could alter the inheritable phenotype of species.55 Shortly 

thereafter, between 1856 and 1863, Gregor Mendel conducted his famous hereditary 

experiments on pea plants, published in 1866, that disclosed the idea of “dominant” and 

“recessive” traits.56 Three years later, the isolation of an unknown, phosphorus rich substance 

“nuclein” (which would later be recognized as genomic DNA) from white blood cells was 

accomplished by Friedrick Meischer.57 Over the next 80 years, the concept of genetic 

inheritance and the relationship between genes and human disease became more mainstream, 

and in 1944 Oswald Avery determined that DNA was the molecule responsible for transferring 

genetic traits between organisms via experimentation with bacteria cells.58,59 The nucleotide 

components and composition of DNA came to the forefront next. In 1950, Erwin Chargaff 

proposed two major findings that would come to inform the double helical structure of DNA. 

Chargaff’s Rules were: 1. the thymidine (T) and adenine (A) content of a genome were 

equivalent, and the guanine (G) and cytosine (C) content were equivalent, and 2. the ratio of 
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AT/CG varied between species.60,61 Next, following critical experiments of DNA X-ray 

diffraction by Rosalind Franklin and Maurice Wilkins, James Watson and Frances Crick 

proposed the modern base-paring structure and double helical model of DNA in 1953.62–64 

Since this pinnacle of discovery, researchers have taken up the gauntlet of genomics through 

advances in synthesis, sequencing, and gene editing, and shortly following the discovery of the 

DNA double helical structure, researchers began to synthesize DNA strands from the ground 

up.  

1.3.2 Synthetic DNA 

Synthetic DNA as it is known today is a product of two key advancements in synthesis: 

the establishment of solid-phase synthesis, invented by Bruce Merrifield in the 1960’s, and the 

phosphoramidite method of oligodeoxynucleotide synthesis, established by Marvin Caruthers 

in 1981.65,66 The former achievement, for which Merrifield was awarded the 1984 Nobel Prize 

in chemistry, made it possible to automate the step-wise addition of nucleotides to a growing 

oligomer chain, increasing step-wise coupling efficiency and overall yields far beyond what 

was possible in solution phase synthesis or other manual techniques.  The phosphoramidite 

method, the preferred technique for synthesizing oligodeoxynucleotides on solid support today, 

was predated by a handful of solution phase synthesis methods that deserve mention here.67,68 

The earliest strategies for preparing oligodeoxynucleotides were developed separately in the 

1950’s by researchers Alexander Todd and Har Gobind Khorana. Todd pioneered the coupling 

of H-phosphonate and phosphate triester building blocks in solution to form modified or 

unmodified deoxyribonucleic acid oligomers.69,70 Around the same time, the Khorana group 

utilized solution phase phosphodiester couplings to accomplish oligodeoxynucleotide 

synthesis.71 In the 1960’s and 70’s, phosphotriester approaches were developed by Letsinger 
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and Reese.72,73 Although ultimately these strategies would not persist to the modern day, they 

represent significant advancements towards modern synthesis of oligonucleotides.  

Over the next several decades, automation and synthesis became reliable to the point 

where researchers could design and synthesize a diverse set of modified, unmodified, or a 

combination thereof, of nucleic acid sequences in house with high yield. This had profound 

impact on the field of genomics as a whole. This technology enabled the fields of genome 

sequencing, DNA amplification through PCR, and recombinant DNA technology.74–78 

Furthermore, the availability of synthetic DNA on-demand has opened the door for 

manipulating gene expression through antisense interference.79,80 The content of this 

dissertation centers around DNA-based antisense gene interference approaches, therefore the 

focus of this introduction will highlight antisense technologies, followed by a discussion of the 

current state-of-the-art in genome editing to set the stage for designing genomic screens to 

determine the intricacies of material-cell interactions.  

1.3.3 Antisense: History and Perspective  

The use of DNA to stymie the translation of mRNA was first described in the late 

1970’s by several sets of experiments. Patterson and coworkers described using DNA that 

hybridized to mRNA to arrest translation in yeast extracts in 1977. The following year, 

Zamecnik and Stephenson described the first use of a synthetic, antisense 

oligodeoxynucleotide.81 In these experiments, the authors noted that a single stranded DNA 

fragment that was complementary to 13 nucleotides of mRNA in the 3'- and 5'- terminal 

sequences of Rous sarcoma virus 35S, prevented production of new virus and cell 

transformation in chick fibroblast cells. A hypothesis for this was that the DNA introduced into 

the cells was hybridizing with the mRNA and blocking translation, although the exact 

mechanism for this was not known at the time. In 1980, the picture became clearer when it was 
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demonstrated that antisense oligonucleotides (AS-ONs) regulated the initiation of ColE1 DNA 

replication, supporting that the artificial oligo was blocking translational machinery.82 The 

utility of antisense technology was expanded in 1984 when AS-ONs was shown to successfully 

knockdown genes in eukaryotes as well as prokaryotes in separate experiments by Coleman 

and Weintraub.83,84 In 1987 and 1988 AS-ONS were used to knockdown gene expression in 

plants.85,86 The same year, antisense technology was used for the first time in vivo with the 

generation of the Shiverer mouse using myelin basic protein antisense oligodeoxynucleotides 

(AS-ODNs).87 Since then, expansive research has explored modifying AS-ODNs to improve 

function, and several iterations of the technology has been explored as human therapies.88,89   

AS-O(D)Ns function by one of two possible mechanisms.90 The first is activation of 

the ribonuclease RNase H, which recognizes DNA-RNA chimeras and selectively cleaves the 

RNA strand. The second mechanism stops translation through steric blocking of translation 

machinery, such as the ribosome. The RNAse H dependent mechanism is desirable because it 

results in the catalytic knockdown of gene expression through recycling of the antisense strand. 

Steric blocking mechanisms, on the other hand, require a stoichiometric ratio of antisense to 

mRNA strands in order to ensure efficient knockdown.  

 Although antisense technology represents an elegant therapeutic design against 

disease expression, several barriers obstruct the technology’s use in a broad setting. As a 

nucleotide-based material, unmodified AS-ODNs are inherently susceptible to digestion by 

non-specific nucleases in biological milieu, preventing them from accessing their mRNA 

targets intact. Strategies to overcome this are backbone modification,91,92 or packaging the 

sequence into a dense, 3D structure.48,93–95 The other problem is delivery.96 To knockdown gene 

expression by any mechanism, the AS-ODN must first enter the cell. This simple concept can 

be terribly difficult to overcome in practice, as cells have evolved mechanisms to prevent 

uptake of foreign DNA. However, several strategies have been explored to overcome the 



10 

 

barrier of delivery.97,98 One approach involves complexing the AS-ODN with transfection 

agents or cationic polymers.99–101 Although this approach has been successful, particularly in 

cell culture, it often suffers from toxic effects.102 Another method is viral vector delivery.103 By 

packaging the instructions for producing AS-O(D)Ns in viral capsids, nature’s design can be 

hijacked for our own delivery purposes. Although this approach initially received a lot of hype, 

hopefulness quickly turned to caution as immunogenic effects and, in one reported case, a 

fatality in human trials overshadowed the therapeutic potential of the strategy.104 The research 

environment is ripe with the opportunity to improve and design new strategies for protecting 

and delivering antisense therapeutics, and nanoparticles, particularly polymeric assemblies, are 

prime candidates to fill this role. In order to design assembly scaffolds that safely and 

efficiently deliver genetic cargo to cells, a better understanding of how nanomaterials interact 

with the biological interface must be elucidated.  We next explore the topic of gene editing to 

highlight the opportunities present in this field for illuminating the space between materials 

science and biology.  

1.3.4 Genome Editing: ZFNs, TALEs, and CRISPR/Cas9  

At the root of every cellular behavior lies the genetic makeup which contains the 

blueprint for function. Since the sequencing of the human genome, researchers have been 

aiming to create a knowledge bridge between genotype and phenotype in clinically relevant 

ways. This has huge implications both in basic scientific discovery and personalized medicine. 

To discover the relationship between genotype and phenotype, a common theme has been to 

use the cell’s own DNA repair mechanism, and its propensity for error, to knock out genes. By 

generating a double strand break in genomic DNA, non-homologous end joining (NHEJ) often 

results in insertions and/or deletions (indels) of nucleotides that cause a frame-shift mutation 
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in the gene.105 If this mutation results in a premature stop codon, the gene effectively loses 

function.  

Approaches to induce the double strand break necessary for this event and target the 

break to specific positions in the genome have made use of DNA-cleaving nuclease domains 

fused to sequence specific binding domains.106 In the late 1990’s it was discovered that zinc 

finger nucleases (ZFNs), which were known to bind DNA, could be linked together in ways 

that would allow them to recognize unique sequences 9-18 base pairs long and induce double 

strand breaks after attachment to a nuclease.107,108 A decade later, a more efficient  DNA 

recognition method using transcription activator-like effectors (TALEs) was uncovered, and 

the field of genome editing took off.109,110 These technologies represented a paradigm shift in 

the field and provided an opportunity to disrupt and edit genes of interest. However, the 

recognition aspect of ZFNs and TALEs relied on proteins, and protein engineering, for 

specificity, making these approaches highly labor intensive and costly. Three years after the 

sequence recognition ability of TALEs were discovered, a new technology entered the field of 

genome editing: CRISPR/Cas9.111 

The existence of clustered regularly interspaced short palindromic repeats (CRISPR) 

in the Escherichia coli genome was first observed by Nakata and coworkers in 1987.112 In the 

years that followed, these repeats were found in many other archaeal and bacterial genomes, 

and were later were uncovered as an RNA-dependent adaptive immunity mechanism for 

microbes to protect themselves against viruses.113,114 Then, in 2012, seminal work published by 

Doudna and coworkers demonstrated that a particular CRISPR-associated nuclease (cas) 

immune system (CRISPR/cas9) could induce sequence specific, RNA-guided double-strand 

breaks in target DNA.111 This groundbreaking discovery has revolutionized the field of genome 

editing, and since 2012 thousands of academic papers have been published using the 

technology and expanding its applications.115 A particularly useful expansion on the genome 
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editing function of CRISPR/Cas9 is GeCKO, or genome-scale CRISPR/Cas9 knockout.116 

With GeCKO, a pooled library of individual knockouts can be generated across the entire 

human genome to screen for specific cellular phenotypes, provided they result in a sortable 

population (life vs. death, fluorescence vs. no fluorescence, etc.). This application has resulted 

in eye opening studies, such as the identification of essential genes for cellular functions and 

survival, and the elucidation of new gene targets for therapeutics. What has not been explored 

by this mechanism, however, is how nanoscale structures are able to interact with cells, which 

provides a key opportunity for interdisciplinary discovery in materials science and biology. 

1.4 Nanomaterials and Cell Uptake 

Nanoparticles have been used to deliver materials to cells and tissues for decades. 

Despite this history, relatively little is understood about how nanoparticles enter cells, and 

which pathways are responsible for uptake of diverse nanostructures that may only have length 

scale in common. It is generally assumed that nanoscale material enters the cell interior by 

pinocytosis or endocytosis.117 This can be rationalized due to the size of the particle being at 

least an order of magnitude greater than the diameter of a typical transport channel in the cell 

membrane. Work over the last decade has begun to look at how nanoparticle properties, such 

as surface chemistry, shape, size, and opsonization of proteins to the nanoparticle surface 

influence the extent materials get into cells.118,119 However, the specifics of uptake with respect 

to discovering material-cell interactions leading to an uptake event are scarce. This scarcity of 

knowledge is largely due to difficulties in deconvoluting a specific cellular pathway through 

inhibitor assays and knockdown studies. In one report of a nanomaterial uptake mechanism, 

Mirkin and coworkers used inhibitor assays with fucoidan, poly I, bafilomycin A1, and Methyl 

b-Cytodextrin to discover the general pathway for AuNP cell uptake in HeLas. They discovered 

that a scavenger-receptor mediated mechanism was likely responsible for shuttling the 
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nanoparticles into cells.120 Later, they narrowed down this finding by knocking out various 

receptors on the cell surface with siRNA and tracking the particles through the cell by TEM 

and confocal microscopy. This lead to the conclusion that scavenger receptor A, particularly 

MSR1, was necessary for 50-80% of observed uptake.121  

 

 

Figure 1.1 Modifications and Properties of Nanoparticles that Influence Cell Uptake. 

 

To date, inhibitor assays and gene knockdown studies remain the most commonly 

utilized methods for determining uptake pathways in cells. Inhibitor assays give a general 

picture of this cellular process while being cheap and quick to perform, however this approach 

has drawbacks including inherent bias towards known uptake pathways and off-target effects. 

Gene interference by siRNA is also known for having unpredictable off target influences, and, 

more alarmingly, incomplete knockdown of genes and experiment to experiment variability in 

the technique make results obtained from this method difficult to verify. To be sure, there is 

plenty of room for improvement in the study of nanomaterial interactions with cells, and the 

fact that very little is known about how nanostructures interact with cells and tissues represents 

a bottleneck in the development of nanotherapies by impeding the rational design of 

nanomaterials for in vivo use.  
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1.4.1 Current State of Nanoparticle Medicine 

Nanomedicine is a field that aims to marry nanotechnology with pharmaceuticals to 

combat human disease. By packaging drugs or diagnostic agents into nano-sized scaffolds, 

increased efficacy, safety, and targeting can be achieved in vivo.122 To date, just over 50 

nanomedicines have been FDA approved.123 This includes polymeric nanoparticles like 

Copaxone to treat multiple sclerosis and Neulasta to increase patient white blood cell 

production during chemotherapy, micelles like Estrasorb, an estradiol transdermic delivery 

vehicle, liposomes like Doxil for delivery of doxorubicin in chemotherapy, and others.124–127 

Over 100 nanotherapies are currently undergoing assessment in clinical trials, and over the last 

three years, the number of nanomedicines entering the clinic has increased three-fold, reflecting 

the interest and potential of this technology.122,123 Despite this vote of confidence, there is still 

a dire need in the medical community to provide ways to assess the specific interactions 

governing material behavior in cells and organisms. The challenge is daunting, yet represents 

an exciting opportunity for the field.  
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Chapter 2  

Elucidating the Self-Assembly Properties 

of Polynorbornene Amphiphilic Block 

Copolymers: Generation of Aqueous 

Phase Diagrams 

2.1 Introduction 

Synthetically assembling structures on the nanoscale for a variety of different 

applications has gained traction over the last several decades. Particularly, developing materials 

at the nanoscale allows access to interactions in biology that overcome barriers present in small 

molecule interactions. For example, nanoparticle therapeutics have seen a surge in clinical trials 

and FDA approval over the last decade, largely due to their ability to increase drug half-life 

and bioavailability over small molecule drugs.1 Copaxone and Neulasta are examples of top 

selling nanoparticle drugs that were FDA approved for these reasons.2,3 Materials science has 

found great success in manufacturing micron scale (and at times, nanoscale)4 structures from 

top-down approaches, while chemists have been highly successful in developing complex small 

molecules on the angstrom scale from single atom or molecular building blocks. However, 

accessing complex and highly ordered structures on the nanoscale has seen limited success 

from either top-down or bottom-up methods. In nature, the nanoscale is made up of beautifully 

complex, highly ordered structures that can perform a diverse range of functions. Proteins, 
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organelles, chromosomes, and vesicles are all examples of chemically distinct, functionally 

dedicated structures representing a breadth of morphology and function.  

From a chemistry standpoint, building nanoscale materials from the bottom-up has 

been an active area of research over the last twenty years. A particularly promising strategy to 

achieve this is the use of amphiphilic block copolymers to self-assemble structures via the 

hydrophobic effect.5 This strategy involves polymerizing two immiscible chains within the 

same polymer such that they are covalently bound. Like small molecule surfactants such as 

soaps and lipids, once the copolymer is dissolved in a solvent compatible with only one of the 

blocks, the insoluble chains will begin to aggregate and their soluble counterparts form an 

interface between them and the solvent. Assembly of BCPs in solution and the resulting 

morphology is generally achieved by a reduction in free energy via three main parameters: (i) 

stretching of the hydrophobic core block, (ii) interfacial tension between the core and solvent, 

and (iii) repulsion between corona strands.6–9 Each of these components involves contributions 

from myriad variables in the polymer structure and environment. To complicate the matter 

further, a delicate balance and interplay between thermodynamically and kinetically driven 

solution phase particle formation processes has a large influence over the final morphology of 

the nanostructure, including unimer exchange and fusion-based growth pathways.10–15 For 

many kinetically trapped systems, unimer exchange may be so unfavorable that the assemblies 

generated are stable on a time scale of months or years without outside perturbation, and no 

change in morphology is observed.  Contrary to BCPs in the bulk, where the influence of 

kinetics on morphology is less important, constructing phase diagrams for self-assemblies in 

solution is particularly challenging given that it is impossible to change one component of the 

polymer or solution without also perturbing the kinetic landscape of assembly. For example, 

small changes in core block size will not only alter polymer molecular weight or the 
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hydrophilic-hydrophobic balance, but will also have a dramatic effect on unimer exchange 

rates.16  

Morphology trends of BCPs in the bulk have been explored for decades; however, due 

to their complex nature relatively little attention has been given to producing phase diagrams 

for BCPs in solution. What attempts have been made at elucidating self-assembly trends have 

primarily been restricted to linear block copolymer systems such as PS-b-PAA, PS-b-PEO, PB-

b-PEO, etc.5 Within these systems, manipulating copolymer block identities and ratios has been 

a common strategy to promote predictable morphological outcomes including spherical 

micelles, cylinders, and bilayers based on the effective hydrophilic fraction of the polymer.7,9,17–

20 It is generally observed that as the hydrophilic fraction of a polymer is increased, surface 

curvature of the resulting morphology increases as well. This results in transitions from low 

surface curvature structures such as bilayers, to higher surface curvature morphologies such as 

cylinders and spherical micelles (Figure 2.1). For example, in observing relative hydrophilic 

weight fractions and overall molecular weight of a PB-b-PEO copolymer system, self-

assemblies in aqueous solution were observed to reproducibly fall into distinct categories of 

bilayers, cylinders, and micellar spheres (or a mixture thereof) depending on the proportion of 

the polymer blocks.18 A similar trend was seen for PS-b-PAA polymers in solution, where a 

reduction in PAA mol % from 7.2 to 3.8 % increased the surface curvature of observed 

morphologies from cylinder structures to vesicles and finally lamellae.7 In a related effect, as 

the polarizability of the head group increases, chain-chain repulsion in the corona of the 

assembly also increases, driving the assembly to adopt a larger effective area for the corona 

chains (akin to increasing the hydrophilic weight fraction).  

Vesicles, cylinders, and spherical micelles are the predominant platform for BCP 

assemblies in solution. Although approaching the order and complexity of nature at the 

nanoscale remains elusive, relatively complex structures such as large compound micelles 
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(LCMs) and bicontinuous micelles (BCMs) are occasionally observed.21 LCMs are 

characterized by a cluster of inverted micelles surrounded by a hydrophilic layer.7 BCMs are 

analogous to bicontinuous or gyroid phase in bulk BCP assembly and are characterized by 

polymer blocks forming a continuous, interconnected rod network with pockets of solvent 

incorporated throughout the structure.22,23 Such complex structures are largely absent from 

traditional solution phase diagrams of linear BCPs, however with increasing polymer 

complexity they may begin to play a more central role.  

 

 

Figure 2.1 Morphologies of BCP Self-Assemblies in Aqueous Solution.  

 

Morphology phase diagrams for BCPs in solution have been constructed for a handful 

of polymeric species; however, to our knowledge non-linear polymers and metathesis 

generated polymers have not been thoroughly screened for assembly properties, despite gaining 

popularity in generating BCP assemblies over the last several years. Specifically, ring opening 

metathesis polymerization (ROMP) is a highly attractive technique for the preparation of BCP 
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assemblies because it is a controlled, living polymerization technique that is able to directly 

(i.e. graft through) polymerize complex, diverse, macromolecular monomers to generate 

functional brush copolymers.24 Indeed, ROMP with Grubbs’ third generation initiator 

[(IMesH2)(C5H5N)2(Cl)2Ru=CHPh] has been shown to successfully polymerize peptides, PNA, 

metal chelators, etc. for the preparation of bio-active nanomaterials.25–33 To our knowledge, 

probing the self-assembly landscape and preparation of a morphology phase diagram for 

amphiphilic polynorbornene and brush copolymers has been overlooked in the literature. Our 

aim was to probe the relative influence of polymer structure and particle preparation for these 

systems.   

2.2 Preparation of the Block Copolymer Library 

Morphological control over block-copolymer assemblies has been approached from 

many angles throughout the subject’s history. The most practiced ways include dictating the 

relative fraction of hydrophilic to hydrophobic units, modifying the molecular weight of the 

polymer overall via degree of polymerization, and interchanging monomer identity when 

chemically and functionally feasible.5 With these concepts in mind, we designed a library of 

ROMP-derived block copolymers that varied in degree of polymerization (DP), hydrophilic 

head group identity, and hydrophobic/hydrophilic ratio (Figure 2.2). To this end, thirty block 

copolymers were synthesized via ROMP to span the following conditions: i) A total DP of 100 

or 200, ii) A hydrophobic/hydrophilic ratio of 0.1 – 0.9, and iii) Hydrophilic blocks composed 

of norbornene-PEG (2), norbornene-ethanolamide (3), or norbornene-glycine (4) (Scheme 2.1). 

Norbornene-phenyl (1) comprised the hydrophobic block for each polymer.  
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Figure 2.2 Outline of Polymer Library Design. R group represents one of three possible hydrophilic 
head groups: PEG, ethanolamide, or glycine.  
 
 

 
 

Scheme 2.1 Polymerization of Block Copolymers.  
 

2.2.1 Characterization of the Block Copolymer Library 

Polymers were synthesized using Grubbs’ 3rd generation initiator 

[(IMesH2)(C5H5N)2(Cl)2Ru=CHPh], purified, and dried (for methodology see 2.7.1) prior to 

characterization by SEC-MALS and 1H NMR. The tacticity of the polymer backbone for each 
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amphiphile was determined to be roughly 50/50 cis/trans by integration of the olefin backbone 

peaks at 5.4 and 5.6 ppm (Figure 2.3). 

During the light scattering analysis of several 1x-b-3y and 1x-b-4y polymers, it was 

discovered that inter- and intramolecular hydrogen bonding resulted in the formation of high 

molecular weight aggregates in solvents with poor hydrogen bonding capabilities, which was 

not observed for any of the 1x-b-2y polymers. Further confirmation by 1H NMR in non-

hydrogen bonding solvents supported that an inverse-micellization effect was occurring, 

evidenced by the protons of the hydrophilic block being shielded from the magnetic field of 

the NMR. Spectra obtained in hydrogen-bonding solvents (e.g. DMSO-d6) allowed for 

determination of the block ratios by integration of the aromatic protons and polymer backbone 

olefin signal (Figure 2.4). Values for the characterization of the block copolymer library are 

summarized in Table 2.1.  
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Figure 2.3 1H NMR of select polymers incompatible with light scattering analysis. Inset numbers 
correspond to sample numbers in Table 2.1. Reference peak is DMSO-d6 (2.5ppm). 
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Figure 2.4 1H NMR of polymer 24 in DMSO-d6 and dDCM. 
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Table 2.1 Characterization of 30 Polymer Library.  

 
  

Sample 
no. ma nb Xm

c Xm
d NMR,SLS Mcalcd

e 
kg/mol 

Mn(SLS)f 
kg/mol Đg 

1 x
 - 

b 
- 2

y 
1 90 10 0.09 0.09 26 26 1.01 
2 70 30 0.27 0.34 28 30 1.03 
3 50 50 0.47 0.51 30 36 1.03 
4 30 70 0.67 0.63 32 31 1.01 
5 10 90 0.89 0.83 34 25 1.00 
6 180 20 0.09 0.12 53 54 1.00 
7 140 60 0.27 0.23 57 50 1.01 
8 100 100 0.47 0.42 61 49 1.02 
9 60 140 0.67 0.62 65 58 1.05 

10 20 180 0.89 0.89 69 57 1.02 

1 x
 - 

b 
- 3

y 

11 90 10 0.08 0.04 25 25 1.01 
12 70 30 0.26 0.30 24 22 1.00 
13 50 50 0.45 0.51 23 26 1.01 
14 30 70 0.66 0.68 22 27 1.01 
15 10 90 0.88 0.87 21 32 1.00 
16 180 20 0.08 0.22 50 58 1.01 
17 140 60 0.26 0.26 48 55 1.04 
18 100 100 0.45 0.43 46 48 1.01 
19 60 140 0.66 0.50 44 59 1.03 
20 20 180 0.88 0.85 42 19 1.54 

1 x
 - 

b 
- 4

y 

21 90 10 0.13 0.06 25 23 1.01 
22 70 30 0.37 0.36 24 298 1.03 
23 50 50 0.58 0.53 24 607 1.04 
24 30 70 0.76 0.71 23 1959 1.36 
25 10 90 0.93 0.92 22 46800 1.29 
26 180 20 0.13 0.07 50 345 1.09 
27 140 60 0.37 0.40 49 1058 1.11 
28 100 100 0.58 0.56 48 1641 1.08 
29 60 140 0.76 0.76* 46 4379 1.05 
30 20 180 0.93 0.92 45 44010 1.36 

aTargeted DP of the hydrophobic block. bTargeted DP of the hydrophilic block. cTheoretical hydrophilic 
weight fraction of the copolymer. dExperimental hydrophilic weight fraction of the hydrophilic block, 
determined by SEC-MALS or 1H NMR. eTheoretical copolymer molecular weight, determined by SEC-
MALS. fExperimental copolymer molecular weight, determined by SEC-MALS. gCopolymer dispersity, 
determined by SEC-MALS. hTheoretical value used for hydrophilic DP; †inverse micellization in SEC-
MALS, 1H NMR used to determine DP hydrophilic block. 
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After initial self-assembly formation, subsequent relaxation into a stable, 

thermodynamic structure is highly dependent on the plasticity of the polymer core. A measure 

of this feature is the glass transition temperature (Tg) of the polymer. Below the Tg, polymers 

are in a “glassy” state, characterized by brittleness and limited flexibility. Above their Tg, 

polymers are rubber-like and malleable. For hydrophobic polymers with a Tg at or below room 

temperature, the self-assembly of these materials is often assumed to reach a thermodynamic 

structure over time after unimer exchange or fusion events between particles occurs.34 

However, unlike other techniques that produce linear, saturated polymer structures, our ROMP 

block copolymers have unsaturated backbones and brush-like architecture, leading us to 

postulate that the state of our self-assembly cores may be more rigid than those reported by 

other methods in the literature, given the reduction in conformational degrees of freedom of 

the polymer backbone. This in turn was expected to influence the stability of any subsequent 

self-assemblies formed.  

Using differential scanning calorimetry (DSC), we measured the glass transition 

temperature of the hydrophobic polymer unit in our block copolymer library. Homopolymers 

of norbornene-phenyl were prepared with Mn of 4,000, 20,000, and 50,000 g/mol.  The 

midpoint Tg values for these polymers were all well above room temperature at 120, 140, and 

150 °C, respectively (Table 2.2).  

Table 2.2 Glass Transition Temperatures for Phenyl Norbornene Homopolymers 

Polymer (1x) Mn (kg/mol) Tg (˚c) 

117 4 120 

178 20 140 

1202 50 150 
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2.3 Preparation of the Self-Assembled Nanostructures 

Several methods may be used to self-assemble BCPs. Thin film rehydration, 

microfluidic techniques, and electroformation are several approaches for the self-assembly of 

BCPs in solution.35–37 For our systems, we chose the cosolvent method to prepare assemblies. 

This technique is commonly employed with BCPs that are glassy at room temperature, making 

it ideal for our polymers.5 Cosolvent switching begins with dissolving the BCP in a common 

solvent (DMSO, DMF, or ACN for our studies) which is able to dissolve both blocks. A 

selective solvent (water for our studies) is slowly added until ~ 50% v/v is reached, after 

aggregation begins to occur. The solution is then dialyzed completely into water to remove the 

cosolvent.  

2.3.1 Characterization of the Self-Assembled Structures in Real Space 

Analysis of soft nanostructures by electron microscopy has become routine over the 

last decade, and is actively being advanced by work in cryogenic and liquid cell apparatuses.38–

40 Visualizing nanoassemblies through the electron microscope overcomes diffraction limited 

light and fluorescence microscopy. Although resolution of ~ 20 nm can be achieved with some 

light microscopy methods today, nanostructures at or below that size limit cannot be resolved, 

leaving electron microscopy as one of the premier ways to characterize the structure of 

materials on the nanoscale down to the angstrom level.  

Transmission electron microscopy is a particularly useful method for characterizing 

the morphology of soft nanostructures due to the detector measuring the transmission of 

electrons through the sample, thus giving information about the interior of the structure (as 

opposed to scanning electron microscopy, in which reflected electrons from the sample surface 

are detected).41 In the simplest scenario, samples are dried onto a grid (often coated with a 

carbon film for support) and imaged under vacuum. If soft nanomaterials are being imaged in 
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the dry state, often they display little contrast in the electron beam relative to the carbon support 

on the TEM grid. This can be overcome by staining the sample with a heavy metal salt such as 

uranyl acetate, which provides contrast due to its high atomic number. Dry state, uranyl acetate 

stained TEM images were acquired for each of the self-assemblies generated (Figure 2.5). Prior 

screens of block copolymer amphiphiles in solution by other groups have described a transition 

in morphology from high surface curvature structures such as micelles, to low surface curvature 

structures such as vesicles as the relative hydrophobic weight fraction is increased. Common 

structures typically observed for block copolymer amphiphile assemblies, namely vesicles, 

micellar cylinders, and spherical micelles, are usually sufficiently characterizable by dry state 

TEM. Indeed, for our library we do observe small, solid, spherical samples that are consistent 

with a micellar architecture. However, we also observed several more complicated structures 

(Figure 2.5) that warranted a more thorough analysis. 
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Figure 2.5 TEM of full particle library prepared via dialysis from DMSO into water, dry state with 1% 
UA stain. Inset numbers correspond to sample numbers in Table 2.1. Scale bar = 100 nm. 
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Although dry state TEM is a powerful tool for the determination of nanomaterial 

structure, several obstacles must be noted that can interfere with assignment of morphological 

properties of a sample. First, the necessity of dehydrating the sample prior to imaging is a 

deviation from its fully hydrated form in solution and can manifest in a variety of ways in the 

resulting micrograph. Collapsing of hollow particles and flocculation of materials are two 

common effects observed in dry state imaging of soft materials that are not representative of 

the sample in bulk solution. Second, the necessity of a heavy metal stain can alter the 

morphology of materials by interfering with the salt concentration and hydration of the 

hydrophilic head groups, and obscure internal structure analysis. Depending on the stability of 

the nanostructure, these effects may present artifacts that are problematic for assigning 

nanoparticle morphology with confidence.  

An alternative to dry state TEM is cryogenic (cryo-) TEM. Cryo-TEM relies on 

suspending the sample in a thin layer of vitrified water and imaging at liquid nitrogen 

temperatures. Because the sample is no longer imaged atop a layer of carbon film, staining is 

not needed. Also, samples are vitrified and imaged in their hydrated state, so drying effects are 

avoided.42 This overcomes many of the pitfalls belying traditional dry state imaging, and can 

be more useful in determining complex and higher ordered structures. To aid in the 

determination of the more exotic and ambiguous structures observed by dry state TEM, vitrified 

samples were prepared for several self-assembly samples and analyzed via cryo-TEM (Figure 

2.6).  
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Figure 2.6 Cryo-TEM of Select Samples. Inset numbers correspond to sample numbers in Table 2.1. 
Scale bar = 100 nm. 

 

Cryo-TEM micrographs were used to aid in the determination of the interior structure 

of the self-assemblies. For cryo-TEM micrographs, solid structures are expected to display 

darkest pixilation at the center of the particle, owing to the electron beam’s passage through 

the highest density of scattering material in that area. In contrast, hollow morphologies are 

expected to display perceptible contrast on either side of the polymer layer boundaries. Several 

structures in Figure 2.6 appear to have more complex structures than the traditional spheres, 

cylinders, and vesicles commonly observed for block copolymer assemblies. On the low end 

of the hydrophilic fraction, large, solid spheres were observed (Figure 2.6, samples 1 and 2), 

postulated to be LCMs due to their large size (i.e. – too large for individual polymer chains to 

span the radius) and lack of visible bilayer. Additionally, the appearance of several 

morphologies bearing significant ordered internal nanostructuring consistent with 

interconnected rods known to make up BCMs were observed (Figure 2.6, samples 3, 4, 5 and 
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11).  These structures are rarely seen in block copolymer assemblies in solution, and we were 

surprised to find them consistently form for several polymer systems from our library. In order 

to further confirm these exotic structures were indeed representative of the bulk assembly, we 

turned to scattering experiments to support our analysis.  

2.3.2 Characterization of the Self-Assembled Structures in Reciprocal Space 

Bulk measurements of assembly morphology are an attractive complement to real 

space observations performed via microscopy. In the bulk, the properties of an entire sample 

population can be measured at once and in solution, and depending on the method chosen, 

influences of drying, staining, vitrification, or other sample preparation related effects on the 

observed morphology may be avoided. Such bulk measurements of nanoscale material can be 

related to i) macroscopic response of material, such as viscometry, rheology, etc., ii) physical 

response of material related to quantity of interfacial area such as fluorescence, NMR, etc., or 

iii) observations of reciprocal space via scattering such as light, X-ray, or neutron.43 For 

characterization of our nanomaterials, we chose to perform bulk measurements using light 

scattering and neutron scattering techniques.  

Dynamic light scattering is a fast, accessible, non-destructive characterization 

technique that can be quickly performed to give information about size, distribution, and 

dispersion of a nanomaterial sample in solution. Using DLS, we measured the hydrodynamic 

radii of each assembly sample from our thirty-polymer library (Figure 2.7).  
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Figure 2.7 DLS of Self-Assemblies. Red inset numbers correspond to polymer samples in Table 2.1. 
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Another scattering technique we employed in our characterization of the assembly 

library was small angle neutron scattering (SANS). SANS of soft nanomaterials is attractive 

because it is generally non-destructive to organic material and offers detailed, hierarchal 

structural information through analysis of the neutron scattering patterns of the sample. In 

addition, SANS can resolve length scales that are below the limit of detection for both TEM 

and DLS. This makes SANS ideal to elucidate complex self-assembled structures, such as 

BCMs, in the bulk.41  

 We prepared samples for scattering experiments by suspending the assemblies in D2O, 

thereby exploiting the large difference in scattering ability of hydrogen and deuterium. The 

SLDs of the hydrophobic and hydrophilic blocks were all similar, between 1.71 and 3.66 x 106, 

so contrast matching between blocks was not attempted. In the Porod regime of the scattering 

curve intensity I(Q) ≈ Q-n, where n is an indicator of the fractal properties of the sample. n = 4 

for solid spheres with a smooth surface and n = 3 for those with rough surfaces or where the 

scattering length density varies gradually over a thick particle-solvent interface. Lower Porod 

exponents are typical of both hollow spheres and spheres which have inhomogeneous SLDs 

throughout their bulk (i.e. hierarchal structures such as LCMs or BCMs). In instances where 

morphology determination based on the Porod exponent alone is ambiguous, TEM and other 

features of the SANS scattering profiles were used to correctly assign structure.  

 In Figure 2.8a-d, the scattering profiles of the first four particles in the 1x-b-2y series 

with DP = 100 are plotted. In all cases the overall particle size is on the order of the upper size 

limit of the instrument (approximately 100 nm), meaning the Guinier region representing the 

dimension of the particle size as a whole occurs at lower values of Q than accessible with 

SANS. This is of little consequence as it was the internal structure of this series, rather than the 

overall particle morphology, that was required elucidation by this measurement. Even at very 

low hydrophilic fractions, vesicular structures were not observed in this study. Instead, the 
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appearance of LCMs and BCMs predominated as the effective hydrophilic fraction was 

reduced. For samples 1 and 2 (Figure 2.8a,b), the scattering curve suggested an LCM 

morphology, with a Porod slope relating to Q-4. Cryo-TEM of these large (>100 nm) spherical 

assemblies was also consistent with a solid core structure. As hydrophilic fraction increased 

(Figure 2.8c,d) the Porod exponents confirm that the particles are dense spheres and the 

emergence of a hump in the scattering curve is evidence of an interconnected rod structuring 

that is characteristic of BCM morphology. BCM morphology was also assigned to samples 8 

and 11 using the characteristic hump in the scattering curve and the Porod region correlating 

to Q-3.7 and Q-1.6, respectively (Figure 2.8e,f). The assignment of BCM morphology to samples 

2, 4, 8, and 11 by SANS is also supported by cryo-TEM imaging in which the mottled 

appearance of the hydrated micelles indicates the presence of ordered nanostructuring in the 

form of interconnected rods as seen in the electron dense regions of the assembly as a result of 

inhomogeneous polymer packing or hydration (Figure 2.6).  

 

 

Figure 2.8 SANS analysis of select particle samples. Red inset numbers correspond to sample numbers 
in Table 2.1. Orange lines correspond to the porod exponent of the scattering curve (n) determined by 
unified fitting analysis. 
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Performing unified fits on the data not only provides the Porod exponents as described 

above, but also suggests the characteristic length scales of dominant scatterers in the sample.44 

We found a two-level uniformed fit sufficiently described each of the layers, with the first level 

describing a feature of the structure, for example, the Rg of the interconnected rods of the BCM 

samples, while the second level incorporates the Porod tail contributions from larger scale 

objects that are beyond the scope of the SANS measurement (Figure 2.9).  The parameters of 

these fits are listed in Table 2.3.  

 

 

Figure 2.9 Level 1 and 2 Unified Fit Analysis. Analysis of sample number 1. 
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Table 2.3 Unified Fit Parameters 

 

                   Unified fit parameters for SANS analysis Level 1 fit Level 2 fit 

Sa
m

pl
e 

1 
Scaling factor 0.27189 0 
Rg (A) 61.357 1.00E+10 
B 0 1.47E-07 
P 4 4 
RgCO 0 Linked to L1 
SAS background 0.089913 NA 

Sa
m

pl
e 

2 

Scaling factor 0.023071 0 
Rg (A) 41.89 1.00E+10 
B 0 1.35E+07 
P 4 4 
RgCO 0 Linked to L1 
SAS background 0.061478 NA 

Sa
m

pl
e 

3 

Scaling factor 0.28611 0 
Rg (A) 63.827 1.00E+10 
B 0 4.61E-08 
P 4 4 
RgCO 0 Linked to L1 
SAS background 0.060775 NA 

Sa
m

pl
e 

4 

Scaling factor 1.8569 0 
Rg (A) 88.645 1.00E+10 
B 3.84E-06 6.42E-08 
P 2.9294 3.8419 
RgCO 0 Linked to L1 
SAS background 0.01095 NA 

Sa
m

pl
e 

8 

Scaling factor 1.7058 332.27 
Rg (A) 106.47 4.42E+02 
B 0.0013107 1.03E-07 
P 1 3.7316 
RgCO 0 Linked to L1 
SAS background 0.005129 NA 

Sa
m

pl
e 

11
 Scaling factor 0.7598 7 

Rg (A) 63.749 3.00E+03 
B 0.0050391 2.04E-03 
P 1 1.6052 
RgCO 0 Linked to L1 
SAS background 0.034729 NA 

Sa
m

pl
e 

21
 Scaling factor 0.23898 207.34 

Rg (A) 40.135 2.62E+02 
B 6.57E-05 1.06E-06 
P 1 4 
RgCO 0 86.327 
SAS background 0.02779 NA 

Sa
m

pl
e 

23
 Scaling factor .025003 11.966 

Rg (A) 56.971 97.824 
B 2.788E-6 3.6939E-06 
P 3.5505 4 
RgCO 0 Linked to L1 
SAS background 0.022577 NA 
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 Unified fits of the scattering data for BCM samples 3, 4, 8, and 11 indicate Rg for the 

interconnected rod structures as 6.4, 8.7, 10.6, and 6.4 nm, respectively. These Rg values closely 

match the radii of the interconnected rods of the BCM structures as analyzed by cryo-TEM, 

which were found to be 6, 8, 11, and 7 nm, respectively (Figure 2.6).   

 Unlike the rest of the sample pool, the scattering profile of sample 21, a mixed cylinder-

sphere phase, was much more difficult to interpret. While a two level unified fit was sufficient 

to fit the SANS data from all other samples, we found that a four level fit was required to fit 

all the features of sample 21. This is not unexpected, however, as sample 21 contains a mixed 

phase of cylinders and spheres and therefore requires a more complicated analysis. A two level 

fit was, however, sufficient to draw out the Porod exponent of the highest Q value scattering 

object in sample 21. Because of the size and shape dispersity of the sample, the Porod analysis 

for this SANS profile did not help in the classification of the self-assembled structures in this 

case.  

 The final scattering profile in Figure 2.8 (Figure 2.8g) is of sample 23. In this profile, 

the characteristic plateau in the Guinier region is evident due to the fact that the particles are 

relatively small. The high Porod exponent suggests that they are dense spherical objects and 

supported by the unified fit which gives an Rg of 8.6 nm; this enabled the classification of these 

as simple micelles. Overall, scattering measurements and microscopy images supported the 

same structural assignment for each sample tested. 

2.4 Analysis of Morphology Trends 

After characterization of each self-assembly sample was complete, we looked for 

trends in morphology relative to the parameters tested: i) The total DP, ii) The 

hydrophobic/hydrophilic ratio, and iii) Hydrophilic block identity. Contrary to other reports in 

the literature, in our systems no additional morphologies were observed for the higher DP 
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polymers relative to their shorter counterparts. With respect to the hydrophobic/hydrophilic 

ratio, we did observe a general trend towards higher surface curvature particles as the 

hydrophilic weight fraction was increased, however the identity of these morphologies varied 

greatly with identity of the hydrophilic head group. Phase diagrams for each block copolymer 

identity are presented in Figure 2.10.  

 

 

Figure 2.10 Phase Diagrams of Assembly Library. Morphologies generated from standard dialysis 
conditions used in library screen. (a-c) Graphical analyses of morphologies seen at various DP and 
hydrophilic weight fractions. Red data point labels correspond to samples in Table 2.1. *No particles 
found via TEM. (d,e) Dry state, uranyl acetate stained TEM images of various particle samples. Red 
inset labels correspond to sample numbers in Table x. Scale bars = 100 nm.  

 

First, the phase relationship for the 1x-b-2y assemblies progressed from spheres, to 

BCMs, to cylinders, and finally to LCMs as the hydrophilic fraction of the polymer was 

reduced (Figure 2.10a).  The appearance of LCM morphologies at high hydrophobic content of 

block copolymers has been reported for BCPs of alternative architecture, but to our knowledge 

the occurrence of this structure for ROMP polymer assemblies has not thus far been reported 



49 

 

in the literature. Similarly, BCM structures, rare to amphiphilic nanoparticles, were seen at four 

distinct points on the 1x-b-2y phase diagram, giving this morphology the largest range of 

hydrophilic fractions for the 1x-b-2y screen. Additionally, an increase in polymer molecular 

weight appeared to shift the phase diagram with respect to the lower molecular weight polymer 

set. For the larger amphiphiles, transitions between morphologies were observed to occur at 

lower hydrophilic fraction than for the shorter polymers. However, as previously stated, this 

MW increase will have a large effect on the kinetics of the assembly, and for kinetically trapped 

systems these two parameters cannot be deconvoluted. Surprisingly, bilayer or vesicle phases 

were not accessed for any hydrophilic fraction examined for the 1x-b-2y system, whereas the 

two morphologies have been the primary phase at high hydrophobic content for traditional 

BCPs in the literature.  

The 1x-b-3y polymers were also characterized by a large proportion of BCM 

morphologies. Interestingly, the majority of the phase diagram showed a lack of adherence to 

the expected morphology pattern (Figure 2.10b), which could again be related to a combination 

of thermodynamics and kinetics. Indeed, the 1x-b-3y polymer series gave the least defined 

morphologies of all the copolymers examined in this study. Several of the samples failed to 

produce assemblies at all and instead aggregated out of solution. These polymers also produced 

an extensive phase of very large, spherical aggregates that appeared to be rough on the surface. 

These structures may potentially represent the transition between BCMs and LCMs; however, 

the particles were too large and disperse for SANS or cryo-TEM analysis. It is our hypothesis 

that the difficulty in producing stable, defined morphologies for this system is due to the 

ethanolamide block not being sufficiently hydrophilic to stabilize a self-assembly event in these 

conditions, contributing to precipitation during analysis.  

For the 1x-b-4y copolymer system, the bulk of the phase diagram encompassed a 

spherical micellar morphology, regardless of block ratio or molecular weight of the polymer 
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(Figure 2.10c). In only one instance was a mixed morphology seen, at the lowest hydrophilic 

weight fraction examined (0.06%), with some cylinder and joint structures observed. We 

postulate that the strict adherence to spherical micelles is due to the charged nature of the 

headgroup in aqueous media, resulting in polymer-polymer repulsion in the corona that limits 

the range of possible surface curvatures. In addition, as the hydrophilic fraction was increased, 

micelle diameter was generally compressed, a phenomenon previously reported for BCPs 

adhering to spherical micellar morphologies.  

2.5 Stability of the Self-Assemblies and Kinetic Entrapment  

Along the assembly landscape of copolymers in solution, many pathways can result in 

a different morphological outcome. If relaxation to a thermodynamically stable morphology 

has a low energy barrier, the pathway of formation is of little consequence. However, for 

systems that have high energy barriers between morphology states, changes in assembly 

conditions may significantly alter the morphology outcome of a system. We postulated that the 

energy barrier between morphology states in our systems was likely higher than that for other 

BCPs due in part to the high Tg of the particle core.  

We then chose to focus on the morphological possibilities of a single polymer species 

by varying particle preparation methods. For our study, we chose to alter the organic cosolvent 

component in the first step of particle preparation and leave all other preparation steps 

constant.35,45–47 The common solvent, or cosolvent, which dissolves both blocks of the polymer 

before water addition, has three main effects on particle formation. The first involves the 

solvent’s ability to polarize the hydrophilic headgroup, affecting the chain repulsion element 

of the assembly event. The second is primarily due to miscibility and involves the solvent 

influence over the initial aggregation number (Nagg) of the assembly event, due to the formation 

of phase separated droplets upon water addition. The third is on the kinetics of formation were 
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more viscous solvents will reduce unimer exchange during assembly. The three solvents chosen 

for comparison were DMF (ε = 36.7 F/m), DMSO (ε = 46.7 F/m), and ACN (ε = 37.5 F/m). 

The miscibility of all three solvents is 100% (w/w) in water. Several polymer species were 

selected to screen the effect of solvent conditions: polymer 190-b-210, which formed LCM 

structures in the original morphology screen; polymer 130-b-261, which formed BCM structures 

in the original screen; and a polymer which formed a morphology bridging two phases in the 

initial screen, 190-b-44. Results are summarized in Figure 2.11.  

 

 

Figure 2.11 Results of varying the organic cosolvent in particle preparation for select polymers. Three 
polymer samples from the initial library screen were chosen to undergo dialysis into water from DMF 
and ACN to compare resulting morphologies with those observed by dialysis from DMSO. Labels above 
micgrograph columns correspond to dialysis cosolvent (x). Each row corresponds to a specific polymer 
sample from table 2.1, indicated on the right of each row, with structures provided in the left-hand 
column. TEM images are dry state, uranyl acetate stained. Scale bars = 100 nm.  

 

Drastic differences in morphology were seen given changes to the organic cosolvent. 

The emergence of various morphologies from the same polymer was intriguing, as it opened 
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up the possibility of forming assemblies that were inaccessible through tweaking the 

hydrophobic and hydrophilic ratios alone. The 1x-b-2y particles (Figure 2.11, samples 1 and 4) 

displayed an array of morphologies upon dialysis from different cosolvents. For polymer 

sample 1 dialyzed from DMF, the observed structures appeared to be more compressed in 

diameter than their DMSO counterparts, and the ACN particles took on a large, vesicular 

morphology, previously inaccessible for any of the 1x-b-2y polymers screened. The most 

striking differences occurred with polymer sample 4. Observed morphologies included BCMs 

from DMSO, micellar particles of low dispersity from DMF, and finally short nanoworms from 

ACN. Structures of low dispersity less than ~100 nm in diameter of any kind were not observed 

for 1x-b-2y polymers in the initial library screen. For the 1x-b-4y sample (Figure 2.11, sample 

21) it was observed that dialyzing the polymer from DMF produced a combination of 

morphologies including worms, small micelles, and much larger spherical particles, none of 

which were seen from any of the 1x-b-4y copolymers in the library screen. The lowered 

polarizing effect of this solvent may contribute to less chain-chain repulsion in the corona 

during the self-assembly process relative to DMSO, allowing for the formation of particles with 

lower surface curvature. However, assembly from ACN for the same species seems to follow 

the opposite trend, forming only spherical micelles. The general lack of adherence to a trend 

with respect to dielectric constant suggests that particles are being kinetically trapped during 

formation. This highlights the importance of optimization of the particle preparation process, 

not necessarily the polymer structure itself, in driving the assembly of different kinetically 

trapped morphologies for these systems.  

Though kinetically trapped, the stability of block copolymer micelles is dependent on 

the energy cost of transforming into the thermodynamically favored product. The glassy nature 

of the high-Tg core was enough, in general, to provide the required energy barrier, and no 
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change in particle morphology over 12 months at 4 °C was observed, demonstrating their 

compatibility with long-term storage (Figure 2.12).  

 

 

Figure 2.12 Dry state TEM of spherical micellar (150-b-440), LCM (190-b-210) and BCM (183-b-270) 
structures one month and twelve months after initial preparation. Scale bar = 100 nm. 

 

The high Tg of the polymer systems herein also prevented an attempt at heat cycling 

the polymers to promote disassembly followed by thermodynamic reassembly. It was our 

hypothesis that disassembly would not occur before the boiling point of the solution was 

reached at ambient pressure. This method would, however, be a feasible avenue toward 

thermodynamic assembly for lower Tg BCPs.13 In the sample screen represented in the phase 
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diagrams, the structures were kinetically trapped by addition of water to 50 vol %. If the water 

concentration was held at lower vol % such that micelle formation occurs yet the solubility of 

individual polymer is sufficient to allow exchange between micelles, the system will develop 

toward its thermodynamic equilibrium at that solvent composition over time. This was 

demonstrated by measuring the changing turbidity of a solution using a 1 mg/mL solution of 

polymer sample 2 (162-b-236) in 9:91 water and DMSO at room temperature (Figure 2.13). A 

high degree of dispersity in this experiment resulted in skewed histogram of intensity weighted 

mean particle sizes by DLS. Therefore, turbidity was used as an established method for 

monitoring the critical solvent concentration for micelle formation.17 The solution was 

monitored for 4 hr, and the increasing turbidity correlated with the appearance of larger 

particles in the TEM micrographs over time (Figure 2.13). A distinct series of morphological 

transitions (sphere, to cylinder, to network, to vesicle, to LCM) was not observed via TEM in 

this experiment as a result of the solution not being mixed and local inhomogeneities in solvent 

conditions, causing nonuniform particle formation and growth. However, the small spherical 

particles seen by TEM in the earlier time points are completely absent in the 170 min image 

and have been replaced by much larger particle structures (Figure 2.13). At intermediate time 

points the presence of another unique population of particles also suggests that morphological 

transitions are indeed occurring, but due to the dispersity of the system are difficult to quantify 

and fully characterize. This example illustrates that different morphologies can be accessed by 

lowering the energy barrier between adjacent kinetically trapped states.  
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Figure 2.13 Measurements of Polymer Assembly in 9:91 H2O:DMSO. (a) Representative TEM 
micrographs of particles prepared by stirring sample 2 in solution after 45, 63, 75, 90, and 170 min. Scale 
bar = 2 µm. (b) Solution turbidity was measured by sample absorbance at 500 nm.  

2.6 Conclusions 

Targeting specific morphologies in self-assembled structures of amphiphilic polymers 

is a complicated and elusive goal in nanomaterial synthesis. Many factors play into the shape 

of soft nanomaterials, and resulting particles may be kinetically frozen into a particular 

morphology.14 Until each of these parameters can be effectively modeled in tandem, educated 

trial-and-error based methods for preparing particles remain the most potent routs for accessing 

desired morphology. Efforts to control morphologies are further confounded by the fact that 

there are times when the hydrophilic headgroup and/or hydrophobic core cannot be changed 

due to the desired properties of the chemical structure or functionality. For example, a 

hydrophilic peptide or specific DNA sequence on the nanoparticle corona may serve a vital 

function in the particle’s purpose and cannot simply be switched out for a different sequence. 

In cases such as these, it is paramount to seek control over particle shape by methods such as 

changing particle preparation or altering the ratios of the polymer blocks.  

For ROMP-derived amphiphilic systems, we have shown that altering the molecular 

weight or hydrophilic ratio of the polymer is usually not enough to drive the formation of a 
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given particle shape. Rather, manipulation of particle preparation by something as simple as 

changing the organic cosolvent may be enough to access the desired morphology of the self-

assembly. Testing a variety of particle preparation procedures is an attractive and less time-

consuming method to access a variety of assembly structures as opposed to designing and 

synthesizing new batches of polymers. Currently, efforts are being made to computationally 

understand the self-assembly landscape of BCP.45 However, more work in the field of solution 

self-assembled polymers is needed to fully understand the weighted influence of factors that 

drive the resulting morphology of these materials.   

2.7 Methods 

Reagents were purchased from commercial sources and used without purification. 

Monomers 1-4 and the initiator [(IMesH2)(C5H5N)2(Cl)2Ru=CHPh] were synthesized 

according to literature procedures.25,48 Polymerizations were performed with anhydrous 

solvents and under an inert atmosphere (N2). Polymer dispersity and molecular weight were 

determined by size-exclusion chromatography (Phenomenex Phenogel 5u 10, 1k-75k, 300 x 

7.80 mm in series with a Phenomenex Phenogel 5u 10, 10k-1000k, 300 x 7.80 mm (0.05 M 

LiBr in DMF)) using a Shimadzu LC-AT-VP pump equipped with a multiangle light scattering 

detector (DAWN-HELIOS: Wyatt Technology), a refractive index detector (Wyatt Optilab T-

rEX), and a UV-vis detector (Shimadzu SPD-10AVP) normalized to a polystyrene standard. In 

noted cases molecular weight was established by 1H NMR spectra recorded on a Varian 

Mercury Plus spectrometer (400 MHz) by integrating the phenyl protons of the hydrophobic 

block to the olefin protons on the polymer backbone and calculating the block ration using the 

known molecular weight of the hydrophobic block (determined by size exclusion as described 

above). Chemical shifts (1H) are reported in (ppm) relative to the residual protonated solvent 

peak. Dynamic light scattering (DLS) data was obtained on a Wyatt DynaPro Nanostar.  
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Polymer differential scanning calorimetry (DSC) was performed on a PerkinElmer 

PYRIS Diamond differential scanning calorimeter using ambient air as a reference. 5-10 mg of 

polymer sample in a 50 µL, 0.1 x 2.1 mm aluminum DSC pan (PerkinElmer) was cycled from 

30 to 250 °C and back to 30 °C twice at a rate of 10 °C/min. Tg midpoints taken from the peak 

maximum in the first derivative of the heat flow were measured during the second heating 

cycle.  

TEM images were acquired on carbon grids (TED Pella, Inc.) with 1% uranyl acetate 

stain for dry state and Quantifoil holey carbon grids (300 mesh Cu) for cryo-TEM imaging on 

a FEI Tecnai G2 Sphera at 200 kV. For cryo-TEM imaging, 2.5 µL aliquots of sample solution 

was vitrified using standard, rapid freeze-plunging procedures. Samples were applied to 

Quantifoil grids that had been glow discharged for 1 min at 20 mA using an s4 Emitech K350 

glow discharge unit. Excess liquid was blotted away using Wattman filter paper and 

immediately plunged into liquid ethane and transferred into a Gatan 626 cryo-transfer holder 

under liquid N2, which maintained the specimen at liquid-nitrogen temperature during imaging. 

Images were recorded on a 2k x 2k Gatan CCD camera under low-dose conditions.  

Small-angle neutron scattering was performed at the Lujan Center, Los Alamos 

National Laboratories, on the Low Q Diffractometer (LQD) instrument. The LQD is capable 

of probing a Q range of 0.003 – 0.5 Å−1, corresponding to characteristic length scales in the 10-

1000 Å range. All measurements were taken at room temperature.  

2.7.1 Polymer Synthesis 

Monomer 1 (N-benzene-cis-5-norbornene-exo-dicarboximide) (100 – 200 mg) was 

weighed out and added to a dry Schlenk flask with stir bar charged with N2 and subsequently 

dissolved in 1 mL of dry dichloromethane (DCM). Initiator (1/m molar equivalents to monomer 

1, where m = target DP of monomer 1) was weighed into a separate Schlenk flask charged with 
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N2 and dissolved in 1 mL of dry DCM. Solutions were cooled in a dry ice bath for ~1 min; then 

the initiator solution was added to the monomer solution via syringe and allowed to polymerize 

at room temperature for ~20 min. A small aliquot of living homopolymer solution (10% of the 

volume) was removed and terminated with excess ethyl vinyl ether (EVE) (10x molar excess 

with respect to the initiator) for analysis. The rest of the homopolymer solution was split into 

three equal volumes in dry Schlenk flasks charged with N2 and stir bar, and solutions of the 

hydrophilic monomers (2-4) dissolved in ~1 mL dry DCM (or DCM:MeOH 3:1 for polymers 

with targeted m/n ratio < 0.50) were added to their respective homopolymer fractions. After an 

additional 25 min, the copolymers were terminated with EVE, precipitated in cold MeOH, and 

dried in vacuo.  

2.7.2 Particle Preparation for DLS and TEM 

To 1 mL of a 1 mg/mL solution of copolymer in dimethyl sulfoxide (DMSO), 

acetonitrile (ACN), or N,N’-dimethylformamide (DMF) (DMSO to study hydrophilic block 

ratio and MW effect on morphology, ACN and DMF to study solvent effect on morphology) 

was added nanopure water dropwise at a rate of 1 mL/min until a 1:1 volume mixture of 

Cosolvent:H2O was reached. The solution was then added to 3500 MWCO Snakeskin dialysis 

tubing and dialyzed against 2 L of nanopure water for 3 days, changing the water twice. 

Particles in solution were collected from the tubing and concentrated to ~1 mg/mL using a 

SpeedVac.  

2.7.3 Particle Preparation for SANS 

To 10-15 mL of a 1 mg/mL solution of polymer in DMSO was added nanopure H2O 

dropwise at a rate of 1 mL/min until 1:1 DMSO:H2O was achieved. The solution was then 

added to 3500 MWCO Snakeskin dialysis tubing and dialyzed against 2 L of nanopure H2O for 

3 days, changing the water twice. The particles in solution were then frozen in centrifuge tubes 
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under liquid N2 and lyophilized to a volume of ~5 mL, followed by thawing and concentration 

on a SpeedVac to a final volume of 1 mL. Particles were dialyzed into D2O using 3500 MWCO 

dialysis cups (Slide-a-Lyzer Mini Dialysis Units).  

2.7.4 SANS Data Processing 

The scattering intensity as a function of Q was obtained from each sample using 

standard data reduction protocols implemented on site using the dialysate from particle 

formation as the background. The slope of this data in the Porod region (determined via unified 

fitting analysis) gave n, the Porod exponent, which was used to determine the architecture of 

each sample.44,49  

2.7.5 Absorbance and Turbidity 

A Cary 100 UV-vis spectrophotometer (Varian) was used to record turbidity at 500 nm 

at 3 min intervals at room temperature. This was used to monitor the morphology changes of 

sample 2 in a 91:9 vol % DMSO:H2O solution over 4 hr.  
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Chapter 3 Properties and Stability of DNA-

Polymer Micelles 

3.1 Introduction 

Over the last 30-40 years, the use of synthetic nucleic acid materials for targeting genes 

and other cellular machinery has become a rich area of interest. Various strategies have been 

explored to use exogenous nucleic acids in cellular settings, including the use of aptamers to 

bind target molecules and proteins, the delivery of donor DNA templates for homology directed 

repair in gene editing (TALEs, ZFNs, CRISPR, etc.), plasmid delivery for gene expression and 

integration, antisense or siRNA therapy, and others.1–5  All of these applications rely on the 

ability to successfully deliver intact, functional nucleic acids into the cellular environment.  

Many disease targets are ideally suited for treatment by nucleic acid approaches, 

however relatively few nucleic acid therapies have made it through FDA approval to date. This 

is largely due to two key pitfalls that prevent the success of many DNA and RNA-based 

therapies: (i) the inability of nucleic acid material to readily traverse the cellular membrane, 

and (ii) the instability of oligo(deoxy)nucleotides in biological milieu, which often contains a 

significant concentration of nucleases.6 In fact, the half-life (t1/2) of DNA and RNA in serum is 

approximately 1.5 hours and 2 minutes, respectively, necessitating alternative means for 

preserving the integrity of nucleic acids.7 Various strategies have been developed to overcome 

one or both of these barriers, with advantages and disadvantages to each. As this chapter is 

concerned with the nuclease stability of this class of materials, the focus of this discussion will 

center around approaches that confer stability to nucleic acids for therapeutic applications, and 

defer the topic of cell uptake to Chapter 4. 
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To confer nuclease resistance to nucleic acids, many oligo(deoxy)nucleotide analogues 

have been synthesized that can maintain base pairing of the nucleobases while masking or 

stabilizing the oligo to endogenous enzymes. Chemical modifications of the ribose or 

phosphodiester linkages are common methods of achieving stability through synthetic 

design.8,9 Figure 3.1 shows several examples of common modifications that serve this purpose. 

For example, Eteplirsen (Sarepta Therapeutics), an antisense therapy approved in late 2016 that 

targets a particular frame-shift mutation in pre-processed mRNA in some Duchenne muscular 

dystrophy patients, utilizes a phosphodiamidate morpholino oligomer backbone to increase 

stability in circulation.10,11 Similarly, Fomivirsen (Novartis), an antisense anti-viral therapy 

prescribed between 1994-2006, and Mipomersen (Genzyme), an anti-apolipoprotein therapy 

clinically approved in 2013, are structurally modified via phosphothiolate linkages and/or 2’ o-

methoxyethyl modified riboses.12,13 Although these modifications on their own do prevent 

immediate digestion by nuclease activity, their lack of recognition by enzymatic machinery 

makes them difficult to synthesize beyond short oligomeric sequences.14,15 Additionally, more 

modifications are often necessary to overcome the barrier of cellular uptake, and they are costly 

to synthesize. In fact, it has been reported that one year of treatment with Eteplirsen is expected 

to cost upwards of $300,000.16 Aside from high costs, current approved modified antisense 

oligos often suffer from toxic side effects such as high liver enzyme levels and toxicity 

(Mipomersen) which requires patients be closely monitored during treatment.17 In addition, 

modified oligo(deoxy)nucleotides often suffer from off target effects, and their lack of 

recognition by endogenous enzymes, although an attribute in the context of stability, also 

results in the inability to recruit or interact with necessary cellular enzymes for gene 

knockdown, such as RNaseH.18,19    
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Figure 3.1 Common Strategies Towards Stable Nucleic Acids. In the top panel, common chemical 
modifications of the oligo backbone are shown. n represents the nucleobase. In the bottom panel, 
assemblies of nucleic acids are shown. Sperical nucleic acids may have an inorganic, polymer, or hollow 
core.  
 

 Another strategy for the prevention of nuclease degradation involves assembling 

nucleic acids into three dimensional nanostructures (Figure 3.1).20–24 DNA origami, nanocages, 

and spherical nucleic acids have all demonstrated heightened stability over their non-assembled 

counterparts in nucleolytic environments without the need for chemical modifications along 

the oligo(deoxy)nucleotide backbone. In 2011 Meldrum and coworkers demonstrated that 

DNA origami of various 2D and 3D architectures were resistant to degradation and were 

recoverable in lysates of HeLa and CP-A cells at various concentrations, whereas single 

stranded and duplex DNA controls were not left intact after lysate incubation.25 Gold-based 

spherical nucleic acid particles have also shown resistance to nuclease degradation. In 2009, 

Mirkin and coworkers demonstrated that, likely due to increased salt concentration surrounding 
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the dense nanoparticle corona relative to free DNA, the half-life of the oligodeoxynucleotides 

were significantly higher than that of the free DNA control.26 These structurally-stabilizing 

approaches have found utility in many applications in cells and in vivo, however several 

drawbacks dampen their translation to broader settings. For example, DNA origami requires 

the hybridization of large portions of the DNA scaffold to afford its structure, limiting 

availability of DNA for hybridization with other targets. Gold nanoparticles have undesirable 

properties such as cytotoxicity at sufficient levels of accumulation, limited morphologies, and 

limited chemical identity of the particle core.27 It is therefore desirable to seek out alternative 

DNA nanostructures to overcome these limitations.  

Nano assemblies generated from DNA-polymer hybrids provide an opportunity to 

overcome many of these drawbacks, while maintaining nuclease resistance. The polymer core 

can be chemically modified to contain a desired functionality (drugs, reporters, etc.), a range 

of morphologies can be accessed, and the DNA corona can be single stranded, double stranded, 

and modified as needed without perturbing structural identity of the nanoparticle. Furthermore, 

these structures have been demonstrated to be nontoxic in cells, and initial studies have also 

shown them to be resistant to nuclease degradation in vitro.28,29 Herein, we aimed to explore 

the scope and limitations of these materials in the context of nuclease stability to determine the 

potential scope of their application in biological settings. 

3.2 General Design and Synthesis of DPAs 

The design and synthesis of DNA-polymer assemblies (DPAs) followed the same self-

assembly principles described in the previous chapter. Several methods exist to prepare 

covalently attached DNA-polymer systems.30 Strategies for covalently linking DNA to 

polymers in solution include amide bond formation, disulfide formation, and Michael 

additions.31–35  For self-assembly purposes, however, the requirement of immiscibility of the 
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polymer and DNA chains precluded our ability to use solution phase conjugation. 

Alternatively, reacting polymer material with DNA while it is still attached to solid support 

provides a viable work-around for this condition. Under standard synthesis conditions, the 

deprotection of the nucleobase amines and cleavage from solid support occurs in tandem, under 

basic conditions. Before this step, the protected DNA is afforded greater solubility in some 

organic solvents, such as DMF and DMSO, making reactions between DNA and hydrophobic 

polymer material more facile. 

 On solid support, DNA can be covalently bound to polymers by several approaches. 

First, the polymer may be synthetically modified as a polymer phosphoramidite and coupled 

with the 5’-OH group of the DNA using automated phosphoramidite chemistry.36,37 This is an 

attractive strategy because it negates the need for any synthetic linkers or modifiers at the 

attachment point between the DNA and polymer, however the polymer must be compatible 

with and soluble in the coupling reagents. A second strategy uses Pd-catalyzed Sonogashira-

Hagihara coupling between an alkyne modified polymer and a 5-iodouracil on the DNA. This 

method of coupling allows for the attachment of the polymer along any point in the DNA 

sequence, however it requires the use of toxic and expensive palladium salts and inert gas 

conditions.38  A third, cheaper, and more synthetically facile option uses an amidation reaction 

between amino-modified DNA and carboxylic acid capped polymer.39 Akin to solid-phase 

peptide synthesis, the carboxylic acid is deprotonated with an amine base and then converted 

to an active ester using an activation agent such as HATU, HBTU, or DCC for subsequent 

reaction with DNA. For our purposes, we chose to use this solid-phase amidation reaction to 

prepare the amphiphile. In this case, the hydrophobic unit of the system was comprised of a 

homopolymer prepared by ring opening metathesis polymerization (ROMP) of a norbornene-

phenyl to degrees of polymerization (DP) between 15 and 20, while the hydrophilic unit was 
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made up of a 20 – 40 nt ssDNA sequence (Figure 3.2). The specific sequences of the DNA 

block were designed to probe DPA stability against a range of enzymes.  

 

 

Figure 3.2 Components of DPAs. A. Hydrophobic ROMP phenyl homopolymer is terminated with a 
carboxylic acid moeity. B. Example sequence of fluorescently labeled DNA synthesized on solid support 
using standard phosphoramidite chemistry. The 5’ – end of the DNA is modified with a primary amine. 
C. After an amidation reaction to conjugate the DNA to polymer, the conjugate is deprotected and 
cleaved from solid support in aqueious base to generate micells.  

 

Previous work has demonstrated that DPAs offer nucleolytic resistance.28 We aimed 

to probe the scope and limitations of this resistance by exposure of rationally designed DPAs 

to a host of enzymes. To this end, DPAs were designed with restriction sequences placed along 

various points on the DNA chain, along with FRET dye pairs flanking the cut sites for the 
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purpose of monitoring degradation such that an increase in fluorescence (or a decrease in 

FRET) would signal degradation of the micelle corona.  

3.3 FRET-Labeled DPAs 

The use of Förster resonance energy transfer (FRET) as a method to report on 

biological processes has been firmly integrated into the fields of biology and chemistry since 

the establishment of energy transfer by Förster in the late 1940’s to early 1950’s.40 FRET is a 

sensitive process capable of resolving inter- and intramolecular interactions at the 1 – 10 nm 

level and is ideally suited to probe DNA-related events such as hybridization, degradation, and 

processing.41 We prepared a set of sequences in which the donor and acceptor chromophores 

flanked a recognition sequence for a specific restriction endonuclease. In order to minimize the 

perturbation of the DNA sequences, we chose chromophore modified thymidine nucleobases 

as our donor (Fluorescein-dT) and acceptor (TAMRA-dT) pairs (Figure 3.3).   
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Figure 3.3 FRET Design of FRET DPAs. A-C. The recognition sequence for a predetermined restriction 
endonuclease is placed progressively further from the core-corona interface, flanked by a FRET pair. 
Upon exposure to enzyme, nucleolytic resistance is demonstrated by a FRET signal due to an intact DNA 
corona. Succeptability to nuclease digestion is supported by a decrease in FRET signal and an increase 
in donor chromophore emission. 

  

Sequences were designed to contain a recognition sequence for the restriction 

endonuclease HindIII, a type II restriction enzyme isolated from Haemophilus influenzae. This 

enzyme is commonly used in recombinant DNA digestions and is programmed to cleave the 

palindromic DNA sequence AAGCTT in the presence of Mg2+.42,43 For our first generation of 

FRET DPAs, we included the restriction sequence in various positions along the corona DNA 

strand, highlighted in Table 3.1.  We were interested in these three sites because they represent 

the inner, middle, and outermost positions of a sequence on the corona. If the innermost sites, 

due to inaccessibility because of heightened strand density, offered significantly more nuclease 

resistance than the outer positions, it could imply new design rules for positioning therapeutic 

sequences on DNA nanoparticles.  

For this system, three points were kept in mind for the position of the chromophores. 

First, the donor and acceptor should be placed such that they are within appropriate physical 

distance to efficiently exchange energy. Additionally, once hybridized, the donor and acceptor 
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should be positioned on the same face of the helix to ensure overlap. Second, the donor should 

be positioned towards the 3’ end of the corona DNA strand relative to the acceptor. This was 

rationalized due to the cleavage event liberating the donor away from the acceptor/micelle to 

maximize signal. In contrast, leaving the donor on the 5’ end of the cut site may lead to self-

quenching of the donor fluorophore due to the densely packed nature of the corona. Third, the 

donor and quencher fluorophore should be contained on the same (corona) strand of DNA. This 

would maximize functionality of the particles by allowing assays against a variety of non-

specific endo- and exonucleases without the constraint that the micelle substrate must be 

duplexed.   

Table 3.1 FRET Sequences for DPAs 

 Sequence 
A 5’- TAA TTT CAC CAC GTC CTT G TAMRAdT T A*AG CTT T FAMdT T 
B 5’- TAA TTT CCA C TAMRAdT T A*AG CTT T FAMdT A CGT CTC TGT 
C 5’- T TAMRAdT T A*AG CTT A FAMdT T ATT TAC CCA CGT CCT TGT 

 

Sequences A-C were prepared using standard phosphoramidite coupling on a DNA 

synthesizer, with the exception of the TAMRA-modified thymidine phosphoramidite, which 

was coupled by hand using the syringe method.44 In our hands, the synthesis of dual-labeled, 

amino modified sequences proved too low yielding to generate a sufficient quantity of micelles 

for nuclease experiments. It has been reported that coupling dye modified phosphoramidites 

lowers the yield of conjugation to 80 – 90%, compared to more than 99% coupling efficiency 

for non-modified phosphoramidites.44 Compounded over many cycles, this drop in yield was 

sufficient to prevent our success by this approach. To overcome this, the design of the 

sequences was modified to move the donor chromophore from the conjugate strand to a 

complementary sequence.  

New sequences were designed containing the FRET acceptor (TAMRA) on the micelle 

DNA strand, while the fluorescein FRET donor was positioned on the opposite side of the 
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recognition sequence, towards the 5’ end of the complementary strand (Table 3.2). We 

envisioned that upon cleavage of the micelle duplex, the fluorescein donor would be cleaved 

away from the micelle and FRET emission would be reduced.  

Table 3.2 Fret Complement Pairs for DPAs. 

 Sequence 
A 5’ - TTT TAMRAdT A*AG CTT CCC GAC TCT CCA TG 
A’ 5’ - TTT TCA TGG AGA G FAMdT C GGG A*AG CTT A 
B 5’ - TTT CCC GAC TAMRAdT A*A GCT TCT CTA CTG 
B’ 5’ - TTT TCA G FAMdT A GAG A*AG CTT AGT C 

 

 Sequences from Table 3.2. were prepared in house, and sequences A-B were modified 

on the 5’- end using a C12Amino 5’-modifier for subsequent conjugation with the hydrophobic 

norbornene-phenyl polymer.  TAMRA-dT was coupled by hand using the syringe method. The 

donor and acceptor strands were purified by reverse phase HPLC and masses were confirmed 

by MALDI (Figure 3.4 and Figure 3.5). Prior to conjugation with the polymer, a small aliquot 

of the TAMRA sequences were set aside and purified separately to be used as a single-stranded 

DNA control. The amino-modified DNA was then conjugated to a 20mer of carboxylic acid-

terminated norbornene-phenyl polymer and micelles were formed by cleavage in aqueous base. 

After purifying the micelles from any unreacted DNA via SEC-FPLC, assemblies were 

characterized by TEM and DLS (Figure 3.5). Light scattering and electron microscopy both 

agree that the assemblies are spherical, ~ 20 nm particles, consistent with other DPA materials 

reported in the literature.  
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Figure 3.4 Characterization of Fluorescein Labeled Complement Sequences A’ and B’. Analytical 
HPLC of DMT-on crude aliquots are shown with mass of the major peak determined by MALDI. Dashed 
trace is the analytical reinjection of the purified product, DMT deprotected.   
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Figure 3.5 Characterization of TAMRA Labeled Sequences and Micelles. Analytical HPLCs of MMT-
on crude aliquots of Sequence A and B are shown with masses of the major peaks determined by MALDI. 
TEM and DLS images show micelles formed after conjugation and purification confirm self-assembly.  
 

With micelles and ssDNA in hand, we then looked for efficient FRET between the 

donor and acceptor pairs. Upon incubation with the complementary strand, both the micelle 

and ssDNA acceptor sequences successfully hybridized the complement and demonstrated 

efficient FRET transfer (Figure 3.6). It should be noted that the micelle FRET appeared to be 

less efficient than the single-stranded complement. This was not entirely unexpected, given 

that the high density of DNA on the micelle corona may influence the stacking interactions of 

the dyes.  
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Figure 3.6 FRET Hybridization Assay of 500 nM DPA Particles A-B and ssDNA A-B with 
Complementary Strands A’ and B’.  

 

We next looked at the stability of these micelles and free DNA against HindIII. Upon 

cleavage by the enzyme, we would expect to see a decrease in the TAMRA emission by FRET 

as the donor and acceptor chromophores freely diffuse away from each other in solution. We 

tested the relative resistance of the particles compared to their free DNA counterparts, as well 

as the different susceptibilities of the DNA strand along the DPA corona. If it was in fact more 

difficult for the enzyme to penetrate the denser region of the micelle corona (i.e. the position 

of the recognition sequence on micelle B relative to micelle A), micelle B would demonstrate 

slower or reduced digestion. Micelles and free DNA duplexes were incubated with HindIII and 

the decrease in TAMRA signal was measured over 100 minutes (Figure 3.7).  
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Figure 3.7 Incubation of FRET DPAs with HindIII. 5 µM DPA DNA duplex or free DNA duplex was 
incubated with 5 units of HindIII at 37 °C. Emission of TAMRA was monitored at 580 nm with 
excitation set to 494 nm.  

 

It appeared that despite a difference in the location of the HindIII recognition sequence, 

both sets of micelles and free DNA exhibited similar decreases in the emission of TAMRA 

upon incubation of the enzyme. Furthermore, the decrease in FRET mirrored that of the free 

DNA, indicating little protection of the DPA sequences over the free DNA substrate. HindIII 

is a homodimer with a molecular weight of roughly 35 kDa. In comparison with DNase I, which 

has a mass of 39 kDa, and Nt.CViPII, a 36 kDa nicking endonuclease, both showed to be 

relatively incapable of accessing DPAs in a prior study. We reasoned that HindIII was either 

at the size limit of nuclease resistance, or more may be at play than a simple steric argument. 

Mirkin et. al. discussed the possibility of salt concentration playing a role relative nucleotide 

susceptibility.26 If heightened salt concentrations around the dense DNA corona are responsible 

for enzyme resistance in other cases, it may be argued that enzymes less sensitive to their ionic 

environment have an easier time accessing the recognition sequence in the micelle shell.  We 

next moved on to other DPA designs that were better suited to test a range of nucleotides.  

3.4 Dye-Quencher and Self-Quenching DPA Systems 
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In order to probe a wider range of nucleases against our material, we simplified the 

micelle design by relying on the self-quenching of fluorescein on the micelle corona and dye-

quencher system for single stranded DNA. These sequences were designed to contain the 

recognition sequence for the restriction endonuclease HindIII, as well as be responsive to a 

range of non-specific endo and exonucleases. By positioning the fluorophore at various 

positions along the micelle corona, degradation of the micelle sequences and relative 

penetration of enzymes into the micelle corona could be probed by fluorescence. The newly 

designed recognition sequences are listed in Table 3.3.   

Table 3.3 Dye-Quencher DPA Sequences. 

 Sequence 
A 5’- TTT TTT TTT TTT AAG CTT T FAMdT T T 
B 5’- TTT TTT TTT AAG CTT T FAMdT T TTT T 
C 5’- TTT TTT AAG CTT T FAMdT T TTT TTT T 
Dq 5’- A AAA AAG CT DABdT AAA AAA 
D 5’ – A AAA AAG CTT AAA  

 

Sequences A-C were modified with a C12Amino 5’-modifier for subsequent 

conjugation with the hydrophobic norbornene-phenyl polymer. Aliquots of sequences A-C 

were set aside prior to polymer conjugation to be used as free DNA controls for enzyme studies 

(ssDNA A-C). The dabcyl modified complement strand and unmodified complement strand 

(Table 3.3 Dq and D) were designed to hybridize all three of the fluorescein sequences with 

similar Tm. With the exception of sequence D (Integrated DNA Technologies), sequences were 

synthesized in house and analyzed by HPLC and MALDI (Figure 3.8). The amino-modified 

DNA was then conjugated to a 20mer of carboxylic acid-terminated norbornene-phenyl 

polymer as previously described. After thoroughly washing away unreacted polymer from the 

conjugate on solid support, micelles (Micelle A-C) were formed by cleavage in aqueous base 

and purified from unreacted DNA on SEC-FPLC. DPA characterization by TEM and DLS is 

also shown in Figure 3.8, confirming spherical micelles with ~ 20 nm diameter.     
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Figure 3.8 Characterization of Fluorescein Labeled Sequences and Micelles. Analytical HPLCs of 
MMT-on crude aliquots of Sequence A - C are shown with masses of the major peaks determined by 
MALDI. Purified sequence with MMT removed is shown as the pink dashed trace. TEM and DLS 
images show micelles formed after conjugation and purification confirm self-assembly. 
 

Micelles A-C were designed to contain the restriction sequence for HindIII. To verify 

the micelles would be a viable, double-stranded substrate for this nuclease and other non-

specific nucleases for which being double stranded was required, such as ExoIII, we first tested 

the hybridization of the unmodified complement, sequence D, with the micelles by monitoring 

absorption at 260 nm with increasing temperature (Figure 3.9).  
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Figure 3.9 UV Monitored Melting of Micelles A-C with Complementary DNA. Micelle DNA and 
sequence D (complement) are each at 1 µM. Red dashed line corresponds to sigmoidal fit of smoothed 
data function (grey line).  

 

We observed that the complement strand successfully hybridized micelles A-C with 

Tm = 51 °C, 48 °C, and 46 °C, respectively. The melting temperature of the duplex decreased 

from micelle A to B to C as the complement was required to hybridize further into the micelle 

core, echoing similar phenomena reported for duplex instability at interfaces. Interestingly, all 

three systems hybridized with higher Tm than the calculated value at 43 °C. This has been 

explained by cooperative binding effects in analogous gold-based DNA nanoparticles, however 

increased duplex stability was not observed in previous studies with our polymer systems.28 In 

that case, it may be that the two dye modifications on the micelle sequence was responsible for 

a reduction in melting temperature relative to unmodified micelle DNA, and not an inherent 

property of DPAs themselves.  

For the ssDNA control sequences A-C, we could not rely on self-dequenching upon 

cleavage to provide a signal for enzymatic events. In this case, the dabcyl-modified 

complement Dq was used to hybridize with ssDNA A-C. Hybridization and quenching 

efficiency was confirmed by monitoring the change in fluorescence between the ssDNA and 

duplexed DNA. Figure 3.10 shows that upon addition of complement Dq, fluorescence from 

the ssDNA A-C is quenched.   
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Figure 3.10 Fluorescence of ssDNA vs Duplex DNA. DNA is at 0.5 µM. Fluorescein emission was 
monitored at 522 nm after excitation at 492 nm.  

 

Similarly, we confirmed hybridization by monitoring the melting of the free DNA with 

Dq by absorbance at 260 nm (Figure 3.11). The Tm of the free DNA duplexes was measured to 

be 35 °C, 37 °C, and 39°C for sequences A-C, respectively.  In the design of Dq, several 

iterations were tested to increase the melting temperature of the duplex, however the addition 

of complementary bases to either the 3’ end or the 5’ end were unsuccessful in increasing this 

melting temperature. We attribute this relatively low value to the bulkiness of the two dye 

modifications in the duplex. Given that a significant portion of DNA was still expected to exist 

in hybridized form at the enzyme incubation temperature (37 °C), we continued with these free 

DNA sequences as our control. 

 

 

Figure 3.11 UV Monitored Melting of ssDNA A-C with Complementary DNA Dq. Duplex is 1 µM. Red 
line corresponds to sigmoidal fit of the melting curve data function (black circles).  

 



83 

 

Next, we aimed to measure the relative effectiveness of various nucleases on the DPAs 

relative to the free oligos in solution. To explore relative susceptibility of the micelles and free 

DNA to digestion, ExoIII, DNaseI, and human serum were chosen. The non-specific 

endonuclease DNaseI cleaves phosphodiester bonds between neighboring pyrimidines in 

DNA, and  is commonly used to digest DNA during the process of RNA extraction from cells.45 

In sequences A-C, there are 17 possible cut sites for this enzyme. ExoIII is a non-specific 

endonuclease that clips off nucleobases from the 3’-OH end of a sequence, and preferred 

double stranded, 3’-recessed sequences.46 Supported by previous results, we anticipated that 

this enzyme would have difficulty accessing bases closer to the dense core of the micelle, 

resulting in a decrease in fluorescence response in micelle C compared to B or A. Lastly, serum 

has a host of non-specific endo and exonucleases that degrade DNA in the body. We reasoned 

that incubation in serum would give the best approximation of DPA stability in cell culture and 

in vitro.  

We first incubated the hybridized micelles with DNaseI to monitor their digestion via 

fluorescence. After incubation for 100 minutes in 15 units of DNaseI, a 6-fold increase in 

fluorescence of the micelles was observed (Figure 3.12A). Additionally, we analyzed the 

micelles after a 24-hour incubation with 15 units of DNaseI by denaturing PAGE to visualize 

the amount of cleavage products and micelles that remained after cleavage. It appeared that 

both the free DNA and the micelles incubated with active DNaseI were processed to a 

significant extent by the enzyme due to the diminished signal of the starting material band 

compared control micelle duplex, which was incubated with denatured DNaseI. The micelles 

themselves retained a faint band in both conditions suggesting that some micelle was left intact 

after digestion. Qualitatively, it appeared that the complements for each micelle resulted in 

bands of similar intensity upon digestion, suggesting DNaseI, has little preference between the 

three micelles, as one may expect.  
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Figure 3.12 DNaseI Digestion of Micelles and Free DNA. A. Fluorescence of Micelles at 5 µM DNA 
incubated with 15 units of DNaseI at 37 °C. Signal is normalzied with micelles incubated with 
deactivated enzyme. B. Denaturing PAGE Gel of assay products after 24 hr incubation with DNaseI at 
37 °C. Gels were imaged by flourescence after staining with EtBr. 

 

Next, we considered the stability of the micelles and free DNA against the exonuclease 

ExoIII. This enzyme preferentially cleaves double stranded DNA at recessed 3’-OH termini. 

For our system, Micelle A and ssDNA A, when duplexed, fit this requirement. We therefore 

incubated these sequences with ExoIII over 24 hr and monitored digestion of the fluorescein 

tag via fluorescence of the gel on a fluorescence imager. As Figure 3.13 shows, both micelle 

and free DNA were at least partially digested by the enzyme, indicated by the reduced intensity 

of the active enzyme incubated starting material relative to the control.  

 

 

Figure 3.13 Micelle A and ssDNA A Duplexes Incubated with ExoIII. 
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After testing the stability of fluorescein labeled DPAs with various individual enzymes, 

we incubated the micelles and free DNA counterparts with human serum. We reasoned that the 

in vivo applicability of these materials relied on their half-lives being increased relative to free 

DNA in relevant biological environments. After a 16 hr incubation in serum, incubated material 

and control material were loaded onto a denaturing PAGE gel and the fluorescent intensity of 

the intact sequence or particle was monitored by fluorescein fluorescence (unstained). Results 

from the incubation are shown in Figure 3.14.  

 

 

Figure 3.14 Digestion of Fluorescein DPAs and Free DNA in Human Serum. 5 µM micelle or free DNA 
was incubated in serum for 16 hr. Digestion was monitored by fluorescein fluorescence.  

 

After incubation in human serum, the free DNA was largely degraded. Moreover, 

regardless of the recognition sequence position, all three sequences appeared to be processed 

equally. The micelles, however, showed variable digestion based on sequence. For micelle A, 

the recognition sequence and fluorescein label are positioned at the outermost edge of the 

micelle corona, and no perceptible fluorescence was detected in the micelle band of the gel. 

Micelle B appeared to retain a trace of fluorescence in the particle band, indicating that a 

fraction of the sequence was left intact on the particle corona. Micelle C, with the recognition 

sequence placed furthest into the micelle core, showed the most retained fluorescence after 

incubation. This suggests that the endogenous enzymes of human serum do have some 

preference towards the outer-most region of the micelle corona, and are slowed down as they 

approach the core-corona interface. We should note that the fluorescence intensity of the free 

DNA bands are higher than that of the micelles overall. This is not necessarily due to more 
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DNA being present in the bands of the gel, but rather that the fluorescein in the micelles are 

self-quenched by proximity, resulting in less signal relative to free DNA.  

3.5 Isomorphic Nucleobase DPA Systems 

Although fluorescently modified nucleobases offer immense insight into the 

mechanism of DNA and RNA-centric events, they are limited by adding bulk to the oligo 

strands, and have been known to perturb the native interactions of labeled sequences and the 

surrounding biome.47  The results from the previous DPA systems, although insightful, may 

not be providing a complete picture of the abilities of DPAs to resist enzymatic cleavage due 

to the bulky nature of the fluorescent dyes. Our final DPA design aimed to account for this by 

utilizing an isomorphic fluorescent nucleobase in the design of our material. Pyrrolo-dC is a 

fluorescent cytosine analogue that Watson-crick base pairs to guanine.48 This analogue has the 

advantage of significantly minimizing perturbations in DNA duplexes, and is readily 

recognized by enzymes. Pyrrolo-dC has the added advantage of a change in quantum yield 

depending on the hybridization state of the oligo strand. When duplexed, pyrrolo-dC engages 

in base stacking interactions that limit its quantum yield to 0.02. However, once the strand is 

melted, the quantum yield of the nucleobase increases more than two-fold to 0.07 (Figure 3.15).  

 

 

Figure 3.15 Pyrrolo-dC in Double and Single Stranded DNA.  
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We designed a set of micelles that mirrored the fluorescein-quencher system in the 

previous section, replacing the fluorescein modified thymidine with the isomorphic 

nucleobase. Our intention was to test the perceived innocence of the fluorescent tag on the 

stability of the micelles. Sequences are listed in Table 3.4.  

Table 3.4 Isomorphic DPA Sequences 

 Sequence 
S1 5’- TTT TTT TTT TTT AAG CTT T Cp T T 
S2 5’- TTT TTT TTT AAG CTT T Cp T TTT T 
S3 5’- TTT TTT AAG CTT T Cp T TTT TTT T 
complement 5’- AAA AGA AAG CTT AAA 

 

Sequences S1-3 were synthesized in house and modified with a C12Amino 5’-modifier 

for subsequent conjugation with the hydrophobic norbornene-phenyl polymer. Aliquots of 

sequences S1-3 were set aside prior to polymer conjugation to be used as free DNA controls 

for enzyme studies (S1-3). Sequences were analyzed by HPLC and MALDI (Figure 3.16). The 

amino-modified DNA was then conjugated to a 20mer of carboxylic acid-terminated 

norbornene-phenyl polymer as previously described. Micelles (P1-3) were formed by cleavage 

in aqueous base and characterized by TEM and DLS, demonstrating that like their fluorescein 

and TAMRA counterparts, they assembled into spherical micelles in the 20 nm range (Figure 

3.16).  
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Figure 3.16 Characterization of Pyrrolo-dC Labeled Sequences and Micelles. Analytical HPLCs of 
MMT-on crude aliquots of S1-3 are shown with masses of the indicated peaks determined by MALDI. 
TEM and DLS show micelles formed after conjugation and purification. 

 

Next, we measured the fluorescence of the pyrrolo-dC micelles P1-3 and compared 

them to the ssDNA control sequences. We expected that the dense DNA corona of the DPAs 

would mimic a duplexed environment due to the density of the shell. This was expected to 

reduce the quantum yield of pyrrolo-dC in the micelle and manifest as a quenched fluorescent 

state. As anticipated, at 100 µM pyrollo-dC the micelles were observed to have 2-fold lower 

fluorescence intensity than the single stranded DNA (Figure 3.17).  
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Figure 3.17 Emission of Pyrrolo-dC micelles vs Free DNA. 

 

Next, we monitored hybridization of the micelles and ssDNA controls with the 

complementary sequence. For the particles, melting showed Tm of 60.0 °C, 56.8 °C, and 60.6 

°C for P1-3, respectively (Figure 3.18). The single stranded controls had Tms of 41 °C, 41 °C, 

and 48 °C for ssDNA1-3, respectively (Figure 3.18). The calculated Tm for these sequences is 

53.3 °C, 57.0 °C, and 57.0 °C. The difference in melting temperatures between the particles 

and the ssDNA is intriguing, and we believe, like the fluorescein analogues, that the increase 

in melting temperature for the particles is accounted for by a cooperative binding effect. This 

may be enhanced by the isomorphic nucleobase by reducing perturbations in the corona chains.   
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Figure 3.18 UV Monitored Melting of P1-3 and ssDNA1-3 with Complementary DNA. Duplex is at 1 
µM. Red dashed line corresponds to sigmoidal fit of smoothed data function (black circles). 

 

We next incubated the pyrrolo-dC materials with HindIII and serum. We expected that 

the isomorphic nature of the nucleobase would allow the conformation of the DNA shell to be 

as tightly packed as possible, and therefore may lead to less access of the nuclease. After 

incubating the micelles with active and inactivated HindIII for 24 hr, little change in the micelle 

bands were observed (Figure 3.19). However, it should be noted that in order to observe the 

DPAs in the gel, the bands needed to be stained with ethidium bromide. It is therefore difficult 

to assess whether the HindIII was able to cleave the fluorescent nucleobase from the DPA 

corona any better or worse than the FRET labeled micelles. Interestingly, the free DNA controls 

were not observed in the gel in either condition. We attribute this to diffusion out of the 

acrylamide matrix during the staining process.  
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Figure 3.19 Gel of Micelles P1-3 Incubated with HindIII. 

 

Given that the pyrrolo-dC base gave too weak a signal to monitor by gel without 

staining, our serum incubation only included pyrrolo-dC micelle P1 and ssDNA S1. The 

rational for this was that because pyrrolo-dC gave to faint a signal to be observed in the gel, it 

would be impossible to tell if this nucleobase specifically was cleaved off by the nuclease, 

making the position of the dye between P1-3 irrelevant. Both the micelle and free DNA samples 

were incubated in serum for 16 hr at 37 °C. After staining with EtBr, the micelle band appears 

to retain intensity after incubation, while the single stranded DNA did not (Figure 3.20). This 

may be due to an increased half-life in serum for the assembled DNA relative to the free DNA 

in solution. Of note is that although the same concentration of DPA was loaded in each well, it 

appears that the serum incubated sample has higher intensity after staining than the control 

well. One possible explanation for this could be that serum components are adsorbing onto the 

micelles, and further investigation into this effect may elucidate the interactions between serum 

components and DPAs.  

 

 

Figure 3.20 Gel of P1 and S1 Incubated with Serum. Denaturing PAGE of incubation products, 
visualized after staining with EtBr.  
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Although the isomorphic nature of the pyrrolo-dC nucleotide was desirable, it should 

be noted that in both the duplexed and single stranded state the quantum yield is far lower than 

that of fluorescein or TAMRA. In fact, in a head-to-head comparison, fluorescein particles 

were shown to have a higher fluorescent signal at lower concentration than the pyrrolo-dC 

sequences. Figure 3.21 shows that at 10 µM, the fluorescein micelles demonstrated an 8-fold 

higher signal than the pyrolo-dC micelles at 100 µM in water at their respective excitation 

maxima. We found this to be the limiting factor in the utility of the isomorphic nucleotide 

materials, as the scale of DPAs needed to observe changes in fluorescence were prohibitive. 

However, we were able to observe these materials by staining, which supported an increased 

nuclease resistance of the DPAs relative to the free DNA controls.  

 

 

Figure 3.21 Comparison of Pyrrolo-dC Micelle and Fluorescein Micelle Fluorescence. Micelles were 
excited at their respective maximum absorbance and emission was moniotored at indicated wavelengths.  
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3.6 Conclusion 

Understanding the scope and limitations of DPA stability is crucial in the rational 

design of these materials as therapeutic agents. Prior work has suggested nucleic acid nano-

assemblies, including DPAs, are equipped with resistance to enzymatic degradation relative to 

free DNA. We aimed to explore more specifically the breadth of this resistance by employing 

a library of micelles to a host of endo and exonucleases. We discovered that the stability of 

DPAs depended not only on the identity of the enzyme, but on the position of the recognition 

sequence or fluorophore along the corona backbone. This suggests that the outermost 

nucleotides of the corona are accessed by nucleases and degraded in a similar fashion as free 

DNA. However, this processing may be slowed for specific enzymes as the enzymes must 

penetrate a denser array of nucleic acids at the shell/core interface.28,49 We envision that the 

relationship between stability and corona position will allow for new possibilities in therapeutic 

design in the future. Specifically, one might tailor the half-life of antisense DPAs in therapeutic 

applications such that transient knockdown occurs over a desired timeframe. This may be 

useful in applications such as local immuno-suppression during the early stages of organ 

transplantation, among others.  

3.7 Materials and Methods 

Reagents were purchased from commercial sources and used without further 

purification. The norbornene-phenyl monomer, carboxylic acid chain transfer agent, and the 

initiator [(IMesH2)(C5H5N)2(Cl)2Ru=CHPh] were synthesized according to literature 

procedure.50–52 Polymerizations were performed in deuterated chloroform under inert 

atmosphere (N2). Polymer dispersity and molecular weight was measured by SEC Phenomenex 

Phenogel 5u 10, 1k-75k, 300 x 7.80 mm in series with a Phenomenex Phenogel 5u 10, 10k-
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1000k, 300 x 7.80 mm (0.05 M LiBr in DMF)) using a Shimadzu LC-AT-VP pump equipped 

with a multiangle light scattering detector (DAWN-HELIOS: Wyatt Technology), a refractive 

index detector (Wyatt Optilab T-rEX), and a UV-vis detector (Shimadzu SPD-10AVP) 

normalized to a polystyrene standard. Cross-metathesis with the carboxylic acid chain transfer 

agent was monitored by 1H NMR spectroscopy on a Varian Mercury Plus spectrometer (400 

MHz) by observing the downfield shift of the alkylidene proton. Chemical shifts are reported 

in δ (ppm) relative to the CDCl3 residual proton peak (7.27 ppm). TEM images were acquired 

on carbon grids (TED Pella, Inc.) on a FEI Tecnai G2 Sphera at 200 kV. Dynamic light 

scattering was measured using a Wyatt DynaPro Nanostar. DNA was synthesized on an 

Applied Biosciences (ABI) 394 automated synthesizer. Oligos were purified and analyzed 

using RP-HPLC equipped with a Phenomenex Clarity 5u Oligo-RP (150 x 4.60 mm) column 

and a Hitachi-Elite LaChrom L-2130 pump with absorbance monitored by a UV-Vis detector 

(Hitachi-Elite LaChrom L-2420).  Oligo molecular weight was characterized by MALDI-TOF 

MS (Bruker Daltronics Biflex IV). SEC-FPLC was performed using a HiPrep 26/60 Sephacryl 

S-200 High Resolution packed column with mobile phase of 50 mM Tris pH 8.5 on an Akta 

purifier (Pharmacia Biotech) running a P-900 pump and a UV-900 UV-Vis multi-wavelength 

detector. Denaturing gels were performed using a Bio Rad Criterion Mini-PROTEAN Tetra 

cell and hand-cast TBE-UREA gels (7% stacking, 15% separating). DNA concentration was 

determined by absorbance using a ThermoScientific Nanodrop 2000c.  

3.7.1 Polymer Synthesis 

Phenyl monomer (N-benzene-cis-5-norbornene-exo-dicarboximide) (500 – 600 mg) 

was added to a dry Schlenk flask with stir bar charged with N2 and dissolved in 3 mL of dry 

CDCl3. The initiator (1/20 molar ratio with respect to monomer) was dissolved in dry CDCl3 

in a separate flask under N2 then transferred to the monomer solution using a cannulate. The 
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polymerization was allowed to proceed for 20 minutes. A 50 µL aliquot was removed and 

quenched with ethyl vinyl ether for mass determination by SEC-MALS. To the remaining 

polymerization reaction, 2 equivalents (with respect to initiator) of the carboxylic acid chain 

transfer agent was added, pre-dissolved in 0.5 mL DMF. An aliquot of this reaction was 

transferred to a J Young NMR tube to monitor metathesis by 1H NMR. Upon completion (45-

60 min), excess ethyl vinyl ether was added to quench the catalyst. The polymer was 

precipitated in cold MeOH three times, then dissolved in DCM and centrifuged to pellet out 

the insoluble excess chain transfer agent. The supernatant was concentrated to dryness and run 

on a column (mobile phase 4% MeOH in DCM) to purify. Fractions containing the polymer 

product were combined and concentrated to dryness.  

3.7.2 DNA Synthesis 

DNA was prepared using standard cyanoethyl phosphoramidite chemistry on a 1000 

Å CPG column (Glen Research) on a 1 µmol scale. Phosphoramidite monomers (bz-dA-CE 

#10-1000-10, Ac-dC-CE #10-1015-10, dmf-dG-CE #10-1029-10, and dT-CE #10-1030-10) 

were purchased from Glen Research and dissolved in dry ACN. Dye labels (Fluorescein-dT-

CE #10-1056-90, Pyrrolo-dC-CE #10-1017-90, TAMRA-dT-CE #10-1057-95, and Dabcyl-

dT-CE #10-1058-95) were purchased from Glen Research. Fluorescein and dabcyl 

phosphoramidites were dissolved in dry ACN for incorporation into sequences using the 

automated synthesis cycle. The TAMRA phosphoramidite was dissolved in 10% THF in 

acetonitrile (dry) and coupled onto the oligonucleotide using the syringe method.44 Briefly, the 

5’-DMT protecting group of the base preceding the TAMRA-dT was detritylated on the 

synthesizer using 3% TCA. A 1 mL syringe was purged with argon, and 200 µL of the 

activating solution was drawn into the syringe and pushed through the freshly detritylated CPG 

column. The other end of the column was attached to a second 1 mL syringe loaded with 200 
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µL of the phosphoramidite at 0.1 M. The two solutions were pushed back and forth through the 

column until thoroughly mixed, and carefully attached to the column such that no ambient air 

or moisture entered the system. After a 6 min coupling, the column was returned to the 

synthesizer and cycled through the 1 µmol CE capping and oxidation steps. Synthesis was 

accomplished using activator 4,5-Dicyanoimidazole (Glen Reasearch cat. #30-3150-52), 0.02 

M iodine in THF/pyridine/water (Glen Research cat. #40-4330-52) as the oxidizer, 3% 

Trichloroacetic acid (Glen Research #40-4140-57) as the deblocking solution, and capping 

mixtures THF/Pyridine/Ac2O (Glen Research cat #40-4110-52) and 16% 1-Methylimidazole 

in THF (Glen Research cat #40-4220-52). A 5’- amino modifier (Glen Research cat. #10-1912-

90) was coupled onto the end of sequences intended for use as amphiphiles for conjugation 

with the polymer. Aliquots of each sequence (2-5 mg) were cleaved from the solid support and 

deprotected for analysis. The MMT protecting group of the amino modifier or DMT protecting 

group of the terminal 5’-OH was left intact. Aliquots of the fluorescein, pyrrolo-dC, and dabcyl 

labeled sequences were cleaved/deprotected using ~ 200 uL of 1:1 methylamine:ammonia at 

65 °C for five minutes, followed by dilution to 1 mL in ultrapure water and centrifugation to 

remove the CPG beads. TAMRA sequences were deprotected using 1:3 tBuNH2:H2O at 60 °C 

for 6 hr followed by dilution to 1 mL in ultrapure water and centrifugation to remove the CPG 

beads. The supernatants were concentrated to 200 µL.  

3.7.3 Analytical HPLC of Oligos  

Modified sequences were purified by RP-HPLC using a binary gradient of buffer A: 

10% MeOH, 90% 50 mM TEAA pH 7.1 and buffer B: 100% MeOH. Traces were monitored 

by absorbance at 260 nm. The MMT or DMT protecting group from the amino modifier was 

left on the to increase retention time of the product peak, which was collected and concentrated 

to 10-20 µL.  
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3.7.4 Prep HPLC and Purification of Oligos  

Sequences were detritylated on the synthesizer immediately prior to deprotection and 

cleavage from the CPG. Cleavage conditions were the same per fluorescent label as described 

above, with a 500 µL deprotection solution volume. CPG beads were filtered away using glass 

wool packed inside a glass Pasteur pipette and rinsed with 2 mL of ultrapure H2O. Sequences 

were concentrated to 2 mL and injected on HPLC with the same buffer system as the analytical 

procedure. The product peak was collected, concentrated to ~ 1 mL under reduced pressure, 

and dialyzed into H2O using 3500 MWCO dialysis cups. Analytical reinjections of the product 

confirmed pure sequences.   

3.7.5 MALDI-TOF of Oligos  

Samples were prepared by desalting using C18 Ziptips (Millipore, cat #Z720046) and 

eluted directly onto the MALDI target plate from a solution of 2’,4’,6’- 

Trihydroxyacetophenone (269 mM) and ammonium citrate (51 mM) in 1:1 ACN:H2O. This 

elution was spotted onto a pre-dried, 1 µL spot of 3-hydroxypicolinic acid (719 mM) in 

acetonitrile. MALDI-TOF was measured in linear, negative ion mode calibrated externally to 

two sequences purchased from Integrated DNA Technologies (5’-TTT AGA GTC ATG TCC 

AGT CAG TG, 7069.6 g/mol and 5’- TAT TAT ATC TTT AGA CAC TGA CTG GAC ATG 

ACT CT, 10695.0 g/mol). Calculated masses for DMT/MMT-off sequences prepared in house 

are (g/mol): Table 3.1 A, B, and C: 10429.48. Table 3.2 A and B: 8059.77; A’: 8263.61; B’: 

7276.01. Table 3.3: A, B, and C: 7433.23. Table 3.4: S1-3: 6942.75.  

3.7.6 Synthesis of amphiphiles and assemblies  

30 mg polymer was dissolved in 100 µL dry DMF. DIPEA (5 µL) was added to the 

polymer solution to deprotonate the carboxylic acid. HATU (0.9 equivalents with respect to 

the polymer) was added to the polymer solution and allowed to activate for 10 minutes. 
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Meanwhile, the amino-modified DNA on solid support was detritylated on the synthesizer by 

washing the beads with DCM for 30 s followed by 120 s with TCA. Bright yellow trityl was 

seen flowing out of the column. Additional 30 s rinses with TCA (1-2x) were performed until 

no yellow color was visibly released from the column. Detritylated oligo was then rinsed again 

with DCM for 30 s followed by drying for 60 s under a stream of argon. The CPG beads were 

removed from the column and added to the activated polymer solution in a microcentrifuge 

tube and allowed to react for 2 hr at room temperature while shaking on a vortexer. Beads were 

centrifuged and the polymer solution supernatant was removed. Beads were washed 3x with 1 

mL DMF by centrifugation. A freshly activated solution of polymer (prepared in identical 

fashion as above) was added to the washed beads for a second reaction, and allowed to shake 

overnight on the vortexer at room temperature. The conjugated CPG was then washed by 

centrifugation as described above. On the last wash, the beads were returned to the column and 

rinsed with 15 mL DMF followed by 15 mL DCM to remove any unreacted polymer. After 

drying under argon, the beads were transferred to 1.5 mL twist-top vials and deprotected with 

0.5 mL 1:1 methylamine:ammonia at 65 °C for 5 min (fluorescein, pyrrolo-dC and dabcyl 

labeled conjugates) or 0.5 mL 1:3 tBuNH2:H2O at 60 °C for 6 hr. The deprotected product was 

then filtered away from the beads by passing the solution through packed glass wool in a glass 

Pasteur pipette and washed with H2O (2.0 mL), DMSO (2.0 mL), formamide (2.0 mL), H2O (3 

mL), and DMSO (1.0 mL). The filtrate was then dialyzed overnight into nanopure H2O using 

10,000 MWCO snakeskin dialysis tubing (Thermo Scientific), changing the water once. The 

dialyzed product was then concentrated under reduced pressure at 55-65 °C to 1 mL. 

3.7.7 Purification of DPAs  

Crude micelles were injected on SEC-FPLC and separated from residual unconjugated 

DNA. Micelles were purified using an isocratic buffer system of 50 mM tris, pH 8.5 at a flow 
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rate of 1.8 mL/min. The trace was monitored by absorbance at 260 nm (DNA) and either 492 

nm (fluorescein), 347 nm (pyrrolo-dC) or 557 nm (TAMRA). The micelle peak (54-minute 

retention time) was collected and dialyzed into H2O overnight using 10,000 MWCO snakeskin 

dialysis tubing (Thermo Scientific), changing the water once. Purified micelles were 

concentrated under reduced pressure at 55-65 °C to 1 mL, centrifuged for 5 min at 120k RPM 

to remove any dust and aggregates, and filtered through a 0.22 µm PES or PTFE syringe tip 

filter. 

3.7.8 Denaturing PAGE of micelles  

1 mm polyacrylamide gels (1 x TBE, 8 M Urea) were hand-cast at 15% acrylamide 

(separating) - 7% acrylamide (stacking) and loaded with ~200 pmol DNA in 1 x TBE-Urea 

loading buffer (Bio-Rad cat. #1610768) in 10 µL total sample volume. 1.5 µg GeneRuler Ultra 

Low Range DNA Ladder (Thermo Fisher Scientific cat. #SM1213) was used to determine the 

relative weight of sample DNA bands in the gel. Gels were run at 175 V until the lower dye 

from the loading buffer (bromophenol blue) had migrated ~3/4 down the length of the plate 

(ca. 45 min). Gels were visualized by fluorescein fluorescence, or stained in 1µg/mL ethidium 

bromide solution for 15 min where noted and imaged using preset Spare-UV or EtBr filters and 

settings and a 60–120 s exposure. 

3.7.9 Transmission Electron Microscopy  

Samples were prepared for TEM by glow-discharging microscopy grids 

(formvar/carbon-coated, 400 mesh copper, Ted Pella # 01754) at 20 mA for 90 seconds 

followed by treatment with 3.5 µL 250 mM CaCl2. The salt solution was immediately wicked 

away and replaced by 3.5 µL DPA sample, which was allowed to set on the grid for 10 minutes. 

The excess sample was washed away with three drops of glass distilled H2O and then stained 

by passing 3 drops of 1% w/w uranyl acetate over the sample. Excess liquid was removed from 
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the grid by blotting away with filter paper. Samples were then loaded onto the microscope for 

dry state imaging.  

3.7.10 UV-Melting of DPAs and free DNA hybrids 

Melting analysis was performed on a Cary 100 UV-Vis spectrophotometer (Agilent 

Technologies) by monitoring absorbance of single stranded and duplexed DNA at 260 nm. 

Samples were prepared at 1 µM duplex in 1X PBS and heat cycled using a 0.1 °C/min heating 

rate. Melting curves are reported for the second heating cycle. Tm was calculated from the first 

derivative of the sigmoidal fit of the curve.  

3.7.11 Fluorescence Measurements  

Single stranded or duplexed micelles and free DNA were prepared at noted 

concentrations in PBS and measured on a PTI spectrofluorometer. Pyrrolo-dC micelles were 

excited at 347 nm and emission was measured at 470 nm. FRET micelles were excited at 492 

nm and emission was measured at 580 nm.  Fluorescein micelles and Fluorescein-dabcyl 

micelles were excited at 492 nm and emission was recorded at 522 nm.  

3.7.12 Enzyme Stability Assays  

Enzyme incubations were performed with 5 µM micelles (with respect to micelle 

DNA) and 5 µM single stranded DNA in 50 µL reaction buffer in a black 96-well plate. For 

HindIII assays, CutSmart buffer (New England Biolabs, ca. #B7204S) was used as the reaction 

buffer. Complementary DNA was added to the sample wells in equimolar ratios. An aliquot of 

HindIII-HF (New England Biolabs, ca. #R3104S) was heat inactivated by incubation at 80 °C 

for 20 minutes. Immediately prior to addition of enzyme, t0 was measured on the plate reader. 

1 uL (10 units) of active or inactive (control) HindIII was added to the wells and fluorescence 

was measured throughout a 100 min incubation at 37 °C.  
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For DNase I assays, DNaseI reaction buffer (New England Biolabs, ca. #B0303S) was 

used. DNaseI (New England Biolabs, ca. #M0303S) was added to 5 µM free DNA or micelle 

DNA. An aliquot of DNAseI was heat inactivated by incubation at 80 °C for 20 minutes. 

Immediately prior to addition of enzyme, t0 was measured on the plate reader. 15 units of active 

or inactive (control) DNaseI was added to the wells and fluorescence was measured throughout 

a 100 min incubation at 37 °C. 

ExoIII assays were performed in NEBuffer 1 (New England Biolabs ca. # B7001S) as 

the reaction buffer. An aliquot of ExoIII (M0206S) was heat inactivated for 20 min at 80 °C. 1 

µL (10 units) inactive (control) or active (control) ExoIII was added to DNA (5 µM) in 50 µL 

total reaction volume. Immediately prior to addition of enzyme, t0 was measured on the plate 

reader. Fluorescence was measured throughout a 100 min incubation at 37 °C. 

Serum digestion assays were performed in human serum in 50 µL total serum volume 

and 5 µM DNA. Samples were incubated on a heat block for 24 hr at 37 °C and then 10 µL of 

sample was loaded onto a gel alongside pure, unincubated controls.  
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Chapter 4 Using Antisense DPAs to 

Knockdown MDR1 and Restore 

Sensitivity to Doxorubicin in Cancer Cells 

4.1 Introduction 

Regulating gene expression in cells not only serves to provide opportunities to study 

basic cellular behavior, but also expands the possibility of disease treatments across a broad 

range of maladies. In the late 1970s, researchers discovered that DNA was capable of arresting 

mRNA translation in yeast extracts. Since then, using nature's own design in the form of 

oligo(deoxy)nucleotides to disrupt, enhance, or otherwise alter the outcome of gene expression 

has been an active area of research.1 One prominent strategy to influence the pathway of genetic 

flow is to modulate intracellular mRNA levels via antisense interference mechanisms.2–4 

Despite the potential of antisense therapy, precise and efficient knockdown of genes by this 

approach has been largely unachievable in clinical settings. Problems such as toxicity, off target 

effects, and delivery complications have prevented the widespread use of these therapeutics in 

the clinic.5–10 In fact, only three antisense drugs have been FDA approved in the United States 

of America to date.11–14 

Delivery bottlenecks remain one of the largest barriers to success for antisense 

therapeutics.15 Cells are highly resistant to taking up foreign genetic material to prevent 

infection by pathogen DNA or RNA. In vitro, genetic material may be delivered to the cytosol 

by microinjection, electroporation, or permeabilizing the membrane with chemical reagents;9 

but these approaches are typically harsh on cells and restricted to cell culture. Delivery 
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strategies that can bridge the gap between petri dish and whole organism include making 

complexes with cationic polymers, packaging nucleotide payloads into viruses, or assembling 

the DNA into 3D structures like spherical nucleic acids (SNAs) and DNA polymer assemblies 

(DPAs).16 Cationic polymers and liposomes have gained traction due to their ability to complex 

with DNA (and RNA) electrostatically and enhance the uptake of oligodeoxynucleotides while 

promoting endosomal escape.17 However, many commonly used cationic polymers, such as 

polyethyleneimine, are reported to be toxic in cells.18,19 Viral-vector mediated delivery obviates 

the need for cytotoxic reagents, such as polymers and lipoplexes, however immunogenicity, 

off target effects, limited payload size, and in one reported case, a fatal result in human trials 

has resulted in heightened caution surrounding vector employment as a gene delivery agent. 20–

24 DNA nano-assemblies represent a relatively new approach for the delivery of genetic 

materials in cells, tissues, and organisms and overcome many of the barriers presented by other 

delivery methods. Several strategies for delivering DNA into cells using nanostructures is 

depicted in Figure 4.1.  
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Figure 4.1. Examples of Common Non-Viral DNA Nano-Carriers for Cellular Delivery. 

 

DNA nanoparticles have emerged as a promising way to deliver intact, functional 

genetic material to cells without the need for chemical modification or additional transfection 

agents. A more detailed description of what is known and yet to be discovered about how they 

are taken up in cells will be discussed in Chapter 5. In one application, antisense-conjugated 

gold nanoparticles were able to enter mouse endothelial cells and knock down expression of 

EGFP.25 Locked nucleic acid (LNA)-DNA polymer assemblies have also demonstrated the 

ability to enter cells on their own and subsequently reduce mRNA expression of the survivin 

gene in HeLa cells.26 Other forms of single-component nanoscale delivery methods like as 

DNA nanocages are also able to enter cells.27 A specific example of this utilized triangular 

DNA origami to passively target and deliver doxorubicin to tumor tissue in vivo, however in 
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this example the DNA was used as a carrier, and not as functional genetic material for gene 

regulation itself.28  

Once antisense material has entered the cell, many possible targets exist for 

knockdown. In cancer, multi-drug resistance (MDR) is a recurring problem that can either be 

inherent to the tissue or acquired through treatment with chemotherapeutics.29 A specific 

protein responsible for many cases of MDR in cancer is permeability glycoprotein, also known 

as Pgp.30–32 Pgp is a transmembrane efflux protein in the ATP Binding Cassette (ABC) 

transporter family encoded by the gene MDR1, and is responsible for the efflux of xenobiotic 

compounds from the cytosol.33 Although MDR1 and Pgp are often used interchangeably in the 

literature to describe the encoding gene or the protein product, in this work, MDR1 will refer 

exclusively to the gene, while Pgp will denote the protein itself. Pgp overexpression results in 

resistance to a number of known cancer therapeutics, including paclitaxel, docetaxel, and 

doxorubicin.32 Since its discovery in 1976 by Juliano et. al., knockdown and inhibition of the 

Pgp have been a major theme in combatting MDR in cancer tissue.34,35 Our objective was to 

demonstrate that DPA particles could effectively deliver functional, antisense oligos to cells 

overexpressing Pgp and resensitize them to the chemotherapeutic doxorubicin, without the 

need for expensive modifications like LNA.  

4.2 Design and Synthesis of DPAs 

We aimed to expand the scope of our DPAs to relevant therapeutic targets in cancer by 

demonstrating their effect on the gene product of MDR1. Previous knockdown experiments 

with DPA materials against the survivin gene in cancer cells made use of locked nucleic acids 

(LNAs), which are prohibitively expensive to synthesize on large scale.26 Therefore, our 

secondary goal was to demonstrate effective antisense activity using unmodified DPAs. The 

antisense oligodeoxynucleotide sequence against MDR1 has been optimized by Juliano and 
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coworkers as the 20-nucleotide sequence 5’- CCA TCC CGA CCT CGC GCT CC.16 We 

designed two sets of antisense and control (scramble) DPAs using either fluorescein or cyanine 

5 labels to track internalization (Table 4.1). Fluorescein was chosen as the fluorescent tag due 

to its availability as a thymidine modified phosphoramidite and high quantum yield. However, 

fluorescein suffers from poor signal-to-noise ratio in many biological settings due to significant 

autofluorescence of biological samples in the blue-green range. It is also pH sensitive, therefore 

depending on the mechanism of cell entry, signal may be reduced even though material is 

entering cells.36 For example, endosomes may have a pH as low as 5, dampening the 

fluorescence of the dye significantly.37 Therefore, we also synthesized cyanine 5 (cy5) labeled 

materials. NIR dyes such as cy5 have gained traction over the last decade due to their peak 

emission at far red wavelengths which is outside of cellular and tissue  autofluorescence.38 

Furthermore, the dyes are less susceptible to pH, making them ideal for measuring uptake in 

cells and tissues. Antisense sequences were designed to contain the optimized sequence for 

MDR1 knockdown, with dye labels placed towards the 3’ end of the sequence. The control 

sequences were designed as scrambled versions of the antisense oligos (nonsense).  

Additionally, these sequences were BLASTed against a human mRNA library to ensure no 

overlap with known sequences. This was done to limit any potential off-target effect of the 

control sequence.  A 9-nucleotide spacer was placed between the antisense or scramble 

sequence and the hydrophobic polymer in order to limit the influence of the core/corona 

interface on effective hybridization. Sequences are provided in Table 4.1.  

Table 4.1 Sequences of AS and NS DPAs.  

 Sequence 
AS1 5’- TTT AAA TTT CCA TCC CGA CCT CGC GCT CCT FAMdT T 
NS1 5’- TTT AAA TTT TCA CCA CGC TCC GGC CCT CCT FAMdT T  
AS2 5’- TTT AAA TTT CCA TCC CGA CCT CGC GCT CCT Cy5 T 
NS2 5’- TTT AAA TTT TCA CCA CGC TCC GGC CCT CCT Cy5 T 
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 The sequences from Table 4.1 were synthesized in house and modified on the 5’ end 

with a C12amino modifier for conjugation with the phenyl homopolymer, as described in 

Chapter 3. Characterization of the fluorescein labeled and cyanine labeled sequences and 

micelles are provided in Figure 4.2 and Figure 4.3, respectively. It should be noted that DLS 

of the cyanine labeled particles was not measured, as cyanine 5 absorbs the wavelength of the 

DLS laser, resulting in limited scattering. However, both TEM and denaturing PAGE of the 

purified particles support that they are spherical and on the same scale as previously reported 

DPAs.  

 

 

Figure 4.2 Characterization of Fluorescein Labeled Micelles. A. HPLC of sequence AS1 and NS1. Mass 
of the major peak determined by MALDI is sown on the trace. B. DLS and TEM of resulting micelles. 
C. Denaturing PAGE of micelles before (crude) and after (pure) SEC-FPLC purification, stained with 
EtBr. Ultra low-range ladder is shown in the far left lane.  
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Figure 4.3 Characterization of Cy5 Labeled Micelles. A. HPLC of sequence crude AS2 and NS2. Mass 
of the major peak as determined by MALDI is sown on the trace. B. TEM of resulting micelles. C. 
Denaturing PAGE of micelles after SEC-FPLC purification, stained with EtBr. Ultra low-range ladder 
is shown in the far left lane. 

 

4.3 Uptake of Material in Cells 

In order for our DPAs to be effective at regulating expression of MDR1, the material 

must first efficiently enter cells. We chose the MDR1 over-expressing cancer cell line KB-V1 

to test uptake and subsequent knockdown efficacy of our DPAs. We were interested to see if 

the DPAs would associate with and enter cells in a comparable fashion to previously studied 

LPAs, and whether the dye label would hold any influence over their efficiency in cell 

penetration and gene regulation.  
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4.3.1 Uptake of Antisense and Nonsense DPAs in KB-V1 Cells 

Cells were incubated with various concentrations of the AS1 and NS1 micelle 

formulations to determine association of the material with KB-V1s by flow cytometry. 

Previous work with fluorescently labeled DPAs has demonstrated that incubation for 30 

minutes is sufficient for cells to begin taking up the material, so for our purposes we 

investigated incubation times from 45 min to 3 hr to optimize uptake of the fluorescein-DPAs. 

Flow cytometry data of cells incubated with DPAs at increasing concentration and incubation 

time are shown in Figure 4.4.  

   

 

Figure 4.4 Association of AS1 and NS1 DPAs with KB-V1 Cells Determined by Flow Cytometry.  

 

Initially, we incubated KB-V1 cells with 200 nM DPA for 45 min before analysis by 

flow cytometry.  In this instance, only a two-fold increase in fluorescence was observed relative 

to the non-treated control. We hypothesized that increasing incubation time and concentration 

may increase association and uptake; however, upon incubation with 500 nM DPA for three 

hours, no significant increase in cellular fluorescence was observed compared to 200 nM. In 

several reported cases, the cellular internalization of nanoscale material is mediated by various 

endocytotic pathways.39 We rationalized that perhaps the relatively low fluorescence increase 

of the cells may be due to the quenching of the fluorescein label in the acidic endosomal 

environment, and not a result of poor uptake. To demonstrate that these materials were in fact 
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internalizing into cells, we incubated a higher concentration (5 µM) of AS1 and NS1 with KB-

V1s and analyzed the cells by live cell confocal imaging (Figure 4.5).  

 

 

Figure 4.5 Live-Cell Confocal Image of AS1 and NS1 Treated KB-V1 Cells. Micrographs are presented 
as the maximum intensity projection of the z-stack at 100X magnification.  

 

Live-cell confocal images of the 5 µM AS1 and NS1 treated KB-V1 cells showed 

fluorescein signal within the cells, and around the membrane of some cells, suggesting the 

DPAs do in fact associate and internalize. However, the requirement to treat cells with high 

concentrations (5 µM) to measure a significant signal by microscopy led us to question whether 

a different fluorescent label, such as cyanine 5, might afford better signal at lower doses.  

We next incubated KB-V1 cells with various concentrations of the cy5 labeled AS2 

and NS2 DPAs for two hours and measured association of cells with DPAs by flow cytometry 

(Figure 4.6).  
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Figure 4.6 Association of AS2 and NS2 DPAs with KB-V1 Cells Determined by Flow Cytometry. 

 

Overall, we saw much higher association of the cy5 labeled DPAs with KB-V1 cells 

by flow cytometry than the fluorescein labeled micelles. Whereas we saw a two-fold increase 

of fluorescence for AS1 and NS1 treatments at 200 nM and 500 nM DPA, there was a 

comparable increase in cy5 fluorescence at just 0.2 nM AS2 or NS2, roughly a thousand-fold 

less material than the fluorescein labeled DPAs.  Increasing the concentration to 2 nM DPA 

resulted in an even greater increase in cy5 fluorescence, with AS2 and NS2 treated cells 

exhibiting ten-fold higher signal than the untreated KB-V1s. Increasing the concentration 

further to 100 nM resulted in a 30 – 40-fold increase in signal over untreated cells. To ensure 

the observed increase in fluorescence was due to internalization of material and not a result of 

association with the cell membrane, we looked at cells incubated with 100 nM AS2 and NS2 

by live-cell confocal microscopy (Figure 4.7).  
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Figure 4.7 Live-Cell Confocal Image of AS2 and NS2 Treated KB-V1 Cells. Micrographs are presented 
as the maximum intensity projection of the z-stack at 60X magnification. 

 

It is apparent from the confocal images of AS2 and NS2 treated KB-V1 cells that the 

fluorescence signal from cy5 is due to internalization and not membrane association of the 

material, indicating that these DPAs are successfully entering the cells. Interestingly, the cy5 

DPAs required much lower concentrations for observable uptake than the fluorescein 

analogues. This may be due to the uptake pathway of the material quenching the fluorescein 

label on the AS1 and NS1 DPAs resulting in lower signal. We also entertained the possibility 

that the cy5 DPAs were being internalized at a higher rate than that of the fluorescein micelles. 

Intrigued by this result, we designed a simple cell association assay with three identical DPAs 

differing only by the identity of their fluorescent label to probe the dye dependence of 

association. 

4.3.2 Dye Dependence of DPA-Cell Association 

To investigate the dye dependence of cell association further, we designed and 

synthesized three DPAs with identical sequences and various fluorescent labels (Fluorescein 
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DPA, TAMRA-DPA, and Cy5-DPA). These were incubated with HeLa cells and the resulting 

DPA-cell association was determined by flow cytometry. HeLa cells are widely used in 

biological assays as a model for cancer in vitro, and are the origin cell line for the KB-31 and 

KB-V1 cell lines. Therefore, we rationalized that HeLas would be an appropriate cell line for 

testing dye-dependent uptake of DPAs for our system and more broadly as a general trend.  

 

 

Figure 4.8 TEM of DPAs for Dye Dependence Study. 
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Figure 4.9 Dye Dependent DPA Association with HeLas. DPAs labeled with fluorescein (FAM), 
TAMRA, or Cy5 were incubated with HeLa cells for 2 hours at 100nM and the increase in fluorescence 
relative to vehicle control was determined by flow cytometry. DPA sequences and dye structures (color 
coded) are shown to the right of the flow cytometry data.  

 

TEM micrographs of the three DPAs are shown in Figure 4.8. From the images, we 

can observe they maintain a spherical, ~20 nm structure regardless of dye label identity. After 

incubating these materials with HeLa cells (Figure 4.9), it appears that cyanine labeled DPAs 

show much higher signal than their fluorescein or TAMRA labeled counterparts at the same 

concentration, echoing the same phenomenon observed for the AS/NS1 and AS/NS2 particle 

systems. It is difficult to conclude if this is due to enhanced uptake of the material or simply an 

artifact of the instruments used to measure fluorescence. Given the dye was positioned at the 

outermost edge of the DPA corona, we reasoned the fluorophore may influence uptake rates 

and mechanism of the DPAs, perhaps due to the different charges of the dyes. Either way, we 

were interested in exploring this phenomenon further, therefore we turned back to our AS and 

NS DPAs to measure effectiveness of the different dye labeled materials as antisense agents as 

a measure of their uptake.  
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4.4 Re-sensitization of Cancer Cells to Doxorubicin 

In the previous section, we determined that both fluorescein labeled and cyanine 

labeled DPAs were able to enter cells. Our next question was whether the material would retain 

antisense function in MDR1 over-expressing cells. KB-V1 is a multidrug resistant subclone of 

the KB-31 cell line, originally derived from HeLa cells. In our hands, KB-V1s exhibit a ~100-

fold increase in doxorubicin resistance relative to the parental KB-31s (Figure 4.10).  

 

 

Figure 4.10 IC50 of Doxorubicin in KB-31 and KB-V1 Cells.  

 

To test the effectiveness of our antisense particles against MDR1, we incubated the 

cells with the antisense DPAs. If the Pgp protein was effectively knocked down, we expected 

to see a reduction of the doxorubicin IC50 value, corresponding to a loss of MDR. Cells were 

incubated with 1 µM AS1 and NS1 labeled with fluorescein and subsequently treated with 

doxorubicin to assess sensitivity to the chemotherapeutic (Figure 4.11).  
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Figure 4.11 IC50 of Doxorubicin in AS1 and NS1 Treated KB-V1 Cells.  

 

After treatment with the antisense particles, doxorubicin IC50 was reduced ~ 50-fold, 

approaching the sensitivity of the parent (KB-31) cell line. This supported that the fluorescein 

labeled micelles, although difficult to detect by fluorescence in flow cytometry, were being 

delivered into the cells and disrupting the production of Pgp.   

During uptake studies for AS/NS1 and AS/NS2 DPAs, we noted that the cyanine 

materials (AS/NS2) were observable at much lower concentrations than the fluorescein tagged 

material. We postulated that perhaps the cyanine DPAs were more efficient at entering the 

cytosol than the fluorescein labeled material, and thus our first attempts at screening the 

knockdown capability of these DPAs were at a lower concentration than the fluorescein 

counterparts. We saw significant association as low as 2 nM, so for our first attempt at 

knockdown with AS2, we incubated cells with 10 nM micelle and tested the IC50 of doxorubicin 

(Figure 4.12).  
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Figure 4.12 IC50 of Doxorubicin in AS2 and NS2 Treated KB-V1 Cells. 

 

As expected, the NS2 particles showed very little deviation from the untreated KB-V1 

cells. What was unexpected, however, was the response of the AS2 treated cells. In this 

instance, it appears that there was no change in % survival at any doxorubicin dosage. What 

was also intriguing was the overall % survival of this treatment group hovered around 70 – 

80%. We hypothesized that the lack of response in the 10 nM AS2 treated cells may result from 

too few DPAs in the cytosol. We therefore increased the concentration 10-fold and tested 

sensitivity to doxorubicin again (Figure 4.13).  

 

 

Figure 4.13 IC50 of Doxorubicin in 100 nM AS2 and NS2 Treated KB-V1 Cells. 
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After increasing the micelle treatment to 100 nM, we began to see a decrease in the 

IC50 value of doxorubicin for the AS2 treated KB-V1 cells. As expected, the NS2 treated cells 

did not result in increased sensitivity to the drug. We anticipated that increasing the 

concentration of AS2 would result in a greater reduction of the IC50 of doxorubicin, however 

we were surprised to find that at 1 µM treatment of AS2, the toxicity of doxorubicin was 

minimally changed (Figure 4.14).  

 

 

Figure 4.14 IC50 of Doxorubicin in 1 µM AS2 Treated KB-V1 Cells. 

 

Although the cyanine DPAs appeared to enter the cells by fluorescence, we did not 

observe them to have as efficacious an antisense effect as the fluorescein materials. We reason 

that this may be due to the structure of the cyanine label, which acts as an unnatural backbone 

spacer in the oligodeoxynucleotide chain. The fluorescein analogue, on the other hand, is 

incorporated as a modified thymidine base. This may result in less perturbation of the DNA-

mRNA duplex in the cell, resulting in heightened antisense activity relative to the cyanine 

labeled DNA. We propose that inserting a nucleotide spacer between the antisense sequence 

and the cyanine may improve knockdown efficiency in future studies.  
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4.5 Conclusion 

We have explored the use of DPAs as antisense agents against the drug resistance gene 

MDR1. In the case of fluorescein labeled materials, effective resensitization of MDR1 

overexpressing cells to doxorubicin is possible using unmodified DNA (i.e., no LNA or 

chemically modified backbone) based nanoparticles. Interestingly, we observed that the dye 

label of the DPA appears to influence association of the micelles with cells in both HeLas and 

KB-V1 cells. Although the cyanine 5 labeled particles result in higher uptake signal, this does 

not correlate with increased function of the delivered genetic material in cellulo. However, 

although the cyanine particles were not demonstrated to knockdown Pgp by this author, it 

should be possible to increase the effect of these materials by altering the DNA sequence on 

the DPA corona, specifically by adding a nucleotide spacer between the dye label and the 

antisense sequence itself. In the future, we expect more DNA-based self-assembly materials to 

find use as antisense agents in a variety of settings.  

4.6 Materials and Methods 

Reagents were purchased from commercial sources and used without further 

purification. The norbornene-phenyl monomer, carboxylic acid chain transfer agent, and the 

initiator [(IMesH2)(C5H5N)2(Cl)2Ru=CHPh] were synthesized according to literature 

procedure.40–42 Polymerizations were performed in deuterated chloroform (CDCl3) under inert 

atmosphere (N2). Polymer dispersity and molecular weight was measured by SEC Phenomenex 

Phenogel 5u 10, 1k-75k, 300 x 7.80 mm in series with a Phenomenex Phenogel 5u 10, 10k-

1000k, 300 x 7.80 mm (0.05 M LiBr in DMF) using a Shimadzu LC-AT-VP pump equipped 

with a multiangle light scattering detector (DAWN-HELIOS: Wyatt Technology), a refractive 

index detector (Wyatt Optilab T-rEX), and a UV-vis detector (Shimadzu SPD-10AVP) 
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normalized to a polystyrene standard. Cross-metathesis with the carboxylic acid chain transfer 

agent was monitored by 1H NMR spectroscopy on a Varian Mercury Plus spectrometer (400 

MHz) by observing the downfield shift of the alkylidene proton. Chemical shifts are reported 

in δ (ppm) relative to the CDCl3 residual proton peak (7.27 ppm). TEM images were acquired 

on carbon grids (TED Pella, Inc.) on a FEI Tecnai G2 Sphera at 200 kV. Dynamic light 

scattering was measured using a Wyatt DynaPro Nanostar. DNA was synthesized on an 

Applied Biosciences (ABI) 394 automated synthesizer. Oligos were purified and analyzed 

using a RP-HPLC equipped with a Phenomenex Clarity 5u Oligo-RP (150 x 4.60 mm) column 

and a Hitachi-Elite LaChrom L-2130 pump with absorbance monitored by a UV-Vis detector 

(Hitachi-Elite LaChrom L-2420).  Oligo molecular weight was characterized by matrix assisted 

laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) (Bruker 

Daltronics Biflex IV). SEC-FPLC was performed using a HiPrep 26/60 Sephacryl S-200 High 

Resolution packed column with mobile phase of 50 mM Tris pH 8.5 on an Akta purifier 

(Pharmacia Biotech) running a P-900 pump and a UV-900 UV-Vis multi-wavelength detector. 

Denaturing gels were performed using a Bio Rad Criterion Mini-PROTEAN Tetra cell and 

hand-cast TBE-UREA gels (7% stacking, 15% separating). DPA-cell association and uptake 

were monitored via flow cytometry using an Accuri C6 flow cytometer set to default 

configuration and standard optics. Live cells were imaged on an Olympus FV 1000 confocal 

microscope. DNA concentration was determined by absorbance using a ThermoScientific 

Nanodrop 2000c. Cell viability was monitored using a CellTiter-Blue assay on a PerkinElmer 

HTS 7000 Plus Bio Assay Reader in 96-well format.  

4.6.1 Polymer Synthesis 

Phenyl monomer (N-benzene-cis-5-norbornene-exo-dicarboximide) (500 – 600 mg) 

was added to a dry Schlenk flask with stir bar charged with N2 and dissolved in 3 mL of dry 
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CDCl3. The initiator (1/20 molar ratio with respect to monomer) was dissolved dry CDCl3 in a 

separate flask under N2 and then transferred to the monomer solution using a cannulate. The 

polymerization was allowed to proceed for 20 minutes. A 50 uL aliquot was removed and 

quenched with ethyl vinyl ether for mass determination by SEC-MALS. To the remaining 

polymerization reaction, 2 equivalents (with respect to initiator) of the carboxylic acid chain 

transfer agent was added, pre-dissolved in 0.5 mL DMF. An aliquot of this reaction was 

transferred to a J Young NMR tube to monitor metathesis by 1H NMR. Upon completion (45-

60 min), excess ethyl vinyl ether was added to quench the catalyst. The polymer was 

precipitated in cold MeOH three times, then dissolved in DCM and centrifuged to pellet out 

the insoluble excess chain transfer agent. The supernatant was concentrated to dryness and run 

on a silica column (mobile phase 4% MeOH in DCM) to purify. Fractions containing the 

polymer product were combined and concentrated to dryness.  

4.6.2 DNA Synthesis 

DNA was prepared using standard cyanoethyl phosphoramidite chemistry on a 1000 

Å CPG column (Glen Research) on a 1 µmol scale. Phosphoramidite monomers (bz-dA-CE 

#10-1000-10, Ac-dC-CE #10-1015-10, dmf-dG-CE #10-1029-10, and dT-CE #10-1030-10) 

were purchased from Glen Research and dissolved in dry ACN. Dye labels (Fluorescein-dT-

CE #10-1056-90, Cyanine 5 Phosphoramidite #10-5915-95, TAMRA-dT-CE #10-1057-95) 

were purchased from Glen Research and dissolved in dry ACN for incorporation into sequences 

using the automated synthesis cycle. The TAMRA phosphoramidite was dissolved in 10% THF 

in acetonitrile (dry) and coupled onto the oligonucleotide using the syringe method (described 

in brief in the previous chapter). Synthesis was accomplished using activator 4,5-

Dicyanoimidazole (Glen Reasearch cat. #30-3150-52), 0.02 M iodine in THF/pyridine/water 

(Glen Research cat. #40-4330-52) as the oxidizer, 3% Trichloroacetic acid (Glen Research #40-
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4140-57) as the deblocking solution, and capping mixtures THF/Pyridine/Ac2O (Glen Research 

cat #40-4110-52) and 16% 1-Methylimidazole in THF (Glen Research cat #40-4220-52). A 5’- 

amino modifier (Glen Research cat. #10-1912-90) was coupled onto the end of each sequence 

for conjugation with the polymer. Aliquots of each sequence (2-5 mg) were cleaved from the 

solid support and deprotected for analysis. The MMT protecting group of the amino modifier 

was left intact. Aliquots of the fluorescein labeled sequences were cleaved/deprotected using ~ 

200 µL of 1:1 methyl amine:ammonia at 65 °C for five minutes, followed by dilution to 1 mL 

in ultrapure water and centrifugation to remove the CPG beads. Aliquots of cyanine sequences 

were deprotected in ~200 µL concentrated ammonia for 36 hr at room temperature followed 

by dilution to 1 mL in ultrapure water and centrifugation to remove the CPG beads. TAMRA 

sequences were deprotected using 1:3 tBuNH2:H2O at 60 °C for 6 hr followed by dilution to 1 

mL in ultrapure water and centrifugation to remove the CPG beads. The supernatants were 

concentrated to 200 µL.  

4.6.3 HPLC of Oligos  

Modified sequences were purified by RP-HPLC using a binary gradient of buffer A: 

10% MeOH, 90% 50 mM TEAA pH 7.1 and buffer B: 100% MeOH. Traces were monitored 

by absorbance at 260 nm. The MMT protecting group from the amino modifier was left on the 

sequences to increase retention time of the product peak, which was collected and concentrated 

to 10-20 µL.  

4.6.4 MALDI-TOF of Oligos  

Samples were prepared by desalting using C18 Ziptips (Millipore, cat #Z720046) and 

eluted directly onto the MALDI target plate from a solution of 2’,4’,6’- 

Trihydroxyacetophenone (269 mM) and ammonium citrate (51 mM) in 1:1 ACN:H2O. This 

elution was spotted onto a pre-dried, 1 µL spot of 3-hydroxypicolinic acid (719 mM) in 



128 

 

acetonitrile. MALDI-TOF was measured in linear, negative ion mode calibrated externally to 

two sequences purchased from Integrated DNA Technologies (5’-TTT AGA GTC ATG TCC 

AGT CAG TG, 7069.6 g/mol and 5’- TAT TAT ATC TTT AGA CAC TGA CTG GAC ATG 

ACT CT, 10695.0 g/mol). Calculated masses of MMT-off sequences synthesized in house are 

(g/mol): AS1 and NS1: 10387.13; AS2 and NS2: 10409.25. 

4.6.5 Synthesis of amphiphiles and assemblies  

30 mg polymer was dissolved in 100 µL dry DMF. DIPEA (5 µL) was added to the 

polymer solution to deprotonate the carboxylic acid. HATU (0.9 equivalents with respect to 

the polymer) was added to the polymer solution and allowed to activate for 10 minutes. 

Meanwhile, the amino-modified DNA on solid support was detritylated on the synthesizer by 

washing the beads with DCM for 30 s followed by 120 s with TCA. Bright yellow trityl was 

seen coming off the column. Additional 30 s rinses with TCA (1-2x) were performed until no 

yellow color was visibly released from the column. Detritylated oligo was then rinsed again 

with DCM for 30 s followed by drying for 60 s under a stream of argon. The CPG beads were 

then removed from the column and added to the activated polymer solution in a microcentrifuge 

tube and allowed to react for 2 hr at room temperature while shaking on a vortexer. Beads were 

centrifuged and the polymer solution supernatant was removed. Beads were washed 3x with 1 

mL DMF by centrifugation. A freshly activated solution of polymer (prepared in identical 

fashion as above) was added to the washed beads for a second reaction, and allowed to shake 

overnight on the vortexer at room temperature. The conjugated CPG was then washed by 

centrifugation as described above. On the last wash, the beads were returned to the column and 

rinsed with 15 mL DMF followed by 15 mL DCM to remove any unreacted polymer. After 

drying under argon, the beads were transferred to 1.5 mL twist-top vials and deprotected with 

0.5 mL 1:1 methylamine:ammonia at 65 °C for 5 min (fluorescein labeled conjugate), 0.5 mL 
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concentrated ammonia at room temperature for 36 hr (cyanine labeled conjugate), or 0.5 mL 

1:3 tBuNH2:H2O at 60 °C for 6 hr (TAMRA labeled conjugates). The deprotected product was 

then filtered away from the beads by passing the solution through packed glass wool in a glass 

Pasteur pipette and washed with H2O (2.0 mL), DMSO (2.0 mL), formamide (2.0 mL), H2O (3 

mL), and DMSO (1.0 mL). The filtrate was then dialyzed overnight into nanopure H2O using 

10,000 MWCO snakeskin dialysis tubing (Thermo Scientific), changing the water once. The 

dialyzed product was then concentrated under reduced pressure at 55-65 °C to 1 mL. 

4.6.6 Purification of DPAs  

Crude micelles were injected on SEC-FPLC and separated from residual unconjugated 

DNA. Micelles were purified using an isocratic buffer system of 50 mM tris, pH 8.5 at a flow 

rate of 1.8 mL/min. The trace was monitored by absorbance at 260 nm (DNA) and either 492 

nm (fluorescein), 556 nm (TAMRA) or 646 nm (Cy5). The micelle peak (54-minute retention 

time) was collected and dialyzed into H2O overnight using 10,000 MWCO snakeskin dialysis 

tubing (Thermo Scientific), changing the water once. Purified micelles were concentrated 

under reduced pressure at 55-65 °C to 1 mL, centrifuged for 5 min at 120k RPM to remove any 

dust or aggregates, and filtered through a 0.22 µm PES or PTFE syringe tip filter. 

4.6.7 Denaturing PAGE of micelles  

1 mm polyacrylamide gels (1X TBE, 8 M Urea) were hand-cast at 15% acrylamide 

(separating) - 7% acrylamide (stacking) and loaded with ~200 pmol DNA in 1X TBE-Urea 

loading buffer (Bio-Rad cat. #1610768) in 10 µL total sample volume. 1.5 µg GeneRuler Ultra 

Low Range DNA Ladder (Thermo Fisher Scientific cat. #SM1213) was also loaded and run on 

the gel to determine the relative weight of sample DNA bands. Gels were run at 175 mV until 

the lower dye from the loading buffer (bromophenol blue) had migrated ~3/4 down the length 



130 

 

of the plate (ca. 45 min). Gels were stained in 1µg/mL ethidium bromide solution and imaged 

using preset EtBr filters and settings and a 60–120 s exposure.  

4.6.8 Transmission Electron Microscopy  

Samples were prepared for TEM by glow-discharging microscopy grids 

(formvar/carbon-coated, 400 mesh copper, Ted Pella #01754) at 20 mA for 90 seconds using 

an s4 Emitech K350 glow discharge unit, followed by treatment with 3.5 µL 250 mM CaCl2. 

The salt solution was immediately wicked away and replaced by 3.5 µL DPA sample, which 

was allowed to set on the grid for 10 minutes. The excess sample was washed away with three 

drops of glass distilled H2O and then stained by passing 3 drops of 1% w/w uranyl acetate over 

the sample. Excess liquid was removed from the grid by blotting away with filter paper. 

Samples were then loaded onto the microscope for dry state imaging.  

4.6.9 Cell Culture  

KB-V1 (#ACC 149) and KB-31 (#ACC 158) cells were purchased from DSMZ. HeLa 

(ATCC® CCL-2™) cells were purchased from ATCC. Cells were cultured at 37 °C and 5% 

CO2 in phenol-red containing Dulbecco’s Modified Eagle Medium (DMEM) (Gibco Life 

Tech., cat. #11960-044) supplemented with 10% fetal bovine serum (OmegaScientific, cat. 

#FB02), and 1X concentrations of L-glutamine (Gibco Life Tech., cat. #35050−061), and 

penicillin/streptomycin (Corning Cellgro, cat. #30-002-C1). To the KB-V1 media, vinblastine 

(500 ng/mL) was also included in the complete medium. Cells were grown in T25 culture flasks 

and passaged at ~75-90% confluency every 3-5 days.  

4.6.10 Monitoring DPA-Cell Association by Flow Cytometry  

KB-V1 cells or HeLa cells were plated at a density of 20,000 cells per well in a 24-

well plate (Corning Cellgro, cat. # 351147) the day before treatment. Three wells per treatment 
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condition were plated and prepared. Immediately prior to incubation with DPAs, the media was 

aspirated and cells were washed once with warm DPBS. Treatments were added at indicated 

concentrations in Opti-MEM reduced serum media (Thermo Fisher Scientific, Ca. #31985070) 

at 500 µL per well. Treatments were incubated at 37 °C in 5% CO2. The treatment solution was 

then removed, and cells were washed three times with warm DPBS. 250 µL of 0.25% trypsin 

EDTA (Gibco Life Tech., cat #15090−046) was added to each well for 5 min to release cells, 

then 500 µL medium was added. The cells were transferred to 1.5 mL microcentrifuge tubes, 

centrifuged to pellets and resuspended in 250 µL ice cold DPBS. Flow data was collected on 

10,000 events per well with fast fluidics (66 uL/min). Data is reported as the mean fluorescence 

of the treatment group normalized to the mean fluorescence of the vehicle control, yielding a 

measure of fold-fluorescence increase.  

4.6.11 Live-Cell Confocal Microscopy  

KB-V1 cells were seeded at 80,000 cells per well in a 35 mm glass-bottom petri dish 

sectioned into four quadrants. Prior to seeding cells, the glass bottom was pre-treated with poly-

d-lysine for 15 minutes. Cells were washed once with warm DPBS prior to incubation for 2 hr 

with micelles in Opti-MEM. After treatment, cells were washed once with warm DPBS. Nuclei 

were stained with Hoechst staining solution (Thermo Fisher Scientific, cat. #H1399) by 

following the manufacturer protocol. Briefly, staining solution (1:2000 dilution of stock 

solution in PBS) was added to the cells until just covered, and incubated for 10 minutes under 

foil to protect from light. The staining solution was then removed, and cells were rinsed once 

with DPBS. 500 µL warm live cell imaging solution (ThermoFisher, cat. #A14291DJ) was 

added to each quadrant, and cells were imaged on an Olympus FV 1000 microscope with a pre-

warmed stage set to 37 °C and covered with a chamber delivering 5% CO2.  
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4.6.12 Cell Viability and IC50 Assays  

The IC50 of doxorubicin was determined by using the CellTiter-Blue assay (Promega, 

cat. #G8081), which measures the reduction of resazurin by living cells to resorufin via 

fluorescence of the reduced product. KB-31 or KB-V1 cells were seeded in 96-well plates at a 

density of 10,000 cells/well one day before treatment. Stock solutions of doxorubicin were 

prepared in sterile, ultrapure H2O using serial dilutions of doxorubicin dissolved in 1:1 

H2O:DMSO at 10,000 mg/mL. 1-5 µL of the appropriate doxorubicin solution was added to 

the wells in 100 µL media and incubated at 37 °C for two days. After incubation, cells were 

rinsed once with DPBS and 100 µL of phenol-red free media was added with 20 µL CellTiter-

Blue reagent. Cells were incubated for two hours at 37 °C and then the fluorescence of the 

wells was measured on a plate reader with excitation at 560 nm and emission measured at 590 

nm. Data collected was normalized by subtracting the value of cell-free wells with media and 

reagent only. Fluorescence values were then presented as a percentage of the doxorubicin free 

control. In the case of micelle-treated cells, wells were first incubated with micelles in Opti-

MEM over two consecutive 6-8 hour treatments over two days, then treated with various 

concentrations of doxorubicin as described above.  
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Chapter 5 Developing Genome Wide Screens 

for Elucidating the Mechanism of 

Nanomaterial-Cell Interactions 

5.1 Introduction 

Over the last decade, more than a billion dollars (US) has been invested in the 

development of therapeutic nanotechnologies in the context of cancer alone.1 Despite a wide 

range of approaches developed for interfacing with biology at the nanoscale, relatively few 

nanotherapies or diagnostics have successfully been implemented in the clinic.2,3 One of the 

major bottlenecks in the rational design of effective nanotherapies is a lack of understanding 

about specific mechanisms for nanoparticle uptake in cells and tissues. It is generally assumed 

that most inorganic and soft nanoparticles are endocytosed by cells after interactions with one 

or more receptors on the cell membrane.4 However, despite a few concrete examples, the 

specifics of nanoparticle uptake and their relationship to surface chemistry, charge, plasticity, 

etc. are heavily convoluted.5  

Currently, one of the most commonly employed strategies to determine uptake 

pathways into cells is inhibition of known endocytosis mechanisms using small molecules.6 

While these screens do serve to elucidate the picture of uptake in broad strokes, inhibitor assays 

are limited in scope and inherently biased towards a handful of known pathways. Coupled with 

inhibitor screens, a more thorough analysis of nanoparticle-receptor interactions may be probed 

by knocking down specific gene products using RNA interference or antisense approaches. For 

example, after conducting inhibitor assays and siRNA knockdown experiments, Mirkin and 
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coworkers noted that the uptake pathway for gold-DNA nanoparticles likely involves class A 

scavenger receptor mediated endocytosis.7,8 Using inhibitors and knockdown as an iterative 

mechanism for probing cell uptake is useful when the material in question falls into a known 

pathway, however this approach breaks down when pathways deviate from what is known in 

the literature. With more than 6,000 genes encoding membrane proteins in the human genome, 

it is likely that key interactions at the cell surface are being missed.9  

Recently, it has been noted that one of the largest groups of transmembrane proteins in 

the human genome, the solute carrier proteins (SLCs), are categorically one of the most 

understudied proteins.10 Despite more than 400 SLC members, very little is known about the 

function or expression of these proteins in the body. What members are known have significant 

implications in a wide range of diseases, from diabetes to irritable bowel disorder.11   

Importantly, this family of proteins is rarely, if ever, included in inhibition or knockdown 

assays for nanoparticle uptake. We therefore reasoned that a broader strategy was required to 

determine nanoparticle uptake mechanisms that may include lesser known receptors and 

transporters like SLCs. 

Five years ago, CRISPR/Cas9 emerged as a programmable tool to edit the genome of 

eukaryotic cells and organisms.12 Two years later, genetic screens using RNA-guided Cas9 to 

generate genome-scale knockout libraries was developed to probe gene-function 

relationships.13   Unlike the aforementioned inhibitor assays and siRNA knockdown screens, 

genome-scale CRISPR/Cas9 knockout (GeCKO) generates individual gene knockouts across 

the entire human genome that can be screened in an unbiased, high throughput fashion against 

phenomena such as uptake and trafficking. With GeCKO, we aimed to unclog the nanotherapy 

bottleneck by elucidating the genetic landscape governing cell-nanomaterial interactions. We 

envisioned this approach would pave the way for determining nanotherapeutic and 

nanodiagnostic design rules to aid in the innovation of new programmed technologies. 



139 

 

Specifically, we were determined to uncover the mechanism of DNA polymer assembly (DPA) 

entry into eukaryotic cells. In our hands, DPA uptake did not participate in an uptake pathway 

easily determined by inhibitor assays in prior studies with inhibitors.14 We therefore took this 

opportunity to discover a new uptake mechanism using the GeCKO screen and, more 

importantly, demonstrate that a genome-wide approach using GeCKO could be used to uncover 

the relationships between materials and biology more broadly.  

5.2 Design of the Genome-Wide Uptake Screen 

Our objective for this study was to demonstrate the applicability of GeCKO at the 

interface of material design and biology, bridging the gap between genetics and materials 

science. Specifically, we were interested in probing the uptake mechanism of DPAs in cells 

and how this mechanism was influenced by the chemical properties of the micelle. We designed 

a library of fluorescently labeled DPAs for the uptake screen. Once a library of cells bearing 

gene knockouts was treated with the material, cells that took up the DPAs could be sorted based 

on fluorescent signal (Figure 5.1). For this study, we chose to collect cells that lost the ability 

to take up DPAs as a result of the knockout by harvesting the lowest fluorescent population 

after being incubated with the labeled DPAs and determining the identity of the gene(s) 

responsible. Our theory was that this technique would allow us to determine the genetic 

underpinnings of material uptake in an unbiased, high throughput fashion.  

Additionally, to discover whether a specific modification or dye had influence on 

uptake, we designed a range of micelles with different corona identities including the position 

of the dye (terminal vs. buried), the identity of the dye (fluorescein vs. Cyanine), and terminal 

corona chemistry such as the “stealth” nanoparticle coating, PEG, and removing the terminal 

hydroxyl group of the corona ribose using a dideoxy thymidine. These additional micelle 

chemistries are being explored in current and future studies with the GeCKO screen in our 
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group. Our intention was to determine if this technique could uncover the material-cell 

interactions necessary for uptake, and whether we could tease out differences based on micelle 

chemistry.  

 

 

Figure 5.1 Design of Genome Wide Uptake Assay. A GeCKO knockout library of cells is treated with 
DPA and sorted by FACS. The low fluorescence population of cells is collected and cultured. The 
genomic DNA of the cells is harvested and the guide RNA content is amplified by PCR and sequenced 
to identify the knockout.  

 

5.2.1 Design and Preparation of DPAs 

The DPA discussed in the uptake experiments below is an antisense-GFP DNA 

displaying micelle with a cyanine 5 (cy5) dye positioned 3 bases in from the 3’ terminus 

(DPA1). Other DPAs were also designed and synthesized for future uptake screens to probe 

the influence of sequence, dye label, and “stealth” modification on the uptake profile of DPAs. 

Prior work has shown that DPAs readily enter cells over their free DNA counterparts, but it is 

less clear is how they are able to do so.14,15 Given the high anionic character of these micelles, 
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it is not predicted that they would easily traverse the cell membrane, as most human cells have 

negative zeta potentials in biological environments.16  Nonetheless, upon incubation in vitro, 

DPAs readily enter a variety of cell types.14 We designed several DPA particles aimed at 

exploring the influence of DPA corona chemistry on uptake (Figure 5.2).  

 

 

Figure 5.2 Design of DPAs for Genetic Screen. A. Structure of the polymer-DNA amphiphile and 
resulting DPA. B. Structures and sequences of DPA1-5. C. Dye labels, spacers, and complementary 
sequences are shown.   

 

We explored DPA1 for our first genetic screen due to it being closely related to other 

DPA designs used in previous antisense and uptake work with this class of material. The 

cyanine dye was chosen because it emits in the NIR range with little background fluorescence 

from cellular debris.17 The dye was buried three nucleotides in from the outermost position of 

the corona to limit the interaction between the dye and the cell. We also designed a fluorescein 
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analogue to DPA1, DPA2, with a fluorescein-dT in the position of the cy5 label in DPA1. This 

was synthesized as a dye label control to probe the relative influence of label identity on uptake. 

DPA3 has the cyanine dye placed at the outermost position of the corona and was designed to 

probe the importance of the outermost base in the interaction profile of the cell with the DPA. 

Similarly, DPA4 was introduced to explore the necessity of the native 3’-OH group at the 

terminal end of the corona chain by replacing the 3’-dT nucleotide with a 5’-ddT. Finally, 

DPA5 explores the role of PEGylation on micelle uptake. It is commonly cited that PEG 

reduces opsonization of proteins on a nanoparticle surface, and helps nanoparticles evade 

uptake by macrophages. We were interested in whether this modification would impart a 

reduction in uptake of our materials overall, or if the mechanism of uptake would be altered. 

Importantly, the PEG and ddT complements used to generate DPAs4-5 were also 

complementary to DPA2, meaning DPAs4-5 could function as cyanine or fluorescein labeled 

micelles.  

DPAs1-3 were synthesized, purified, and characterized by TEM and gel 

electrophoresis (Figure 5.3).  Micelles formed were on the order of 20 nm in diameter.  
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Figure 5.3 Characterization of DPA1-3. Illustrations of DPA1-3 are shown on the left-hand panel along 
with the corresponding DNA sequence. HPLC and mass (determined by MALDI) of the major peak are 
shown for the pre-conjugated DNA sequence. TEM micrographs of the purified (post SEC-FPLC) 
micelles are shown in the dry state. EtBr stained denaturing PAGE gels of pre (crude) and post (pure) 
SEC-FPLC micelles. The far-right lane of the gels shows an UltraLowRange ladder.  

 

DPA4 was generated by hybridizing a 5’-ddT complementary sequence to DPA1. This 

was required due to several difficulties preventing pure, polymer conjugated DNA from the 3’-

end of the DNA sequence. During solid phase DNA synthesis, sequences are synthesized in 

the 3’ to 5’ direction. As ddT has no 3’ hydroxyl group, synthesizing sequences starting with 

this modified base are not possible. We reasoned that perhaps the polymer could be attached to 

the 3’ end instead of the 5’ end of the full-length DNA strand, and ddT could be attached to the 
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outer end of the corona chain via a 5’-5’ phosphodiester linkage. With considerable effort, it 

was noted that the polymer was not able to penetrate the CPG and access the amino linkage at 

the 3’-end during solid-phase conjugation. Instead, we were able to synthesize a 

complementary sequence with a 5’ overhang bearing the dideoxy nucleotide using a 5’-5’ 

phosphodiester linkage. This double stranded species with a 5’-linked dideoxy overhang is 

DPA4.  

DPA5, a PEG shielded, cyanine labeled DPA, was also designed using a PEG modified 

complementary strand. Generating a dye labeled, PEG-modified single stranded micelle proved 

too yielding to afford sufficient material for micellization. However, we were able to synthesize 

a complementary strand with a PEG overhang that hybridized DPA1 and DPA2. The PEG 

complement and ddT complement were hybridized with DPA2 giving Tm of 64 °C and 60 °C, 

respectively (Figure 5.4).  

 

 

Figure 5.4 Hybridization of Complementary Sequences to DPA2 to form DPA4 and DPA5. Red curve 
represents the sigmoidal fit of the data set (blue circles). Black dashed line is the first derivative curve 
of the sigmoidal fit, with Tm indicated at the peak of the curve.  

 

5.3 GeCKO Screens of DPA1 Uptake 
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To determine which gene products were responsible for mediating uptake of DPAs, we 

prepared a pooled, genome wide knockout library of HEK-293t cells using GeCKO.  

 

 

Figure 5.5 Results of GeCKO Screen for DPA1 Uptake. A. sgRNA hits from the GeCKO screen 
representing the population of cells with the lowest fluoescent uptake. B. From the genes listed in part 
A, individual populations of knockouts were generated using CRISPR-Cas9 and treated with DPA1. 
Relative fluorescence of the knockouts are shown alongside the nontargeting controls.  

 

The knockout pool was treated with DPA1. Cells were sorted by FACS and those 

which fell in the lowest (ca. 2%) fluorescence population were collected and cultured. The 

genomic DNA of the cells was then harvested and the integrated gRNA was amplified by PCR 

and sequenced to determine the identity of the gene knockouts responsible for the reduced 

uptake of the DPA. From this genetic screen, several hits were found (Figure 5.5A). Among 

the top hits in the GeCKO screen we noticed a transmembrane protein SLC18B1. Relatively 

little is known about this transmembrane transport protein, though it is thought to primarily 

function as a vesicular monoamine transporter. Interestingly, little is known about the SLC 

protein group as a whole, therefore it is intriguing that we observe one in our top hits for this 

screen. To confirm the hits of the GeCKO screen, we next knocked down the top hits 

individually using CRISPR-Cas9. These knockouts, along with populations expressing non-
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targeting CRISPR-Cas9 controls, were treated with the DPAs and the relative uptake (by 

fluorescence) was compared to the wildtype and non-targeting guide RNA controls. Flow 

cytometry data of the DPA-treated knockout cells revealed disruption of SLC18B1 did in fact 

reduce uptake of DPA1 (Figure 5.5B).  

We next looked at verifying our original results with a second GeCKO screen. Using 

the same DPA material, several new transmembrane proteins were uncovered as top hits in our 

screen, in addition to more SLC proteins. SLC18B1 appeared in the list again, albeit at a lower 

rank than the first GeCKO screen. The top 150 hits from the screen are listed in Table 1. From 

the knockout verification of SLC18B1 in Figure 5.5, we observed that silencing SLC18B1 

corresponded to only a ~50% reduction in uptake. Therefore, it can be expected that other genes 

are also responsible for getting DPA1 into cells and this result supported our initial hypothesis 

that, alongside SLC18B1, other proteins were mediating DPA uptake in a cooperative fashion. 

Knocking out several of the other transmembrane proteins from the new screen led to a similar 

reduction in fluorescence of the cells as the SLC18B1 knockouts (Figure 5.6). The knockouts 

selected for this screen were the top hit for the second GeCKO screen, RANBP10, along with 

the highly ranked transmembrane proteins TMEM117 and SLC6A20, and included SLC18B1, 

which overlapped as a SLC hit in both GeCKO screens.   

Table 5.1. Knockout Hits from GeCKO Screen 2. 

Rank Target Rank Target 

1 RANBP10 76 POLR2B 

2 TMEM248 77 KRTAP12-3 

3 TMEM117 78 TBXA2R 

4 DBN1 79 SVOP 

5 SIGLEC7 80 PEX13 

6 FAM46C 81 FAM115A 

7 
NonTargetingControl 
GuideForHuman_0034 82 SDR16C5 

8 ARMC4 83 C7orf26 
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Rank Target Rank Target 

9 C7orf63 84 MID2 

10 XYLT1 85 DNAJC9 

11 CTSH 86 MPC1L 

12 SLC26A11 87 RERE 

13 COX18 88 SNRPN 

14 hsa-mir-301a 89 SLC16A6 

15 USP17L5 90 VAPB 

16 SLC6A20 91 DCK 

17 PPP2R5A 92 LSM6 

18 
NonTargetingControlGuideForHuman
_0053 93 TBCE 

19 CIRH1A 94 ANXA8L1 

20 NME7 95 KRTAP19-3 

21 CLUL1 96 KRT35 

22 DNM2 97 LRRN3 

23 EREG 98 PGAM1 

24 EGR2 99 ARAP1 

25 WNT3 100 BARHL1 

26 OR52B2 101 PARL 

27 PPP2R3A 102 SRP19 

28 INTS8 103 CCDC151 

29 RHBDL3 104 LRRC72 

30 TTC21B 105 APOL1 

31 CCDC101 106 ZNHIT6 

32 SHBG 107 MSC 

33 SPRYD4 108 DEFA4 

34 CUL9 109 KDM5C 

35 SPCS2 110 THYN1 

36 hsa-mir-4649 111 URI1 

37 MKL1 112 hsa-mir-4476 

38 TNKS2 113 ZNF408 

39 FNBP1L 114 POTEE 

40 METRNL 115 FAM160A2 

41 IQUB 116 C15orf53 

42 LYSMD1 117 MTUS1 

43 SLC39A8 118 NOL3 

44 RGS4 119 ZNF500 

Table 5.1. Knockout Hits from GeCKO Screen 2 (continued).   
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Rank Target Rank Target 

45 KRT73 120 hsa-mir-2861 

46 BRI3 121 ZNF133 

47 CHRNA10 122 MOSPD3 

48 CTNNA2 123 GRM4 

49 USP2 124 hsa-mir-6736 

50 CMTR2 125 SLC18B1 

51 hsa-mir-548at 126 hsa-mir-566 

52 PRLR 127 C7orf69 

53 ORAI2 128 PADI6 

54 PLCD3 129 BANK1 

55 MRPS7 130 POSTN 

56 SYCN 131 LRG1 

57 LRR1 132 TAGAP 

58 NCR3 133 ITGB1 

59 TRIQK 134 NTRK1 

60 ATN1 135 ZNF568 

61 MYLK 136 SAPCD1 

62 RAP1B 137 A3GALT2 

63 hsa-mir-1207 138 DDX54 

64 SRSF4 139 SNCB 

65 OTUD5 140 AVPI1 

66 MFSD10 141 MAML2 

67 IFNB1 142 FUBP1 

68 ZNF326 143 HENMT1 

69 hsa-mir-3180-4 144 CTAGE6 

70 C1QL1 145 DBF4 

71 hsa-mir-607 146 XKR3 

72 NOP10 147 RRAGB 

73 SLC26A9 148 UFC1 

74 CREB3L3 149 hsa-mir-5090 

75 TRAPPC8 150 FRRS1 
 

 

Table 5.1. Knockout Hits from GeCKO Screen 2 (continued).   
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Figure 5.6 Knockouts of Transmembrane Proteins from GeCKO Screen 2 and their Influence on DPA1 
Uptake. Individual bars represent unique guide RNAs against the indicated gene target.  

 

From the knockouts prepared from the GeCKO screen 2 results, verification of 

influence by Cas9 targeting RANBP10, TMEM117, and SLC6A26 resulted in a similar 

reduction in uptake compared to SLC18B1 (Figure 5.6). RANBP10 is a member of the RAs-

related Nuclear protein family, also known as a GTP-binding nuclear protein. Interestingly, 

these proteins are involved in the transport of RNA and proteins through the nuclear pore 

complex, making it a reasonable candidate to recognize nucleic-acid structures such as DPAs. 

The specifics of RANBP10 structure and function are less well understood, however it has been 

implicated as an adapter protein to couple membrane receptors to intracellular signaling 

pathways. TMEM117 is a member of the transmembrane protein family that is ubiquitously 

expressed in human cells. Excitingly, the function of this protein is unknown. Lastly, SLC6A20 
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is a transmembrane protein from the SLC family. This protein transports hydrophilic 

substances across the cell membrane, and is generally thought to be a neurotransporter with 

sodium and chloride dependence. The exact substrates for this protein are currently 

unidentified. Despite relatively little being known about the four the proteins examined here, 

they seem to play an important role in mediating uptake of DPAs. This exciting finding 

highlights the utility of GeCKO in determining previously unexplored mechanisms for 

material-cell interactions that are missed in traditional inhibitor or siRNA knockdown screens. 

We next moved forward with confirming the role of SLC18B1specifically by cloning and 

verification of the loss of SLC18B1 expression.   

5.4 Knockout Clones of SLC18B1 Reduce DPA1 Uptake 

Encouraged by the confirmation of SLC18B1 in the pooled knockout screen from 

GeCKO screens 1 and 2, we aimed to take a more thorough look at the effect by verifying the 

SLC18B1 knockout through different guide RNAs in cloned populations. This experiment was 

designed to verify that the ca. 50% reduction in uptake seen in the pooled SLC18B1 knockout 

population was representative of a complete knockout of the gene. HEK293T cells were 

infected with lentivirus to express CRISPR/Cas9 with one of four individual guide RNAs 

against SLC18B1. After selection in puromycin, clonal populations were selected and assayed 

for complete knockdown by quantifying mRNA expression of the gene relative to the 

housekeeping gene GAPDH. Clones that demonstrated successful and complete knockdown 

were then treated with DPA1 and compared with untreated, wildtype, and non-targeting Cas9 

controls (Figure 5.6).  
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Figure 5.7 Uptake of DPA1 in SLC18B1 Knockouts. 1nM DPA1 (200nM with respect to DNA) was 
incubated with cells and the resulting fluorescence was measured by flow cytometry.  

 

Regardless of the guide RNA used, it appeared that all verified, complete knockouts of 

SLC18B1 resulted in roughly a 50% loss of uptake determined by fluorescence. This was 

interesting for several reasons. First, it suggests that additional uptake mechanisms are likely 

at play in the cooperative uptake of DPA1. Second, that a member of one of the least studied 

protein families in the human genome has a major role in the uptake of this class of DNA 

nanoparticles. This was particularly intriguing, as it is very likely the influence of SLC18B1 

(or any lesser known transmembrane protein) would not have been tested by the more 

traditional methods for determining uptake at present.  

5.5 Related Transport Proteins Have Little Effect on Uptake 
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From the SLC18B1 knockouts, it was noted that some DPA1 was still entering cells 

by another mechanism. We reasoned that perhaps other SLC proteins or related proteins could 

be responsible for mediating the residual uptake of DPA1 in a secondary mechanism. To probe 

further, we chose to knock out related proteins from the SLC family, as well as various other 

transmembrane and transport proteins. Several of the non-SLC proteins chosen for our study 

have been implicated in uptake of other nanomaterials in the literature. Specifically, in 2011 

Mirkin et. al. determined that a class A scavenger receptor was responsible for the endocytosis 

of gold-based DNA nanoparticles.8 Therefore, we also included scavenger receptors in our next 

set of knockouts. The reduction or lack thereof in uptake would not only be interesting as a 

discovery of the uptake mechanism of DPAs into cells, but would potentially verify the 

robustness of the GeCKO screen by ensuring the correct proteins were being turned up as hits. 

Clonal knockouts were prepared and verified for SLC18A1, SLC18A3, SLC22A18, 

and SLC17A5. Both SLC18A1 and SLC18A3 have been explored in the context of neuronal 

activity, but little is known about them in a broader context. SLC18A1 functions as a 

monoamine transporter in synaptic vesicles, where it serves to transfer substrates such as 

norepinephrine, epinephrine, dopamine, and serotonin. SLC18A3 is thought to be responsible 

for loading acetylcholine into secretory organelles in neurons. SLC22A18 transports 

chloroquine and quinidine-related compounds in the kidney, and SLC17A5 is a lysosomal 

membrane protein that serves to transport sialic acid. It should be noted that there are over 400 

members of the SLC family, and in our selection of SLCs we attempted to clone complete 

knockouts of several other closely related family members in addition to the ones mentioned 

above. However, in our hands, many of these clones either did not express a full knockout 

genotype, or were not viable in culture.  

Knockouts were also prepared for MFSD9 and scavenger receptors COLEC12 and 

SCARB2. MFSD9 is a transmembrane protein from the major facilitator superfamily (MFS), 
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which encompasses the SLC protein group. Little is known about this transmembrane protein, 

other than it shows transporter activity. The scavenger receptors COLEC12 (class A scavenger 

receptor) and SCARB2 (class B scavenger receptor) were also included. In general, scavenger 

receptors recognizing and mediating uptake of negatively charged macromolecules, such as 

modified low-density lipoprotein (LDL). The anionic shell of our DPAs make them a potential 

candidate for uptake by scavenger receptors, therefore we aimed to see whether these proteins 

would recognize the polyanionic DPAs as substrates. Figure 5.7 shows the relative DPA1 

uptake of the new knockouts. Generally, it did not appear that any of the SLC proteins or 

scavenger receptors had significant influence on uptake. MFSD9, interestingly, did seem to 

have some impact on uptake, with knockout cells displaying ~70% of the fluorescence of the 

non-targeting guide control. However, only two clonal knockouts were successfully generated 

for this protein, therefore more assays must be done to confirm this effect.   

 

 

Figure 5.8 DPA1 Uptake in Alternative SLC and Membrane Protein Knockouts. 
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We were also interested in how several other proteins may influence the uptake of 

DPA1. Given the difficulty we experienced with a handful of SLC protein and scavenger 

receptor knockouts in cloned format, we explored the uptake of DPA1 in pooled knockouts of 

SLC17A9, SLC22A18, SCARB1, SCARA5, and MFSD10 alongside a nontargeting control 

and SLC18B1. The results from this experiment show that the targeted proteins in these pooled 

knockouts did little to influence uptake of DPAs, with the exception of the original hit 

SLC18B1 (Figure 5.8). This result was particularly surprising for the MFSD10 knockouts. In 

2011, Mirkin et. al. demonstrated that knocking down MFSD10 reduced uptake of DNA 

displaying gold nanoparticles by ~80%.8 We initially expected that our materials, given the 

similarity of the corona chemistry, would be taken up by a similar mechanism. However, we 

found no evidence of MFSD10 mediating uptake for our materials.  

 

 

Figure 5.9 DPA1 Uptake in Alternative SLC and Membrane Protein Knockouts in Pooled Populations. 
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5.6 Rescue of SLC18B1 Expression Increases DPA1 Uptake 

After demonstrating that knocking out SLC18B1 reduced the uptake of DPA1, we next 

aimed to confirm the protein’s role in mediating uptake by rescuing expression. After 

integrating a plasmid expressing SLC18B1 into the knockout cells, we observed that cells 

which expressed the gene insert (as determined by YGFP expression) also took up DPA1 2-

fold more than their knockout counterparts. Similarly, expressing more SLC18B1 in the 

wildtype and nontargeting control also increased uptake (Figure 5.9). This suggested that 

SLC18B1 plays an important role in the uptake of DPAs. We were encouraged by this result 

because it supported GeCKO as a tool capable of answering questions related to how cells 

interact with synthesized materials and uncovering the roles of lesser known proteins in these 

types of events. 

 

 

Figure 5.10 Rescue of SLC18B1 Increases DPA1 Uptake. Cells expressing high turqoise (and therefore 
successfully integrated and expressed the plasmid) were shown to have increased DPA1 expression 
relative to non-plasmid expressing (low turquoise) cells within the same treatment group.  
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5.7 Conclusion 

We have developed a new approach for determining the mechanism of nanomaterial-

cell interactions through GeCKO screening. DNA-polymer nanoparticles appear to be taken up 

in cells by a SLC18B1-mediated pathway. This result is striking not only because it elucidates 

a previously undiscovered nanoparticle-protein interaction, but it supports the use of a genome-

scale approach, such as GeCKO, to discover the complex intricacies of nanoparticles and 

biology in general. As a vesicular polyamine transport protein, we hypothesize SLC18B1 may 

be interacting with the free amines that are presented in high density along the nanoparticle 

corona. We were also excited to find a handful of other proteins that appear to be involved in 

the uptake pathway of DPA1 alongside SLC18B1. RANBP10, TMEM117, and SLC6A20 all 

showed a reduction in DPA1 uptake after being silenced by the RNA-guided Cas9.  

As noted in section 5.2.1, we have designed and synthesized several other DPA 

iterations to be used in additional GeCKO screens. Current knowledge of nanoparticle uptake 

dictates that surface chemistry, particularly charge, influences the uptake patterns of material. 

Furthermore, this difference in uptake varies across cell types. Future experiments in this 

endeavor look to explore these phenomena further by screening DPAs1-5 against the GeCKO 

library both in HEK293T cells and other tissues, like cancer. There are many more mysteries 

yet to uncover on the nanoscale with respect to biological interactions, and we are excited to 

bring genetic screening to the forefront of rational material design. We welcome the 

opportunity to resolve the mechanism of uptake through further characterization of these 

proteins, and look forward to the future of nanotechnology, in which new and exciting 

applications are bound to be made. 

5.8 Materials and Methods 
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Reagents were purchased from commercial sources and used without further 

purification. The norbornene-phenyl monomer, carboxylic acid chain transfer agent, and the 

initiator [(IMesH2)(C5H5N)2(Cl)2Ru=CHPh] were synthesized according to literature 

procedure. Polymerizations were performed in deuterated chloroform under inert atmosphere 

(N2). Polymer dispersity and molecular weight was measured by SEC Phenomenex Phenogel 

5u 10, 1k-75k, 300 x 7.80 mm in series with a Phenomenex Phenogel 5u 10, 10k-1000k, 300 x 

7.80 mm (0.05 M LiBr in DMF)) using a Shimadzu LC-AT-VP pump equipped with 

a multiangle light scattering detector (DAWN-HELIOS: Wyatt Technology), a refractive index 

detector (Wyatt Optilab T-rEX), and a UV-vis detector (Shimadzu SPD-10AVP) normalized 

to a polystyrene standard. Cross-metathesis with the carboxylic acid chain transfer agent was 

monitored by 1H NMR spectroscopy on a Varian Mercury Plus spectrometer (400 MHz) by 

observing the downfield shift of the alkylidene proton. Chemical shifts are reported in δ (ppm) 

relative to the CDCl3 residual proton peak (7.27 ppm). TEM images were acquired on carbon 

grids (TED Pella, Inc.) on a FEI Tecnai G2 Sphera at 200 kV. Dynamic light scattering was 

measured using a Wyatt DynaPro Nanostar. DNA was synthesized on an Applied Biosciences 

(ABI) 394 automated synthesizer, or ordered from Integrated DNA Technologies and used 

without further purification or modification. Oligos were purified and analyzed using RP-

HPLC equipped with a Phenomenex Clarity 5u Oligo-RP (150 x 4.60 mm) column and a 

Hitachi-Elite LaChrom L-2130 pump with absorbance monitored by a UV-Vis detector 

(Hitachi-Elite LaChrom L-2420).  Oligo molecular weight was characterized by MALDI-TOF 

MS (Bruker Daltronics Biflex IV). SEC-FPLC was performed using a HiPrep 26/60 Sephacryl 

S-200 High Resolution packed column with mobile phase of 50 mM Tris pH 8.5 on an Akta 

purifier (Pharmacia Biotech) running a P-900 pump and a UV-900 UV-Vis multi-wavelength 

detector. Denaturing gels were performed using a Bio Rad Criterion Mini-PROTEAN Tetra 
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cell and hand-cast TBE-UREA gels (7% stacking, 15% separating). DNA concentration was 

determined by absorbance using a ThermoScientific Nanodrop 2000c.  

5.8.1 Polymer Synthesis 

Phenyl monomer (N-benzene-cis-5-norbornene-exo-dicarboximide) (500 – 600 mg) 

was added to a dry Schlenk flask with stir bar charged with N2 and dissolved in 3 mL of dry 

CDCl3. The initiator (1/20 molar ratio with respect to monomer) was dissolved in dry CDCl3 

in a separate flask under N2 then transferred to the monomer solution using a cannulate. The 

polymerization was allowed to proceed for 20 minutes. A 50 µL aliquot was removed and 

quenched with ethyl vinyl ether for mass determination by SEC-MALS. To the remaining 

polymerization reaction, 2 equivalents (with respect to initiator) of the carboxylic acid chain 

transfer agent was added, pre-dissolved in 0.5 mL DMF. An aliquot of this reaction was 

transferred to a J Young tube to monitor metathesis by 1H NMR. Upon completion (45-60 min), 

excess ethyl vinyl ether was added to quench the catalyst. The polymer was precipitated in cold 

MeOH three times, then dissolved in DCM and centrifuged to pellet out the insoluble excess 

chain transfer agent. The supernatant was concentrated to dryness and run on a column (mobile 

phase 4% MeOH in DCM) to purify. Fractions containing the polymer product were combined 

and concentrated to dryness.  

5.8.2 DNA Synthesis 

DNA was prepared using standard cyanoethyl phosphoramidite chemistry on a 1000 

Å CPG column (Glen Research) on a 1 µmol scale. Phosphoramidite monomers (bz-dA-CE 

#10-1000-10, Ac-dC-CE #10-1015-10, dmf-dG-CE #10-1029-10, and dT-CE #10-1030-10) 

were purchased from Glen Research and dissolved in dry ACN. Dye labels (Fluorescein-dT-

CE #10-1056-90 and Cyanine 5 Phosphoramidite #10-5915-95) were purchased from Glen 

Research. Fluorescein and Cyanine phosphoramidites were dissolved in dry ACN for 
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incorporation into sequences using the automated synthesis cycle. Synthesis was accomplished 

using activator 4,5-Dicyanoimidazole (Glen Reasearch cat. #30-3150-52), 0.02 M iodine in 

THF/pyridine/water (Glen Research cat. #40-4330-52) as the oxidizer, 3% Trichloroacetic acid 

(Glen Research #40-4140-57) as the deblocking solution, and capping mixtures 

THF/Pyridine/Ac2O (Glen Research cat #40-4110-52) and 16% 1-Methylimidazole in THF 

(Glen Research cat #40-4220-52). A 5’- amino modifier (Glen Research cat. #10-1912-90) was 

coupled onto the end of sequences intended for use as amphiphiles for conjugation with the 

polymer. Aliquots of each sequence (2-5 mg) were cleaved from the solid support and 

deprotected for analysis. The MMT protecting group of the amino modifier or DMT protecting 

group of the terminal 5’-OH was left intact. Aliquots of the fluorescein labeled sequences were 

cleaved/deprotected using ~ 200 uL of 1:1 methylamine:ammonia at 65 °C for five minutes, 

followed by dilution to 1 mL in ultrapure water and centrifugation to remove the CPG beads. 

The supernatants were concentrated to 200 µL.  

5.8.3 Analytical HPLC of Oligos  

Modified sequences were purified by RP-HPLC using a binary gradient of buffer A: 

10% MeOH, 90% 50 mM TEAA pH 7.1 and buffer B: 100% MeOH. Traces were monitored 

by absorbance at 260 nm. The MMT protecting group from the amino modifier was left on the 

to increase retention time of the product peak, which was collected and concentrated to 10-20 

µL.  

5.8.4 Prep HPLC and Purification of Oligos  

Sequences were detritylated on the synthesizer immediately prior to deprotection and 

cleavage from the CPG. Cleavage conditions were the same per fluorescent label as described 

above, with a 500 µL deprotection solution volume. CPG beads were filtered away using glass 

wool packed inside a glass Pasteur pipette and rinsed with 2 mL of ultrapure H2O. Sequences 
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were concentrated to 2 mL and injected on HPLC with the same buffer system as the analytical 

procedure. The product peak was collected, concentrated to ~ 1 mL under reduced pressure, 

and dialyzed into H2O using 3500 MWCO dialysis cups. Analytical reinjections of the product 

confirmed pure sequences.   

5.8.5 MALDI-TOF of Oligos  

Samples were prepared by desalting using C18 Ziptips (Millipore, cat #Z720046) and 

eluted directly onto the MALDI target plate from a solution of 2’,4’,6’- 

Trihydroxyacetophenone (269 mM) and ammonium citrate (51 mM) in 1:1 ACN:H2O. This 

elution was spotted onto a pre-dried, 1 µL spot of 3-hydroxypicolinic acid (719 mM) in 

acetonitrile. MALDI-TOF was measured in linear, negative ion mode calibrated externally to 

two sequences purchased from Integrated DNA Technologies (5’-TTT AGA GTC ATG TCC 

AGT CAG TG, 7069.6 g/mol and 5’- TAT TAT ATC TTT AGA CAC TGA CTG GAC ATG 

ACT CT, 10695.0 g/mol). Calculated masses for DPA1-3 sequences (MMT-off) are: DPA1: 

9977.95 g/mol. DPA2: 10260.03 g/mol. DPA3: 9977.95 g/mol.  

5.8.6 Synthesis of amphiphiles and assemblies  

30 mg polymer was dissolved in 100 µL dry DMF. DIPEA (5 µL) was added to the 

polymer solution to deprotonate the carboxylic acid. HATU (0.9 equivalents with respect to 

the polymer) was added to the polymer solution and allowed to activate for 10 minutes. 

Meanwhile, the amino-modified DNA on solid support was detritylated on the synthesizer by 

washing the beads with DCM for 30 s followed by 120 s with TCA. Bright yellow trityl was 

seen flowing out of the column. Additional 30 s rinses with TCA (1-2x) were performed until 

no yellow color was visibly released from the column. Detritylated oligo was then rinsed again 

with DCM for 30 s followed by drying for 60 s under a stream of argon. The CPG beads were 

removed from the column and added to the activated polymer solution in a microcentrifuge 
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tube and allowed to react for 2 hr at room temperature while shaking on a vortexer. Beads were 

centrifuged and the polymer solution supernatant was removed. Beads were washed 3x with 1 

mL DMF by centrifugation. A freshly activated solution of polymer (prepared in identical 

fashion as above) was added to the washed beads for a second reaction, and allowed to shake 

overnight on the vortexer at room temperature. The conjugated CPG was then washed by 

centrifugation as described above. On the last wash, the beads were returned to the column and 

rinsed with 15 mL DMF followed by 15 mL DCM to remove any unreacted polymer. After 

drying under argon, the beads were transferred to 1.5 mL twist-top vials and deprotected with 

0.5 mL 1:1 methylamine:ammonia at 65 °C for 5 min (fluorescein) or 0.5 mL concentrated 

ammonia at room temperature for 24 hr. The deprotected product was then filtered away from 

the beads by passing the solution through packed glass wool in a glass Pasteur pipette and 

washed with H2O (2.0 mL), DMSO (2.0 mL), formamide (2.0 mL), H2O (3 mL), and DMSO 

(1.0 mL). The filtrate was then dialyzed overnight into nanopure H2O using 10,000 MWCO 

snakeskin dialysis tubing (Thermo Scientific), changing the water once. The dialyzed product 

was then concentrated under reduced pressure at 55-65 °C to 1 mL. 

5.8.7 Purification of DPAs  

Crude micelles were injected on SEC-FPLC and separated from residual unconjugated 

DNA. Micelles were purified using an isocratic buffer system of 50 mM tris, pH 8.5 at a flow 

rate of 1.8 mL/min. The trace was monitored by absorbance at 260 nm (DNA) and either 492 

nm (fluorescein), or 646 nm (cy5). The micelle peak (54-minute retention time) was collected 

and dialyzed into H2O overnight using 10,000 MWCO snakeskin dialysis tubing (Thermo 

Scientific), changing the water once. Purified micelles were concentrated under reduced 

pressure at 55-65 °C to 1 mL, centrifuged for 5 min at 120k RPM to remove any dust and 

aggregates, and filtered through a 0.22 µm PES or PTFE syringe tip filter. 



162 

 

5.8.8 Denaturing PAGE of micelles  

1 mm polyacrylamide gels (1 x TBE, 8 M Urea) were hand-cast at 15% acrylamide 

(separating) - 7% acrylamide (stacking) and loaded with ~200 pmol DNA in 1 x TBE-Urea 

loading buffer (Bio-Rad cat. #1610768) in 10 µL total sample volume. 1.5 µg GeneRuler Ultra 

Low Range DNA Ladder (Thermo Fisher Scientific cat. #SM1213) was used to determine the 

relative weight of sample DNA bands in the gel. Gels were run at 175 V until the lower dye 

from the loading buffer (bromophenol blue) had migrated ~3/4 down the length of the plate 

(ca. 45 min). Gels were visualized by fluorescein fluorescence, or stained in 1µg/mL ethidium 

bromide solution for 15 min where noted and imaged using preset Spare-UV or EtBr filters and 

settings and a 60–120 s exposure. 

5.8.9 Transmission Electron Microscopy  

Samples were prepared for TEM by glow-discharging microscopy grids 

(formvar/carbon-coated, 400 mesh copper, Ted Pella # 01754) at 20 mA for 90 seconds 

followed by treatment with 3.5 µL 250 mM CaCl2. The salt solution was immediately wicked 

away and replaced by 3.5 µL DPA sample, which was allowed to set on the grid for 10 minutes. 

The excess sample was washed away with three drops of glass distilled H2O and then stained 

by passing 3 drops of 1% w/w uranyl acetate over the sample. Excess liquid was removed from 

the grid by blotting away with filter paper. Samples were then loaded onto the microscope for 

dry state imaging.  

5.8.10 Cell Culture  

HEK293T cells were cultured at 37 °C and 5% CO2 in phenol-red containing complete 

media (Dulbecco’s Modified Eagle Medium (DMEM), Gibco Life Tech., cat. #11960-044; 

supplemented with 10% fetal bovine serum (OmegaScientific, cat. #FB02), and 1X 

concentrations of L-glutamine (Gibco Life Tech., cat. #35050−061), and 
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penicillin/streptomycin (Corning Cellgro, cat. #30-002-C1). Cells were grown in 10 cm petri 

dishes and passaged at ~75-90% confluency every 3-5 days.  

5.8.11 Negative Selection GeCKO Screen 

The preparation of the GeCKO library and cellular transfection was performed in the 

laboratory of Professor Gene Yeo at the Sanford Consortium for Regenerative Medicine with 

Dr. David Nelles, Dr. Eric Van Nostrand, and Eric Byeon.  

HEK293T cells were infected with part A of the human pooled gRNA library in 

lintiCRISPRv2 (Addgene, ca. #1000000048) according to the manufacturer’s procedure. After 

selection in 1 µg/mL puromycin, cells were treated with dye labeled DPA in OptiMEM 

(ThermoFisher, ca. #31985088) for 2 hours followed by washing with DPBS. Cells were 

disassociated from the plate using TrypLE EXPRESS (Life Technologies, ca. # 12604013), 

pelleted, and resuspended in cold DPBS to be sorted via FACS. Cells in the lowest fluorescence 

population were collected and cultured before harvesting their genomic DNA. To extract the 

genomic DNA, cells were rinsed with DPBS before incubation with QuickExtractTM (epicenter, 

ca. #QE0905T) for 5 minutes at room temperature and aspirated to suspend the extract. The 

Extract was then thermocycled at 65 °C for 11 min, 98 °C for 2 min, cooled to 4°C and stored 

at -20 °C to await analysis by PCR. Amplification of the lentiCRISPR sgRNAs was performed 

and processed according to literature procedure, followed by sequencing on a HiSeq 2500 

(Illumina). 

5.8.12 Individual CRISPR Knockouts 

Lentivirus preparation and sgRNA design for the individual knockouts were performed 

in the laboratory of Professor Gene Yeo at the Sanford Consortium for Regenerative Medicine 

with Dr. David Nelles, Dr. Eric Van Nostrand, and Eric Byeon.  
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HEK293T cells were plated in 6 well format and infected with lentiCRISPRv2 

(Addgene). Guide RNA sequences for the following gene targets were used to generate 

individual knockouts using the same protocol as the library transfection in section 5.9.11:  

Table 5.2 Guide RNA Sequences and Targets for Individual Knockouts 

  
Gene 
Knockout gRNA Sequence CRISPR Cas9 Target 

1 SLC18B1 GTAGGTGGCTTTTTGTATCA TGATACAAAAAGCCACCTAC 
2 SLC18B1 AAGAGAATTGTAACTCCTCC GGAGGAGTTACAATTCTCTT 
3 SLC18B1 GCTACAAACATAAATTTTGC GCAAAATTTATGTTTGTAGC 
4 SLC18B1 AGTATTAGCCCCAGTCCAGA TCTGGACTGGGGCTAATACT 
5 SLC18A1 TGCCGGAAGTTCCCCACATG CATGTGGGGAACTTCCGGCA 
6 SLC18A1 GCAAACATGGGGATATGATA TATCATATCCCCATGTTTGC 
7 SLC18A2 TAGTCGAGTTATCATAATAG CTATTATGATAACTCGACTA 
8 SLC18A2 GGAACGGAGCCGTCTTCCCC GGGGAAGACGGCTCCGTTCC 
9 SLC18A3 TGATCGCCGATAAGTACCCG CGGGTACTTATCGGCGATCA 

10 SLC18A3 GACGTGTCGGCGAAGGCTGA TCAGCCTTCGCCGACACGTC 
11 SLC22A18 AGGACCGGCCTAGAGCGCTC GAGCGCTCTAGGCCGGTCCT 
12 SLC22A18 CGAAGGTGGTTTGCAGGTAG CTACCTGCAAACCACCTTCG 
13 MFSD10 CGAGCGACAGCCGAGAAGCG CGCTTCTCGGCTGTCGCTCG 
14 MFSD10 TGACTGCGGGCCAGAGGCGA TCGCCTCTGGCCCGCAGTCA 
15 MFSD9 TCATGTCAAGTCCCTTGGAG CTCCAAGGGACTTGACATGA 
16 MFSD9 CTACATCGCTCCAGCAGCCC GGGCTGCTGGAGCGATGTAG 
17 MFSD8 ATTCCCAACAATCCACGAGC GCTCGTGGATTGTTGGGAAT 
18 MFSD8 TATGGACATCATCACTACAG CTGTAGTGATGATGTCCATA 
19 SLC17A9 CGGGGATCGGTAACTGCCCA TGGGCAGTTACCGATCCCCG 
20 SLC17A9 ATCTGCACCGTCTCCATGAG CTCATGGAGACGGTGCAGAT 
21 SLC17A5 TTGGTACTTCTTACCCTCA TGAGGGTAAGAAGTACCAA 
22 SLC17A5 AAATCTGCAGCAATGGGAGT ACTCCCATTGCTGCAGATTT 
23 MSR1 GGAAAGCCAATTGCTCCCCG CGGGGAGCAATTGGCTTTCC 
24 MSR1 CTTCGGAGTTGAGCTGTAT ATACAGCTCAACTCCGAAG 
25 MARCO GCGGTGAGCAGGATCAGGTA TACCTGATCCTGCTCACCGC 
26 MARCO ACTCACCTGGGTCCGCGTCA TGACGCGGACCCAGGTGAGT 
27 SCARA3 GCGGCGATGGAGATGCCTTG CAAGGCATCTCCATCGCCGC 
28 SCARA3 ATCTTTGCACACATCGGTGC GCACCGATGTGTGCAAAGAT 
29 COLEC12 TCGGTTACAAGCGGTTTGGT ACCAAACCGCTTGTAACCGA 
30 COLEC12 TCCTGAATACCTGTAAGAGA TCTCTTACAGGTATTCAGGA 
31 SCARA5 AATCGAGCTGTGCGGTACAC GTGTACCGCACAGCTCGATT 
32 SCARA5 GGACTTCGAGGTAATGAGCG CGCTCATTACCTCGAAGTCC 
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Gene 
Knockout gRNA Sequence CRISPR Cas9 Target 

33 SCARB1 CGTGGACAAGTGGAACGGGC GCCCGTTCCACTTGTCCACG 
34 SCARB1 CGGCGAACGTGCCTTCATGA TCATGAAGGCACGTTCGCCG 
35 SCARB2 GAGTATCGAGAAGGTGAGGC GCCTCACCTTCTCGATACTC 
36 SCARB2 GTAGGTGTATGGCCCCACTT AAGTGGGGCCATACACCTAC 
37 CD36 TATACGTACAGGTGAGTGAG CTCACTCACCTGTACGTATA 
38 CD36 TAATCGACACATATAAAGGT ACCTTTATATGTGTCGATTA 

39 
SLC18B1_tag
_g1 

AATGAAACCTAGTCCGATGGC
GGTG 

CACCGCCATCGGACTAGGTTT
CATT 

40 
SLC18B1_tag
_g2 

GGAGCATTCATTTCTCAACCC
GGTG 

CACCGGGTTGAGAAATGAATG
CTCC 

 

5.8.13 Cloning Knockouts 

Clones were selected and harvested in the laboratory of Professor Gene Yeo in the 

Sanford Consortium for Regenerative Medicine with Eric Byeon. From the populations of 

individual knockouts generated in the previous section, cells were harvested and seeded in 10 

cm petri dishes at a density of 800 – 1000 cells/plate. After 3-5 days, five colonies from each 

knockout were selected and gently removed from the bottom of the dish using a 200 uL pipet 

and transferred to individual wells of a 96 well tissue culture plate. At ~80% confluency, the 

cells were passaged. At the next passage, cells were transferred to 48-well plates. The mRNA 

was extracted from the cells and treated with DNaseI followed by reverse transcription with 

Superscript III (Life Technologies) using dT(20) primers according to the manufacterer’s 

instructions.  The abundance of target cDNA relative to the housekeeping control GAPDH was 

measured using RT-PCR. Cells that demonstrated successful and complete knockout of the 

target gene were maintained in culture and used in DPA uptake studies.  

Table 5.3 Forward and Reverse Primers for RT-PCR 

Primer Guide Sequence 
1(SLC18B1) 
Forward TAA TAC GAC TCA CTA TAG GGT TTG CTA GCT CTA AAG GTT GGA 
1(SLC18B1) 
Reverse AAT ATG TGC ATT TAA ATT TTG GGG CC 

Table 5.2. Guide RNA Sequences and Targets for Individual Knockouts (continued). 



166 

 

Primer Guide Sequence 
2(SLC18B1) 
Forward TAA TAC GAC TCA CTA TAG GGT GTG CCA GTG TTG ACA GTT CT 
2(SLC18B1) 
Reverse AGC AAG CAT CAC GGA GAT CC 
3(SLC18B1) 
Forward TAA TAC GAC TCA CTA TAG GGT GTG CCA GTG TTG ACA GTT CT 
3(SLC18B1) 
Reverse AGC AAG CAT CAC GGA GAT CC 
4(SLC18B1) 
Forward 

TAA TAC GAC TCA CTA TAG GGT CTT CTG TGT TTT ATG TCA CAA 
TTA GA 

4(SLC18B1) 
Reverse TGT GGA CTT ACC GTA ATT GGG T 
5(SLC18A1) 
Forward TAA TAC GAC TCA CTA TAG GGT GAA GCA AAC AGA ACC CCG A 
5(SLC18A1) 
Reverse ATG CCA CTC CAG ATA CCA GC 
6(SLC18A1) 
Forward TAA TAC GAC TCA CTA TAG GGT TGG CCC TGA TCT ATG GTC A 
6(SLC18A1) 
Reverse TGT CCA GCT GAA GTG AAG TGA 
8(SLC18A2) 
Forward TAA TAC GAC TCA CTA TAG GGT GTT TCT CTC GGG CCT TTG C 
8(SLC18A2) 
Reverse AAA CAC GGG TCA GAA GCA GC 
9(SLC18A3) 
Forward TAA TAC GAC TCA CTA TAG GGC CAC CAC GGC AAT GTA GGG 
9(SLC18A3) 
Reverse CTA CGG AGA GCG AAG ACG TG 
10(SLC18A3) 
Forward TAA TAC GAC TCA CTA TAG GGA GCG AAG ACG TGA AGA TCG G 
10(SLC18A3) 
Reverse GTA GGG GTC TAG CAT GAG GC 
11(SLC22A18) 
Forward TAA TAC GAC TCA CTA TAG GGC AAA AGT GGA GGA GGG GGA C 
11(SLC22A18) 
Reverse GCT TAA GCG TGG CAT GAG TC 
12(SLC22A18) 
Forward TAA TAC GAC TCA CTA TAG GGG GAG AGG AGT TGC AAG GAC C 
12(SLC22A18) 
Reverse CGA GGT GTT CAC CAG TCA CA 
15(MFSD9) 
Forward TAA TAC GAC TCA CTA TAG GGC TAG TGG CAT GGG ACT TGG T 
15(MFSD9) 
Reverse AAC GGA TCC CAG GTC AGA CT 
19(SLC17A9) 
Forward TAA TAC GAC TCA CTA TAG GGC AGC TCC CAT CTT CCT CTG G 
19(SLC17A9) 
Reverse CCT GAG GGA GGT CTC TGA GT 
21(SLC17A5) 
Forward TAA TAC GAC TCA CTA TAG GGC AGC TCA TCC TGC AGT CTA GT 

Table 5.3. Forward and Reverse Primers for RT-PCR (continued). 

 (continued). 
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Primer Guide Sequence 
21(SLC17A5) 
Reverse AGG AGA CAC ACG GTA AGA AGT 
23(MSR1) 
Forward 

TAA TAC GAC TCA CTA TAG GGC CTA ATG TGC TTT TAT TTC TAC 
CAA CA 

23(MSR1) 
Reverse ACT AGT ATT CAC ACA ATG ACC ACT 
24(MSR1) 
Forward TAA TAC GAC TCA CTA TAG GGC CTG GAC TGA GGA AAA CAA GGT 
24(MSR1) 
Reverse CCA AAA TCA ATG GCC AAG AAG ATT C 
33(SCARB1) 
Forward TAA TAC GAC TCA CTA TAG GGA CTC AGT TCC CAG CAG ATG C 
33(SCARB1) 
Reverse CCG GGA CCA TTC CTC CTA GA 
GAPDH 
Forward CTG CAC CAC CAA CTG CTT AG 
GAPDH 
Reverse GAG GCA GGG ATG ATG TTC TG 

 

5.8.14 Rescue of SLC18B1 Expression 

The plasmid design and rescue of SLC18B1 was performed in the laboratory of 

Professor Gene Yeo at the Sanford Consortium for Regenerative Medicine by Eric Byeon.   

We co-transfected clonal populations of cells with SLC18b1 knockout with Piggybac 

transposase and a Piggybac vector with a miniCMV promoter carrying SLC18B1 and a Tet 

operator driving SLC18B1 (tetracycline-inducible expression of SLC18B1) and EF1alpha 

promoter driving expression of puromycin resistance and turquoise as a selectable marker. 

Transfections were conducted using lipofectamine 3000. We waited 7-10 days for transient 

expression from the Piggybac vector to subside, generating a population of cells with various 

numbers of integrated Piggybac plasmids. After treating the cells with .1nM of micelles for 2h, 

we next conducted a FACS analysis of micelle uptake and grouped cells by turquoise 

expression.  

Table 5.3. Forward and Reverse Primers for RT-PCR (continued). 

 (continued). 
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Table 5.4. Rescue Plasmid SLC18B1 Reading Frame Sequence 

Plasmid Component Sequence 

SLC18B1 CTCGAGCGGCCGCCACTGTGCTGGATATCTGCAGagaaccAT
GATGTGTTACTCCATACTGGGGCCGTTCTTCCCGAAGGAG
GCCGAGAAGAAGGGTGCGTCCAATACAATAATAGGTATG
ATCTTTGGATGTTTTGCACTTTTCGAACTGTTGGCCTCTCTC
GTATTCGGAAATTACCTGGTACATATAGGGGCCAAGTTTA
TGTTCGTGGCCGGAATGTTCGTGAGCGGGGGGGTTACCAT
CCTCTTCGGAGTTCTGGACCGGGTTCCTGACGGACCAGTTT
TTATTGCGATGTGTTTCCTGGTTCGAGTTATGGACGCAGTC
AGCTTTGCAGCGGCGATGACGGCTAGCTCTAGCATCCTTG
CCAAAGCGTTCCCAAATAATGTGGCAACCGTACTGGGCAG
CTTGGAAACGTTCTCCGGGCTTGGACTTATACTGGGACCA
CCAGTTGGAGGATTTCTCTATCAGTCATTCGGATACGAAGT
TCCTTTTATTGTTCTTGGGTGTGTCGTACTCCTGATGGTTCC
GTTGAACATGTACATCCTGCCTAACTACGAATCCGATCCA
GGTGAGCATTCTTTCTGGAAATTGATAGCTCTGCCTAAAGT
TGGACTTATCGCCTTTGTAATAAACTCACTGTCCAGCTGTT
TCGGTTTCTTGGACCCTACCCTTTCCCTGTTTGTACTCGAA
AAGTTTAATTTGCCGGCTGGATATGTTGGACTTGTATTTTT
GGGAATGGCTCTGAGCTACGCAATATCTTCACCGCTTTTTG
GGCTGTTGAGCGACAAGCGGCCTCCACTTCGGAAATGGCT
GCTCGTGTTTGGGAACTTGATTACTGCGGGTTGTTATATGC
TTTTGGGACCCGTTCGATTTTGCATATCAAGTCACAACTGT
GGCTTTTGGTATTGATTCTTGTCGTTTCTGGCCTCAGCGCT
GGCATGTCAATTATTCCCACTTTTCCTGAAATATTGAGCTG
TGCTCACGAAAACGGTTTTGAGGAAGGACTGAGCACACTG
GGACTGGTTAGTGGATTGTTCTCCGCAATGTGGAGCATTG
GGGCTTTTATGGGTCCGACACTCGGTGGATTTCTTTATGAA
AAGATTGGTTTTGAGTGGGCGGCTGCAATTCAAGGGCTGT
GGGCCCTTATTTCCGGTTTGGCCATGGGTTTGTTCTACCTT
CTTGAGTATAGCAGACGCAAGAGATCAAAAAGTCAGAAC
ATTCTGTCAACCGAAGAGGAACGCACCACCCTTCTCCCCA
ATGAAACATAGCCACCACACTGGACTAGTGGATCCGAGCT
CGGTACCAAG 
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