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ABSTRACT OF THE DISSERTATION 

 

Development of Polydisulfide Polymers for RNA Delivery 

 
by 

James Collin Hickey 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2022 

Professor Zhibin Guan, Chair 

  

 As a result of the COVID-19 pandemic, mRNA-based therapeutics have rapidly 

changed from being the “therapeutics of the future” to tangible FDA-approved medicines 

available for people of all ages and medical backgrounds.  One advance that allowed these 

therapies to be so effective are lipid nanoparticle-based delivery vehicles. However, despite 

the tremendous advances in lipid nanoparticle technologies, there are some inherent 

disadvantages in using lipid nanoparticles in therapeutic designs. To circumvent these 

limitations, new biodegradable and biocompatible mRNA delivery vehicles are being 

pursued as tools that can accommodate roles where lipid nanoparticles prove insufficient, 

particularly in the field of RNA therapeutics and gene therapy.  

 Chapter 1 of this thesis provides an extensive introduction on the background of 

gene therapy, RNA-based therapeutics, and current mRNA therapy delivery vehicles/ 

approaches along with relevant limitations. CRISPR-Cas9 gene editing will also be briefly 

explored, along with the different viral and synthetic vectors that are currently being 

explored for relevant CRISPR-Cas therapies. Chapter 2 explores a novel approach of 

generating multifunctional polydisulfide polymers using a post-polymerization  
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using two model mRNAs. Chapter 3 explores using multifunctional dendronized linear 

polymers to generate polymeric-RNA nanoparticles containing Cas9-encoding mRNA and 

gene-targeting sgRNA. CRISPR-Cas9 gene editing using these polymeric nanoparticles is 

discussed, and relevant nanoparticle in vivo distribution is examined.  Chapter 4 discusses 

exploration into a facile cryopolymerization methodology to generate anionic and cationic 

polydisulfides for the purpose of mRNA delivery. With the works explored in Chapters 2 

and 4, two new synthetic methodologies are outlined that greatly expand the use of lipoic 

acid-derived polydisulfides for mRNA delivery. From these new methodologies and the 

CRISPR-Cas9 gene editing obtained from the thiol-reducible polymers in chapter 3, the 

works described within this thesis should expand the utility of polydisulfide as 

biodegradable polymers for next-generation RNA delivery applications.  
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Chapter 1: Gene Editing and RNA Delivery: Methods and Progress 

1.1 Genetic Disorders, Gene Therapy, and RNA Therapy Background 

According to the canonical central dogma of molecular biology, cellular information is 

classically transferred from deoxyribonucleic acid (DNA) templates in genomes to 

intermediate messenger ribonucleic acid (mRNA) constructs and finally to highly specific 

polypeptide/ protein sequences that facilitate most known cellular functions.1 Under 

normal circumstances, a given DNA template and mRNA intermediate encodes and 

generates a  protein optimized for a specialized function in healthy organisms. However in 

instances where a gene-coding DNA template is mutated, the resulting translation product 

can be altered, creating an abnormal protein.2-3 DNA mutations can be harmless (silent 

mutation), drastic with the subsequent protein having varying degrees of functionality 

(missense mutation), or completely destructive, stopping the protein from ever being 

generated (nonsense mutation).4-7  

When a person has altered DNA that produces an abnormally functioning or non-

functional protein, they are classified as having a genetic disorder.8 The frequency for this 

simplified definition is difficult to quantify for the total human population, but estimates for 

all genetic disorders (including other mutation types) predict 3.5-3.9% of the global 

population to be affected.9 However, with increasing access to DNA sequencing and ever-

more sophisticated technologies/ techniques correlating DNA mutations to diseases with 

previously unknown causes (idiopathic diseases), the estimated number of individuals 

living with genetic disorders is continuously increasing.10  
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In many cases, treatment of individuals with severe genetic disorders is limited to 

hospice care, with only a few notable small molecule drugs known to alter disease-related 

proteins to their proper functional state.11-12 However, several therapeutics have been 

developed in the past decade to alter cellular machinery at the DNA and ribonucleic acid 

(RNA) levels. The therapeutic technique of introducing DNA or editing the DNA of cells to 

alter cell functions is colloquially referred to as gene therapy.13-14 Developments in gene 

therapy enable control of specific genes, affecting subsequent RNA and protein levels, and 

allowing for previously untreatable genetic disorder targets to be targeted with high 

specificity.15 Further exploration into gene therapy can provide treatments for diseases 

that were previously non-targetable by small-molecule drugs.  

While the field of gene therapy is expanding, there are generally two broad classes of 

treatments: DNA-based gene insertions and gene editing.16 DNA-based insertions require 

the delivery of desired DNA sequences into the nucleus of target cells.17 This delivery is 

commonly performed using physiochemical methods,18-19 synthetic nanoparticles 

containing DNA cargo,20-21 or by viral vectors containing desired nucleic acid cargo 

(detailed further in Section 1.5).22 Gene therapy treatments utilizing gene editing to alter 

DNA sequences requires highly specific proteins.23 Notable gene editing proteins include 

Zinc Finger Nucleases, Transcription Activator-like Effector Nucleases (TALENs), and most 

importantly Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) 

associated proteins (Cas proteins). These proteins bind to genomic DNA with varying 

degrees of specificity and cleave the DNA backbone at desired sites (detailed further in 

Section 1.3).24 Induced DNA cleavage results in DNA mutations, with the potential to 

fundamentally correct the DNA and disease state.  
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Unlike gene therapies, RNA therapeutics can be used to temporarily modulate protein 

expression in genetic disorder patients (and those without genetic disorders) using a 

variety of different RNA molecules. Due to the transient nature of RNAs in cells, 

administered RNA therapeutics will lead to a temporary pharmacological effect, which can 

be controllably dosed unlike the DNA-altering events in gene therapies. RNA therapeutics 

encompass a large variety of RNA species, with RNA-based drugs ranging from 10’s to 

10,000 of nucleotides (nt) in size and different species possessing unique functions as 

medicines.25-27 One of the smaller RNA therapeutics, antisense oligonucleotides (ASOs), are 

single-stranded 15-30 nt RNAs (or DNAs) that interfere/prevent the expression of target 

mRNA species, effectively lowering the expression of the proteins the target mRNA encodes 

(See Figure 1.1).28 Impressively, these drugs have been clinically available for a few 

decades. The first FDA-approved ASO drug, Fomivirisen (developed by Isis 

Pharmaceuticals/Ionis Pharmaceuticals and approved in 1998), was administered via 

intraocular injection without the need for a carrier/delivery vehicle, due to the ability of 

ASOs to passively traffic across cellular membranes and tissues.29 

As of this writing, there are seven FDA-approved ASO therapies, and it remains a rapidly-

developing market for genetic disorder treatments with no known small-molecule 

treatments.30-31 

Double-stranded small-interfering RNAs (siRNAs) are slightly larger than ASOs, 

generally ranging from 20-25 nt in length (along with corresponding sense strand; 40-50 nt 

in total) and operate in a manner different from ASOs, but ultimately result in the 

knockdown/reduced translation of targeted mRNAs.32 As of this writing there are four 

FDA-approved siRNA therapies, including givosiran, a siRNA therapy for the treatment of 
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primary hyperoxaluria type 1 which previously had no known treatment or cure.33 With 

the resounding success of givosiran, accelerated development of siRNA drugs for other 

genetic disorders will surely follow. Givosiran’s success is partially accredited to its 

chemically-modified siRNA, circumventing the need for a delivery vehicle. Newer siRNA 

chemistries may assist in translating more RNA therapies to unique disease states.34  

The largest RNA therapeutics are single-stranded mRNA molecules, typically ranging 

from 300-10,000 nt and functioning as template molecules for the generation of desired 

proteins.35 Treating patients with specific mRNAs can temporarily add desired protein(s) 

to patients with protein/-enzyme deficiencies, bypassing the limitations of a person’s 

Figure 1.1 Overview of different therapeutic RNAs, CRISPR-Cas gene editing tools, and 
mechanisms. A) mechanisms of siRNA, ASO, and double-stranded RNA-specific 
adenosine deaminase (ADAR-oligonucleotides; not detailed in this work) therapeutics. 
B) schematic of model (GFP) mRNA including relevant regions within mRNA. C) Various 
Cas-containing RNPs capable of gene editing (detailed further in Section 1.3) and 
mechanism of mRNA being translated for therapeutics protein replacement/vaccine 
applications. Reprinted from ref.27 
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flawed protein-coding gene. mRNAs are also effective vaccine agents capable of encoding 

pathogen-specific antigens, such as the immunogenic spike protein found on the COVID-19 

virus.36-37 Lastly, Cas mRNA can be delivered to target cells along with a targeting RNA 

species to accomplish CRISPR-Cas gene editing (detailed further in Section 1.3).38 

 

1.2 mRNA Therapeutic Landscape and Challenges 

 The mRNA therapeutic landscape is rapidly evolving, but most developments are 

utilizing mRNA for three major applications: vaccine development, protein replacement 

therapies, and CRISPR-Cas gene editing (See Figure 1.2).36  

Figure 1.2 Applications of mRNA-based therapeutics. Exogenously-delivered mRNA can 
be utilized for protein replacement therapies or vaccine antigen expression. Delivery of 
Cas9-encoding mRNA and sgRNA/gRNA can also be used for CRISPR gene editing 
applications. Reprinted from ref.36  
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 The COVID-19 pandemic led to the rapid development of numerous next-generation 

vaccines, including two mRNA-based vaccines, SPIKEVAXTM and COMINARTYTM, generated 

by Moderna and Pfizer/BioNTech, respectively. Both of these first-in-class mRNA vaccines 

encode the COVID-19-specific spike protein that the immune system metabolizes for 

immune responses against the live COVID-19 virus.39 Prior to the events of the pandemic, 

numerous complications that hindered mRNA applications existed, notably limitations in 

mRNA stability and a lack of delivery vehicles to shield mRNA from degradation prior to 

delivery in target cells.40-41  

To aid mRNA stability, Moderna incorporated N1-methylpseudouridine (m1Ѱ) 

nucleobases in place of conventional uridine nucleobases to prevent undesirable immune 

responses occurring from internal cellular RNA receptors, alter mRNA secondary structure, 

and generally increase overall target protein production from the mRNA.42-43 Both 

Moderna and Pfizer/BioNTech incorporate additional elements on their mRNA strands, 

including 5’- caps, optimized 5’-untranslated regions, 3’-polyadenosine tails, along with 

other specific codon optimized sequences to ensure high translation efficiency.42, 44 

Exclusion of these elements results in undesired immune responses in recipient cells along 

with poor overall protein production. While initially developed for vaccine applications, 

these mRNA modifications will also be important for the development of mRNAs for 

protein replacement therapies to ensure that maximal protein production can be obtained 

from delivered mRNA.  

The lack of effective delivery vehicles also stymied mRNA therapeutic translation 

prior to the COVID pandemic. Despite the stability improvements from the aforementioned 

mRNA modifications, mRNA is still highly susceptible to degradation in biological 
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fluids/tissues.45 Encapsulation of mRNA within a delivery vehicle prevents enzymes such 

as RNase and other exonucleases from accessing the mRNA phosphodiester backbone and 

prematurely degrading the mRNA therapeutic before reaching target tissues.46-47 The 

development of Moderna’s and Pfizer/BioNTech’s proprietary lipid nanoparticle constructs 

(detailed further in Section 1.4) resulted in novel mRNA-lipid formulation strategies with 

high encapsulation efficiency and mRNA stability. 

 Leveraging both of these new design elements, numerous other prophylactic 

vaccines are currently in development using mRNA-based therapeutics, targeting 

numerous previously neglected viral pathogens including the Epstein-Barr virus (EBV), 

while also aiming to improve pre-existing influenza vaccines.48-49 More exciting however 

are the new approaches taken to generate “therapeutic vaccines” or vaccines administered 

to persons actively fighting a given disease.50 These new vaccine designs target persons 

with latent viral infections, such as human immunodeficiency virus HIV or cytomegalovirus 

(CMV), to prevent future viral breakouts in patients and other side effects associated with 

viral infections. Another avenue for these “therapeutic vaccines” are single-protein cancer 

vaccines and personalized cancer vaccines, where each patient’s administered mRNA 

vaccine sequence is specific to enriched proteins in the individual’s cancer.50 With the 

promising T cell activation profile obtained from previous mRNA vaccine designs, 

designing optimal immune responses from these personalized cancer mRNA vaccines 

appears highly feasible.  

Other new developments in mRNA therapies are protein-replacement therapies. As 

of this writing, Moderna is currently pursuing mRNA replacement therapies for numerous 

genetic disorders, including PAH-induced Phenylketonuria and Ornithine transcarbamylase 
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deficiency, amongst many others.27   

 Another increasingly popular application of mRNA therapies is CRISPR-Cas gene 

editing; by incorporating an mRNA transcript that encodes a specific Cas protein (most 

commonly Cas9), a nucleic acid-editing protein can be produced in the cytosol of target 

cells.51 When combined with relevant small guide RNA sequences (either pre-existing in 

the cell or also delivered exogenously), the mRNA-encoded Cas protein is produced and, 

specifically for Cas9 protein, migrates to a specific DNA sequence in the nucleus to conduct 

precise gene editing.52 An advantage of this methodology is the transient nature of the Cas9 

mRNA, producing numerous copies of Cas9 protein in a short timeframe to conduct gene 

editing. Subsequently, the Cas9 mRNA degrades and no further protein is produced. This 

shortened expression and gene editing timeframe may reduce off-target effects.38  

 Despite major advances in these mRNA applications, the field of mRNA therapeutics 

is not without challenges. The most formidable challenge thus far remains targeted cellular 

delivery, particularly for protein replacement therapy and CRISPR-Cas applications.53 As of 

this writing, FDA-approved mRNA therapeutics have been focused on generating responses 

from immune cells (COVID-19 vaccines), which is the desired therapeutic profile for 

vaccine delivery. Precision targeting to extrahepatic tissues without undesired immune cell 

responses remains an unsolved challenge for both protein replacement therapies and 

CRISPR-Cas applications (detailed further in Section 1.4).54 

 

1.3 CRISPR-Cas Gene Editing Background, Therapeutics, and Challenges 

  Clustered regularly interspaced short palindromic repeats (CRISPRs) are a 

naturally occurring bacterial defense mechanism in prokaryotes, adapted to identify 
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foreign pathogenic DNA/RNA sequences (originating from viruses) present within the 

cell.52 As a defense against these viruses freely using their host’s machinery to replicate, 

prokaryotes utilize genomic CRISPR array elements to generate specific RNA sequences 

unique to the pathogen.55 These small, highly-specific RNAs (crispr RNAs; crRNAs) can 

hybridize to DNA/RNA sequences from the pathogen genome and act as a form of 

sequence-specific identification. These small RNAs then associate with a desired CRISPR-

associated protein (Cas protein) to form a complete ribonucleoprotein (RNP) complex that 

is capable of binding to the pathogenic DNA/RNA sequence and cleaving the 

phosphodiester backbone, deactivating the pathogenic DNA/RNA sequence.  

While many Cas proteins and engineered derivatives exist, each possessing unique 

nuclease activities, the most utilized Cas protein is Cas9. For typical CRISPR-Cas9 gene 

editing applications, Cas9 protein is assembled with a small guide RNA (sgRNA), which 

contains both a genomic targeting sequence and sequences to enable proper Cas9 

functionality (trans-activating crispr RNA; tracrRNA), to form complete RNPs.56 This Cas9 

RNP translocates to the genome, hybridizes to the specific target DNA sequence, and 

generates a double-strand DNA break, cleaving both DNA strands in the genome (See 

Figure 1.3). 

Figure 1.3 CRISPR-Cas9 gene editing mechanism . CRISPR-Cas9 generates double-
stranded DNA breaks that undergo NHEJ- or HDR-based repair. Reprinted from ref.56 
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 The resulting double-stranded DNA breakage can be mended by two different DNA 

repair mechanisms: non-homologous end joining (NHEJ) and homology-directed repair 

(HDR).57-58 For NHEJ events, the blunt ends of the cleaved DNA are identified as 

“incomplete” by genomic repair mechanisms, and random insertions of nucleotides at the 

cleavage site are made before strand re-ligation, resulting in various mutations in the 

target sequence. Alternatively, NHEJ can result in deleted nucleotides at the cleavage site 

generated, rejoining the blunt ends with fewer nucleotides than before. Ultimately, NHEJ 

typically leads to missense and nonsense mutations, resulting in a mistranslated, non-

functional protein or premature stop codons that prevent full transcription of the target 

protein, effectively removing the target protein from the affected genome. Notably, NHEJ 

ligation of blunt ends without additional insertions or deletions can rejoin the DNA strands, 

but blunt end ligation would regenerate the original sequence, making this sequence 

susceptible to cleavage by the RNP complex again. 

The NHEJ mechanism is extremely effective at eliminating undesired protein 

expression in target cells, but it generally lacks the ability to mutate a given DNA sequence 

to a corrected “healthy” sequence. HDR, the other predominant DNA repair mechanism 

after Cas9 cleavage, allows for precise genome editing. By including an exogenous DNA 

template with the correct DNA sequence, genomic repair mechanisms can use the external 

DNA template as a reference for DNA repair following DNA cleavage. However, this method 

does require the exogenous delivery of a correct DNA template into the nucleus of the cell, 

which generates additional complexity when designing appropriate delivery systems.59   

 As of this writing, no CRISPR-Cas therapies have obtained FDA approval, but two 

notable clinical trials are in progress using CRISPR-Cas9 genomic editing strategies. 
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CTX001, a collaborative clinical trial managed by both Vertex and CRISPR Therapeutics, is 

an ex vivo CRISPR-Cas9 gene therapy targeting the BCL11A enhancer region responsible for 

repressing γ-globin expression in adults with transfusion-dependent β-thalassemia and 

sickle cell disease.60 In these diseased patients there is a mutation in the hemoglobin 

subunit beta (HBB) gene that results in deformed hemoglobin proteins. This eventually 

leads to erythrocyte deformation, anemia, and painfully enlarged spleens in affected 

patients.61 In this therapy, patients have their hematopoietic stem cells and progenitor cells 

removed and treated with CRISPR-Cas9 ex vivo to enable γ-globin (fetal hemoglobin; 

functional hemoglobin) expression. After expanding these cells in culture and confirming 

gene editing, the hematopoietic stem cells are re-injected back into patients. A majority of 

treated patients reported alleviated symptoms, and improved clinical markers were 

observed up to one-year post-transfusion. Interestingly, this therapeutic does not target 

the defective HBB gene, but increases expression of γ-globin to alleviate the negative effects 

of the defective HBB expression. Further developments are sure to follow this highly 

promising treatment approach.   

 Another clinical trial, NTLA-2001, managed by Intellia Therapeutics and Regeneron 

Pharmaceuticals, involves the simultaneous codelivery of Cas9 mRNA and sgRNA within a 

lipid nanoparticle (LNP) to patient hepatocytes, editing a hereditary misfolding variant of 

transthyretin (TTR) gene (See Figure 1.4).62 For patients with defective TTR, amyloidosis 

eventually occurs in the liver and heart, resulting in cardiomyopathy, polyneuropathy, and 

other liver complications if left untreated. Amazingly, after a single dose treatment of these 

LNPs, patients observed >90% reduction in serum TTR protein 28 days post-injection. 



 

12 
 

Evaluating patients at longer timepoints will determine if more chronic disease symptoms 

are alleviated using this therapy.  

While these two clinical trials and other preclinical advances using CRISPR-Cas 

technologies are extremely promising, some issues are still present in CRISPR Cas9 

therapies, notably off-target effects.63 Advances in Cas protein evolution and sgRNA design 

are partially alleviating off-target concerns, preventing non-specific sequences in target 

genomes from being accidentally cleaved, but further genomic studies are needed to 

confirm the improved benefits of these design modifications.64 Unfortunately, similar to the 

RNA therapeutics mentioned earlier, delivery of CRISPR-Cas9 components to specific 

tissues/cells remains one of the most difficult barriers for these remarkable gene editing 

tools.  
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Figure 1.4 Overview of NTLA-2001 in vivo gene editing clinical trial. A) Structure and 

administration route of NTLA-2001 LNP containing Cas9 mRNA and TTR-specific 

sgRNA. B) Diagram depicting hepatocyte uptake and LNP decomplexation to generate 

Cas9 RNPs in situ (within patients). C) Cas9 RNP-induces cleavage of TTR in patients, 

preventing further generation of TTR proteins. Reprinted from ref.62 
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There are three different methods of expressing CRISPR-Cas9 using exogenously 

supplied components to target cells. By delivering a CRISPR-Cas9-encoding plasmid 

(usually 7-10 kilobases [kb]), all CRISPR-Cas9 RNP components can be generated in situ to 

perform gene editing. By codelivering Cas9 mRNA (~4,500 nt) along with a relevant sgRNA, 

Cas9 protein is generated in situ, and supplied sgRNA combines with Cas9 protein to from 

RNPs.  Lastly, pre-formulated Cas9-sgRNA RNPs (~200 kDa each) can be administered to 

cells directly.65 Unfortunately, all these CRISPR-Cas9 cargoes are large and, particularly for 

plasmids and mRNA, highly negatively charged. These large sizes and unfavorable charge 

properties drastically limit passive cell membrane permeability. Moreover, when exposed 

to biological fluids, degradation of CRISPR-Cas9 cargoes can occur quickly through 

exposure to native DNases, RNases, or proteases. To overcome these hurdles for in vitro 

and in vivo delivery, CRISPR-Cas9 machinery needs to be encapsulated within a 

construct/delivery vehicle to facilitate transport in biological fluids and across the cell 

membrane.  

 The recent utilization of Cas9 mRNA and sgRNA in NTLA-2001 emphasizes the 

strong potential of delivery constructs, particularly synthetic delivery vehicles, as carriers 

for CRISPR-Cas9 machinery. NTLA-2001’s Cas9 mRNA formulation exhibits excellent 

encapsulation of large Cas9 mRNA (>90% efficiency) within a synthetic LNP vehicle and 

enables efficient release of mRNA cargo upon entry into the cytosol.62 Moreover, unlike 

CTX001, NTLA-2001 is the first in vivo gene editing therapy, editing cells within a person 

without a need for invasive surgery. This tremendous accomplishment in targeted lipid 

nanoparticle delivery sets an excellent precedent for future in vivo CRISPR-Cas therapies.   
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1.4 Lipid Nanoparticles: Mechanistic Design, Profound Success, and Limitations  

 The first FDA-approved small-interfering RNA (siRNA) therapy, Patirisan 

(developed by Alnylam Pharmaceuticals and approved in 2018), is administered using a 

lipid nanoparticle platform that facilitates siRNA cargo transport in biological fluids, 

trafficking across the cell membrane, and successful delivery of siRNA cargo into the 

cytosol of cells.66 This exciting siRNA approval somewhat overshadowed another equally 

exciting aspect of this therapy: the first FDA approval of a heterogeneous lipid nanoparticle 

containing numerous components, notably an ionizable lipid species.  

Modern LNP formulations are multifunctional and contain numerous components 

(See Figure 1.5), including helper lipids to increase LNP monolayer stability,67 cholesterol 

to enhance core stability,68 PEGylated lipid to prevent aggregation,69 optional targeting 

ligands, and mRNA at the nanoparticle core.36 However, the largest component in these 

Figure 1.5 Formulation approach to generate mRNA-encapsulated LNPs. Chaotic 

mixing of hydrophobic components (within red bracket; containing organic solvent) 

and aqueous-buffered mRNA results in heterogenous mRNA-containing LNPs. 

Reprinted from ref.36 
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LNP designs is the most important: the ionizable lipid species, usually ranging from 40-50 

mol%.70-71 These ionizable lipids, typically containing tertiary amines, are designed to have 

a conjugate acid pKa within the range of 5 to 7. During formulation, a buffered mRNA 

solution (pH 4-5) is mixed with the cocktail of desired lipids from a separate mixture 

(generally aqueous with 10-20% organic solvent or completely organic) in a microfluidic 

chamber, ensuring precise, controlled mixing of these two components. Due to the low pH 

of the mRNA solution, the ionizable lipid species is protonated upon mixing and associates 

with the phosphates on the mRNA through electrostatic interactions, forming 

micelles/reverse micelles with mRNA at the core. Later buffer exchange steps bring LNPs 

to physiological pH and result in more lipid species condensing to form a monolayer 

around the micelles, ultimately generating LNPs with neutral ionizable lipid species in the 

outermost layer.36  

This successful formulation strategy has been repeated for both FDA-approved mRNA 

drugs and for one siRNA drug therapy. However, the exact ionizable lipid species differs for 

each of these therapies (See Figure 1.6). As stated previously, lipids containing tertiary 

amines are the most common and commercially adopted form of ionizable lipids. As of this 

Figure 1.6 Ionizable lipids used in current FDA-approved LNPs. Yellow circles highlight 

ionizable amines that make these lipids pH-responsive (conjugate acid pKa values for 

amines listed below structures).  
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writing, no other chemical motifs for mRNA association, condensation, and ionization are 

being explored at the clinical level.  

These ionizable lipid species also possess a secondary function: assisting in 

endosomal escape upon LNP internalization by target cells.72 After LNP administration in 

vitro/vivo, these nanoparticles are internalized by cells through an endocytic pathway, 

during which the nanoparticles are subject to increasingly acidic environments 

(endosomes or lysosomes). In these acidic environments, the ionizable lipid species within 

the LNP becomes protonated, generating a cationic charge that favors closer interactions 

with the negatively-charged inner leaflet of the endosome/lysosome membrane (See 

Figure 1.7).73 After enough ionizable lipids become protonated, the lipids of the LNP 

Figure 1.7 LNP endocytosis and endosomal escape mechanism. mRNA-containing LNPs 

are internalized by cells through endocytosis and perform endosomal escape by fusing 

with endosome lipid membranes after endosomal acidification. Resulting LNP fusion 
releases mRNA cargo into cells. Reprinted from ref.73  
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destabilize the inner leaflet of the endosomal/lysosomal membrane, enabling fusion of the 

LNP to the endosomal membrane and releasing mRNA cargo into the cytosol of the target 

cell.  

The remarkable success of LNP delivery vehicles for RNA therapy is a turning point 

for new therapeutic development, but there are still limitations to the platform. LNP 

colloidal stability over long periods of time remains a challenge, despite PEGylation.74 

Additional small-molecule additives and alternative storage conditions, notably 

lyophilization, and currently being explored to increase the long-term stability of these LNP 

systems. Another potential problem with current LNP systems arises from the non-

biodegradability (and tissue accumulation) of current ionizable lipid species.75 Upon 

endosomal membrane fusion with LNPs, the ionizable lipid species is physically 

incorporated into host membranes and remains if no pathways exist to degrade the 

ionizable lipid into smaller soluble metabolites. While the issue of nonbiodegradable 

ionizable lipid toxicity is not problematic for vaccines, predominantly because the overall 

dosage is low, this can cause undesired toxicity in applications where repeated dosing is 

required, like in protein replacement therapies. To tackle this issue, researchers are 

attempting to incorporate bioreducible motifs, like disulfide linkages, within the ionizable 

lipid/lipidoid species so that tertiary amino groups can be metabolized after incorporation 

into the cell membranes.76 Numerous lipid-like materials are also being investigated as 

alternatives to non-biodegradable ionizable lipid species.77-78  

Targeted delivery remains the greatest limitation on the development of new LNP-

based RNA therapies. While both SPIKEVAXTM and COMINARTYTM achieve delivery to 

antigen-presenting cells of the immune system, ONPATTROTM remains the only FDA-
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approved organ-specific LNP therapy, delivering siRNA cargo specifically to the liver.66 

While other therapies in clinical development are capitalizing on the tendency of LNPs to 

target hepatic tissues, delivery of RNA to extrahepatic tissues remains a significant 

obstacle. The incorporation of cell-targeting ligands is an exciting new approach to making 

LNPs tissue- and cell-specific, but the identification of viable ligands is a continuously 

evolving field. Fortunately, LNPs are highly modular systems, and the incorporation of 

unique cell-targeting ligands into lipids can usually be achieved through facile 

bioconjugation techniques.79  

In an approach not following the targeting ligands paradigm, Siegwart and coworkers 

used different cationic lipid species during the complexation of mRNA-loaded LNPs to 

control organ-specific expression.80 This selective organ targeting (SORT) system so far has 

predominantly shown success in targeting the lungs, spleen, and livers of treated mice 

using model mRNAs (See Figure 1.8). Further expansion of the SORT system demonstrated 

>10% gene editing in all the lungs and livers of targeted animals when administering LNPs 

complexed with SORT lipids, Cas9 mRNA, and sgRNA. More derivations of this system are 

expected, mixing various combinations of ionizable lipid species, SORTing lipids, and 

various other ligand-conjugated lipids to obtain a more expanded scope of organ-

specificity.  
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Further developments in the field of targeted therapy designs are rapidly progressing, 

and major breakthroughs in targeted therapies will likely follow as novel cell-targeting 

ligands, cationic lipids, and ionizable lipids are discovered.  

 

1.5 Viral Vectors as CRISPR-Cas Therapeutic Delivery Vehicles 

Throughout eons of continuous evolution and competition with eukaryotic 

organisms, Nature has generated pathogenic tissue-specific nucleic acid delivery vehicles, 

Figure 1.8 Organ-specific SORT LNPs for targeted RNA delivery. Specific ratios of 

unique cationic lipids can be used in LNPs to obtain organ-specific mRNA delivery to 
lungs, spleens, and livers of mice. Reprinted from ref.80 
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also known as viruses. The objective of a virus is fundamentally simple: targeting specific 

cells in a host, hijacking the host’s cellular machinery to replicate more viral genomes and 

capsid proteins, and generating more virus particles to infect more cells. While 

straightforward in strategy, different viruses target different cell types, possess varied viral 

genome nucleic acid composition (DNA or RNA), and have differing mechanisms for viral 

genome replication in the host cell.81-82 While these aspects of viral pathology are 

important in combating disease, they are now equally important in the design of next-

generation RNA therapy and gene therapy delivery vehicles. 

 Cell-specific targeting capability is a quintessential trait of viruses; infecting the 

correct cells is needed to ensure propagation and transmission to new hosts. By 

capitalizing on viral cell-specificity, viral cargo can be altered to include therapeutically 

relevant DNA. One of the most rapidly developing viral vectors for targeted gene therapy 

are adeno-associated viruses (AAVs). AAVs are extremely small (20nm) replication-

defective single-stranded DNA viruses that actively infect a variety of human cells but are 

not known to cause any specific disease. AAV’s ability to infect different types of human 

cells (tropism) is a by-product of their unique serotyping, or the unique receptor-binding 

proteins displayed on the AAV capsid.83-84 For example, AAV serotype 2 (AAV2) displays a 

natural tropism towards skeletal muscle cells, neurons, and other cells while AAV serotype 

8 (AAV8) possesses excellent tropism towards liver hepatocytes and pancreatic cells.  

Researchers and clinicians can easily engineer AAVs to possess further enhanced tropism 

and cater specific gene therapies to these target tissues. The first in vivo FDA-approved 

gene therapy, Luxturna (developed by Spark Therapeutics), used an AAV2-serotyped virus 
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to treat retinal cells in patients with Leber congenital amaurosis.85 As of this writing, only 

two AAV vectors have been FDA-approved, but many more are in drug pipelines.86 

However, there are two potential pitfalls of using AAVs for gene therapy: low 

genomic cargo size and potential immunogenicity. Despite AAVs possessing ssDNA 

genomes, the size limit for AAV cargo is 4.8 kb, which is much smaller than many desired 

gene editing plasmids, particularly those encoding CRISPR-Cas9 machinery.87 While this 

remains problematic for specific gene therapy designs, truncated CRISPR-Cas designs could 

be generated to overcome AAV size limitations. As for immunogenicity, AAVs do not 

generally create a cytotoxic response, but they do generate neutralizing antibodies upon 

repeat exposure.88 Despite these issues, more AAV vectors are being researched and 

translated, making them extremely promising vectors for future genetic disorder 

treatments.  

 Lentiviruses are another highly developed viral vector class already utilized for gene 

therapies. These vectors, which are engineered from retroviruses (such as HIV), contain 

RNA genomic cargo but also possess copies of reverse transcriptase and restriction 

enzymes to insert a given gene into the target cell genome.89 Two FDA-approved lentiviral 

gene therapies exist, Skysona and Zynteglo (both developed by Bluebird Bio), that insert 

corrected genes for ABCD1 and HBB, respectively.90-91 Both of these lentiviral therapies 

rely on ex vivo cell treatment, which somewhat limits the scope of genetic disorders that 

can be targeted/treated. However, the success of these trials will certainly increase the 

likelihood of future trials for individuals with hematopoietic stem cell-based genetic 

diseases. Interestingly, no CRISPR-Cas lentiviral clinical trials are currently underway, 
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although CRISPR-Cas technologies are fully compatible with lentiviral vectors. Finally, 

despite the exciting success of these viruses ex vivo, the immunogenicity and lack of cell 

specificity remain major challenges for these viral vectors as in vivo gene editing vehicles.89 

  Two other viral vectors with preclinical promise in gene therapy are modified 

herpes simplex viral vectors and modified polioviruses. Herpes simplex viruses and 

polioviruses are both capable of infecting neuronal cells, which are of great interest to 

many genetic disease models. Herpes simplex viruses also have larger genomic size limits 

(~125-300 kbp) than AAVs, making them amenable to containing CRISPR-Cas9-encoding 

DNA elements.92 Polioviruses also have a larger genomic capacity (~7 kbp) than AAVs, 

making them more favorable for containing CRISPR-Cas9 DNA elements. Unfortunately, 

neither polioviruses nor herpesviruses have yet been utilized in gene therapy clinical trials.  

 

1.6 Biodegradable Cationic Polymer Designs for RNA-Based CRISPR-Cas9 Gene 

Editing 

As stated previously, ionizable cationic lipids are favored in modern synthetic 

nanoparticle RNA delivery designs because they complex with RNA species through 

electrostatic interactions. Similar cationic motifs were already implemented in polymeric 

nucleic acid delivery vehicles, predating the use of modern cationic lipid designs. 

Polyethyleneimine (PEI) was one of the first studied cationic polymer systems for DNA and 

RNA delivery.93 PEI complexes to phosphate groups present on nucleic acids via amines 

that are protonated at physiological pH. However, PEI contains additional amines that are 

not protonated at physiological pH due to the inductive effect of adjacent protonated 
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ammonium groups. This effect is beneficial for the cellular delivery of PEI-RNA 

nanoparticles, as these neutral amines become protonated at endosomal/lysosomal pH (pH 

5-7), destabilizing the endosome/lysosome through the proton sponge effect.94-95 These 

two properties, having cationic motifs for RNA complexation and ionizable groups for 

endosomal escape, have become essential in other cationic polymer designs for RNA 

delivery.  

Unfortunately there is a major disadvantage to PEI: cytotoxicity in recipient cells 

due to poor PEI biodegradability in the cytosol.96 Unlike cationic lipid nanoparticles that 

fuse directly with their target cell membranes, cationic polyplexes undergo endosomal 

escape to release polyplexes into the cytosol of target cells (See Figure 1.9).97 Cationic 

polyplexes remain intact within the cytosol after endosomal escape and RNA cargo must 

Figure 1.9 Polymer-RNA polyplex endocytosis and endosomal escape mechanism. 

Cationic polyplexes with RNA entering cells through endocytosis or fusion persist 

within cellular cytosol. Additional polyplex decomplexation is needed to fully release 
RNA cargo. Reprinted from ref.97 
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undergo additional decomplexation to enact their intended biological effect. PEI 

successfully fulfills this requirement, but the decomplexed PEI remaining in the cytosol 

after RNA release is non-biodegradable, ultimately resulting in accumulation and 

cytotoxicity. To alleviate this, researchers have pursued synthetic methodologies to include 

biodegradable linkages, like disulfide motifs or ketal motifs, into the PEI backbone so that 

smaller, less toxic polymer segments can be generated.98 While successful at reducing 

cytotoxicity, the basic subunits of PEI remain non-biodegradable, which may still result in 

accumulation if cells are subject to repeated doses.   

 To alleviate cytotoxicity issues of arising from biodegradability, numerous polymer 

constructs have been developed containing fundamentally biocompatible monomer units 

or biodegradable linkages between repeat units. Three exemplary biodegradable polymer 

systems useful for RNA and CRISPR-Cas delivery are poly-β-amino esters (PBAE), cationic 

dendrimers, and charge-altering releasable transporters (CARTs).  

 PBAE polymers are usually synthesized through the step-growth polymerization 

between an amino- monomer and a diacrylate monomer (via aza-Michael addition).99 PBAE 

polymers are highly biodegradable due to the presence of ester bonds between each repeat 

unit, which can hydrolyze in the cytosol over time. This biodegradability can be augmented 

by introducing disulfide groups into monomer feedstocks without compromising RNA 

delivery capabilities.100 However, the advantages of this system are truly seen by its large 

monomer scope and various potential architectures. By screening numerous amine-

containing monomers, the polymer pKa can be optimized to the endosomal/lysosomal pH 

range, and the hydrophobicity can additionally be modified from the diacrylate monomer 

selected.101 Furthermore, by using various tri- and tetra-acrylate monomers, PBAEs with 
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various degrees of crosslinking can easily be synthesized.102 These different polymer 

architectures have been successful in RNA delivery experiments and further expand the 

applicability of this system.   

 PBAEs that are highly successful as mRNA and CRISPR-Cas9 gene editing vehicles 

can be readily generated through monomer derivatizations. Recent works have expanded 

the usual two-component PBAE synthesis to include three-component PBAEs.101 By 

incorporating different hydrophilic and hydrophobic amine-containing groups, Green and 

coworkers were able to generate PBAEs that can deliver plasmid DNA, siRNA, and mRNA 

with varying delivery efficacies depending on the polymer composition.101 Moreover, 

polymer pKa values, nanoparticle uptake efficiency, and endosomal escape efficiency were 

also quantified for each polymer /nucleic acid cargo combination. These vectors were 

capable of in vivo mRNA delivery to the lungs, spleen, and livers of treated mice (See Figure 

1.10). A similar study by Green and coworkers utilized branched PBAE polymers to 

complex and deliver CRISPR-Cas9-encoding plasmid DNA to perform gene editing in 

vitro.103 Lastly, a carboxylated derivative of these branched PBAE polymers successfully 

complexed Cas9 RNPs to perform gene editing in a tumor model but has not yet been 

applied towards nucleic acid delivery.104 With proven in vivo applications and excellent 

chemical-tunability, future PBAE derivatives show great promise as mRNA/ CRISPR-Cas9 

gene editing delivery vehicles. 
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 Polyamidoamine (PAMAM) dendrimers are another class of polymers containing 

numerous amines for RNA complexation. Unlike linear or branched PEI, PAMAM 

dendrimers are well-defined hyperbranched polymers generated from a symmetrical 

core.105 Classical PAMAM dendrimers have been utilized for siRNA delivery applications,106 

but the diversity of this system has enabled other dendrimer systems to be synthesized for 

RNA delivery applications.107  

Percec and coworkers have shown success in synthesizing amphiphilic Janus-type 

dendrimers, which generated 100-350 nm nanoparticles after formulation with mRNA.108 

Figure 1.10 PBAE polymers for the delivery of DNA and RNAs in vivo. PBAE polymers 

are complexed with siRNA or mRNA to generate polycationic polymeric nanoparticles 

delivering RNA to lungs, livers, and spleens in vivo. Reprinted from ref.101  
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These dendrimer-RNA polyplexes provided mRNA expression in the livers and spleens 

after in vivo administration. Anderson and coworkers utilized a well-defined amino-alcohol 

dendron to assemble mRNA-polymer nanoparticles; resulting polyplexes generated 

excellent desired immune response profiles towards RNA viruses and intracellular 

pathogens in in vivo challenge studies (See Figure 1.11).109 Although only one dendron 

species was synthesized, this simple approach towards dendron synthesis and nanoparticle 

formulation approach can readily be derivatized in future mRNA applications. In a third 

example, Seigwart and coworkers were also able to synthesize dendrimer-based lipid 

nanoparticles capable of complexing with three different nucleic acid species 

simultaneously (sgRNA, Cas9 mRNA, and ssDNA) to form <200 nm nanoparticles as 

measured by dynamic light scattering (DLS).110 In vivo Injection of these nanoparticles 

resulted in >20% HDR-mediated gene editing within a tumor model. With new 

developments in dendrimer chemistries and formulation techniques, the future of 

Figure 1.11 Amino-alcohol dendrimer for mRNA vaccine applications. A) Small 

molecule amino-alcohol dendrimer can complex with mRNA (and PEG) to generate 

nanoparticles.  B) Amino-alcohol dendrimer complexed with mRNA generates well-
defined nanoparticles by DLS. Reprinted from ref.109  
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dendrimer applications in mRNA delivery and gene editing remains promising.  

 Waymouth and coworkers (along with Grinstaff et al.) have pioneered the synthesis 

of charge-altering oligo(carbonate-b-α-amino ester)  polymers (CARTs) through a simple 

organic ring-opening polymerization (OROP) methodology (See Figure 1.12).111-112 

Resulting polymers have polycarbonate and α-amino ester block segments that govern 

polymer hydrophobicity and cationic charge capability, respectively. A small library of 

these polymers was shown to be effective at complexing with model mRNA species, and 

resulting nanoparticles demonstrated uptake by antigen-presenting cells, making them 

excellent candidates for future mRNA vaccine vectors. Further derivatization of this vector 

platform added α-amino ester monomers and amino-acid derived lactones for a more 

Figure 1.12 CART polymer designs for bio-compatible mRNA delivery and 

depolymerization. CARTs generated from: A) α-aminoester -containing monomers or B) 

amino-acid-derived lactone monomers can complex with mRNA, delivery mRNA to cells, 

and depolymerize rapidly to release mRNA cargo. Reprinted from ref.112 
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compatible facile OROP methodology.113 These vectors possess rapid biodegradability (<60 

minutes until fully depolymerized) resulting from their various ester and carbonate motifs 

and readily degrade to form cyclic monomers upon cytosolic entry to release mRNA cargo. 

This polymer platform has also been used to achieve CRISPR-Cas9 gene editing in vitro, 

using nanoparticles generated from CART polymers, Cas9 mRNA, and a 2’-acetylated 

“cloaked” sgRNA.114 While excellent gene editing was obtained, interestingly, the 

nanoparticles generated were not fully characterized, but future CART derivatives of this 

design will be promising CRISPR-Cas9 gene editing tools.  

 

1.7 Polydisulfide Polymers: Synthetic Approaches and RNA Delivery Applications 

Among the most exciting polymers to be generated within the past few decades are 

polydisulfides, particularly those generated from α-lipoic acid (LA). LA is a naturally-

occurring 1,2-dithiolane with a pendant carboxylic acid motif. LA is an essential cofactor 

for certain enzymes but is generally found in the human body as a covalent adduct to 

proteins instead of in the soluble small molecule form.115 Generally, a LA-protein adduct is 

generated through an amide bond of lysine residue to LA’s carboxylate group, suggesting 

LA-amide conjugates are already biocompatible. As a potential monomer for 

polymerizations, the 1,2-dithiolane of LA is estimated to possess a ring strain of 4-6 

kcal/mol, suggesting ROP is feasible under specific conditions.116 Similar calculations for 

the carboxylate form of LA were found to possess an ROP enthalpy of -2.7 kcal/mol in 

aqueous media117; a methylated LA derivative was also calculated to have an ROP of -4.8 

kcal/mol in THF.118 These enthalpies suggest that LA ROP should be synthetically feasible 
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in both organic and aqueous solvents and recent works explored how this can be leveraged 

to make new biodegradable polymeric materials.   

 One of the first LA-derived polydisulfides used in a biological context was conducted 

by Chroboczek and coworkers, performing an alkaline anionic ROP of a quaternary 

ammonium-containing LA derivative and using the resulting polymer for DNA delivery.119 

Unfortunately, the resulting polymers were not extensively characterized. It was not until 

2013 when Matile and coworkers generated a robust anionic ROP protocol where cationic 

polydisulfides could be fully characterized by size exclusion chromatography.120 These 

polydisulfides, which were synthesized from LA derivatives containing guanidium pendant 

groups, were polymerized in a pH 7 buffer with or without a thiolate initiator and 

demonstrated excellent depolymerization capability (See Figure 1.13). Matile and 

Figure 1.13 Aqueous-phase cationic polydisulfide synthesis and depolymerization.  

Guanidium-containing lipoic acid monomers (1-4) can generate polydisulfides using 

initiator-driven (5-7) ROP along with relevant terminators (8-9) in aqueous conditions. 

Reprinted from ref.120 
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coworkers explored using these polydisulfides for biological applications, determining that 

polydisulfides containing amphiphilic monomers (still containing guanidinium groups) or 

high molecular weight (MW) affect cellular localization and polymer depolymerization 

kinetics.121 More specifically, cationic polydisulfides containing aromatic functionalities 

localized to and became trapped within endosomes, whereas strictly cationic polymers 

translocated directly across the cell membrane and sometimes to the nucleus. A similar 

trend was observed for these polymers when applied for protein delivery; streptavidin 

complexation with purely cationic polydisulfides resulted in direct cell membrane 

translocation instead of uptake into endosomal compartments.122  

Other research groups have also utilized this polymerization approach to generate 

cationic polydisulfides for different biological delivery applications. Ping and coworkers 

copolymerized a diamino-LA monomer along with established guanidium-containing 

monomers to generate an ionizable motif for endosomal escape.123 This polymer 

successfully complexed with CRISPR-Cas9 plasmid DNA, Cas9 mRNA with sgRNA, or with 

Cas9 RNPs to generate cationic polymeric nanoparticles. One vector, DET-CPD-12 (See 

Figure 1.14), demonstrated 16.5% gene editing in the livers of mice after treatment with 

DET-CPD-12-CRISPR-Cas9 DNA plasmid nanoparticles. While the polymers generated 

through this synthetic methodology did not differ in molecular weight (all Mn <20 kDa; 

compared to monomers used by the Matile group), they also demonstrated excellent 

depolymerization capabilities. The liver-specific expression profile for this system is 

extremely promising for future gene therapy and RNA delivery applications.  
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Another aqueous-phase LA polymerization technique was developed 2020 by Lu 

and coworkers, utilizing a freezing-based “cryopolymerization” technique to generate 

protein-polydisulfide conjugates (See Figure 1.15).117 Capitalizing on the ability of LA-

based monomers to polymerize within the ice lattice of aqueous solutions, Lu and 

coworkers generated cationic polydisulfide-polymer conjugates will excellent cell-

penetrating capability. Further studies by Lu and coworkers determined that more 

hydrophobic LA derivatives can generate protein-polydisulfide conjugates through a room 

temperature aggregation-induced polymerization technique.124 The efficacy of this 

Figure 1.14 Cationic and ionizable polydisulfide utilized for in vivo CRISPR-Cas9 gene 

editing . Bioreducible cationic polydisulfide DET-CPD was successfully complexed with 

CRISPR-Cas9-encoding plasmids and resulting nanoparticles deliver to livers of treated 
mice. Reprinted from ref.123 
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technique depends heavily on the monomer equilibrium concentration in aqueous 

solutions.  

Polymers generated from organic-phase LA ROP protocols have yet to be applied 

towards biological applications. However, Moore and coworkers developed a facile anionic 

ROP protocol in THF, generating polydisulfides using a methylated LA derivative (See 

Figure 1.16).118 Interestingly, the architecture and molecular weight of LA-derived 

polydisulfides could be controlled based on the type of thiolate initiator and quantity of 

thiolate initiator, respectively. This ROP protocol has been successfully used with three 

other monomers, but resulting polymers were not applied towards any biological or 

material end. Despite this, the ease of this polymerization methodology makes this 

Figure 1.15 Aqueous cryopolymerization approach to generate polydisulfide polymers.  

Proteins of interest (POI) were frozen with three lipoic acid-derived monomers to 

generate protein-polydisulfide conjugates that can be depolymerized with additional 

thiols (DTT/GSH). Reprinted from ref.117  

Figure 1.16 Organic-phase anionic ROP methodology to generate polydisulfides with 

different architectures. ROP of a methyl-ester-containing LA derivative with alkyl thiols 

or aromatic thiols results in linear or cyclic polydisulfides, respectively. Reprinted from 
ref.118  
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synthesis approach very attractive for generating biologically-relevant new LA-based 

polydisulfides.    

 

1.8 Previous Guan Lab Polymer Designs for mRNA Delivery 

Published works from Guan and coworkers have focused on the design of 

bioreducible polymers for the purpose of siRNA and mRNA delivery. The types of polymer 

architectures generated for this purpose are vast, ranging from bolaamphiphiles to 

dendronized polymers.125-126 Specifically for mRNA delivery, two dendronized polymer 

systems have shown excellent in vitro delivery profiles. One such dendronized polymer 

system uses a disulfide-reducible linear backbone with lysine dendrons and two specific 

amino acids, histidine and tryptophan, as terminal dendron functionalities (See Figure 

1.17). On these dendronized polypeptide polymers (denpols), the imidazole motif on 

histidine functions as an ionizable group to promote endosomal escape upon nanoparticle 

uptake, and tryptophan provides an aromatic motif that can potentially increase binding to 

nucleobases through pi-pi stacking.127 In addition to these two functionalities, cationic 

amines present on the dendrons facilitate RNA complexation (through electrostatic 

interactions with nucleic acid phosphate groups), and the disulfide motifs present within 

the polymer backbone enable thiol-mediated depolymerization upon polyplex entry into 

the cell cytosol. Together, these functionalities facilitate excellent RNA-polymer 

complexation, endosomal escape, and biodegradability in recipient cells.   

  Denpol constructs designed for mRNA delivery included an additional tetraethylene 

glycol (TEG) motif functionalized on the polymer backbone to prevent nanoparticle 
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aggregation. mRNA delivery using these dendronized polymers was successful, particularly 

when dendronized to second generations and dendrons were functionalized at a ratio of 

two histidines for every one tryptophan motif (G2 2:1). Fifty percent TEGylation of the 

polymer backbone also resulted in excellent nanoparticle stability in buffered saline at 

physiological pH. This excellent nanoparticle stability profile, coupled with robust mRNA 

delivery capability, makes these dendronized polymers excellent polymer tools for future 

RNA delivery applications.  

Figure 1.17 Dendronized polypeptides polymers for mRNA delivery. A) Multifunctional 

dendronized polypeptide polymers (denpols) can be complexed with mRNA to form 

nanoparticles capable of in vitro mRNA delivery. B) Expanded chemical structure of 

denpol backbone, dendrons, and potential TEG/PEG functionalizations. Reprinted from 

ref.125  
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Another mRNA delivery vehicle developed by Guan and coworkers utilized a similar 

polymer backbone design with similar lysine dendrons, but the backbone and dendrons 

were functionalized with hydrophobic alkyl chains, hydrophilic TEG, or linear peptides (See 

Figure 1.18).128 For this series of dendronized polymers, a multifunctional peptide 

containing lysines, histidines, and tryptophan residues were conjugated to the end of 

dendrons, providing cationic charge, ionizable motifs for endosomal escape, and 

hydrophobicity all within a simplified peptide. When complexed with firefly luciferase 

Figure 1.18 Multivalent peptide-functionalized bioreducible polymers for mRNA 

delivery. Various dendronized polypeptide polymer backbones (G0, G1, and G2) were 

functionalized with multifunctional linear peptides, TEG, and SA functionalizations. 

Resulting polymers demonstrated success at binding and delivering various RNA 
cargoes in vitro. Reprinted from ref.127  
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(Fluc) mRNA, polymer-mRNA nanoparticles with diameters between 100-250 nm were 

obtained, as determined by DLS measurements. Administration of these polymer-mRNA 

nanoparticles to NIH-3T3 cells, HEK 293 cells, and BHK cells all resulted in excellent RNA 

delivery. Depending on the ratio of hydrophobic, hydrophilic, and linear peptide 

substituents, different RNA species (siRNA, mRNA, CRISPR-Cas9 mRNA and sgRNA) could 

be efficiently delivered to cells. More specifically, RNA-mediated CRISPR-Cas9 gene editing 

(from simultaneous complexation of Cas9 mRNA and sgRNA) was most effective using 

polymeric nanoparticles containing 20% hydrophobic stearic acid-functionalized polymers. 

High cellular transfection efficiency and mRNA expression were also observed when two 

other reporter mRNAs (sizes ranging from ~1000 nt to ~10,000 nt) were tested in vitro. 

Due to the high modality of this system, further exploration into different peptide 

sequences should yield more RNA delivery vehicles.  

 

1.9 Summary 

Within the last decade, remarkable progress has been made in the synthesis and 

applications of RNA therapies and gene therapies, with new drug candidates continuously 

being added to development pipelines. However, a lack of safe, efficient, and target-specific 

delivery vehicles for RNA and gene editing therapies remains one of the greatest challenges 

to the implementation of new life-changing therapeutics. For RNA therapeutics, the FDA 

approval of three excellent LNP-based RNA delivery vehicles has propelled lipids to the 

center-stage for the development of RNA-based drugs. While lipids still possess 

tremendous potential, they have fundamental limitations and specific delivery 
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characteristics compared to other nucleic acid complexation vehicles. Expanded 

development of other delivery vehicles remains a priority for applications where LNPs 

prove unsuccessful or inefficient. Polymer-based vehicles remain one of the most 

promising alternatives to LNPs, with biodegradable polymers being very attractive for 

therapies that require repeated dosing. Novel chemical functionalities, polymerization 

methodologies, and formulation techniques are certain to make polymeric delivery vehicles 

an essential tool in the development of next-generation RNA therapies and gene editing 

technologies.  
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Chapter 2: Facile Synthesis of Multifunctional Bioreducible Polymers For 

mRNA Delivery 

2.1 Introduction 

The utilization of polymers from readily derivatized bio-derived monomers is an 

excellent strategy for RNA therapeutic delivery due to the rapid polymer biodegradability 

and compatible metabolism of the bio-derived monomers.1-2 Polydisulfides from lipoic acid 

(LA) remain a promising class of RNA delivery vehicles due to their favorable 

bioreducibility and highly biocompatible LA monomers.3-4 As previously stated, aqueous-

phase ring-opening polymerization (ROP) methodologies have become popular for the 

generation of cationic polydisulfides from cationic LA derivative monomers. However, this 

ROP methodology limits the scope of functional groups included within these polymers; the 

inclusion of hydrophobic derivatives or hydrophobic ionizable motifs is not favorable due 

to solubility factors.   

Incorporation of hydrophobic groups, notably alkyl functionalities, has not been 

attempted for biologically-focused LA-based polydisulfides. Moreover, combining cationic, 

ionizable, and hydrophobic motifs has demonstrated success in siRNA, mRNA,5 and RNA-

mediated CRISPR-Cas9 (Cas9 mRNA and sgRNA formulated together) gene editing 

applications6 with other polymeric systems. Exploration into synthetic methodologies that 

could include all three of these functionalities, preferably with the capacity to include 

others in future designs, would greatly expand the potential of polysulfide polymers as 

RNA delivery vectors.   

  The incorporation of multiple chemical motifs onto the same polymer backbone has 
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been previously reported using a post-polymerization functionalization strategy. Theato 

and coworkers demonstrated the viability of this system by polymerizing 

pentafluorophenyl acrylate monomers, then subjecting the poly(active ester)polymer to an 

extensive 24-hour post-polymerization reaction at elevated temperatures.7 With >95% 

conversion after 24 hours of aminolysis, the poly(active ester)polymers were shown to 

have excellent reactivity towards primary and secondary amines,7 but require catalysts for 

alcohols.8 Similar derivations of this work have functionalized polymers with motifs for 

drug/protein conjugation,9-10 but not for mRNA delivery applications. 

We proceeded to utilize a similar post-polymerization functionalization approach to 

generate biocompatible multifunctional polydisulfides, first by synthesizing an active ester-

containing polydisulfide (poly(AE)disulfide), then performing aminolysis to attach multiple 

specific functionalities (See Scheme 2.1) to the polymer. Despite the promise of this design, 

Scheme 2.1 Overview of two-step post-polymerization functionalization 

to generate multifunctional polydisulfides.  
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the synthesis of active ester-containing polymers from biocompatible monomers is 

relatively unexplored, particularly for polymers generated from anionic ROP reactions. To 

investigate if such polymers were capable of being generated, five different active ester-

containing LA derivatives were synthesized (M1-M5; See Small Molecule Characterization 

Data) and polymerized using an organic-phase polymerization protocol developed by 

Moore and coworkers (See Scheme 2.2).11 Subsequent poly(AE)disulfides were fully 

characterized by proton nuclear magnetic resonance (1H NMR) and gel-permeation 

chromatography (GPC).  

1H NMR small molecule aminolysis trials on active ester-containing LA monomers 

demonstrated that many primary amine-containing substrates were compatible with this 

system. This was leveraged to generate multifunctional polydisulfides with cationic groups, 

ionizable groups, and hydrophobic groups (See Scheme 2.3). A conventional tertiary amine 

(C1) was selected to provide additional cationic charge to the polymer system; a 

Scheme 2.2 Anionic ROP approach to generate poly(active ester)disulfides. A) Organic-

phase ROP scheme for active-ester-containing LA derivatives. B) Different active-ester-
containing LA derivatives used in this study (M1-M5).  
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piperazine-containing amine (C2) was also chosen as a more hydrophilic non-ionizable 

cationic species. 3-aminopropylimidazole was used as the ionizable motif, with the 

imidazole (estimated conjugate acid pKa of 7) facilitating endosomal escape in all polymer 

combinations through the proton sponge effect.12 For hydrophobic functionalities, three 

different functional group types were examined: aromatic motifs, saturated alkyl motifs, 

and oleyl motifs. Benzyl (H1), tyrosine (H2), and tryptophan (H3) groups were selected as 

these functionalities mimic the aromatic groups present on numerous cell-penetrating 

peptides and additional pi-pi stacking between nucleobases and aromatic functional groups 

could affect RNA binding capability.13-14 Hexyl (H4), nonyl (H5), and dodecyl (H6) groups 

were also incorporated into these polymers, as these short alkyl chains mimic the short 

alkyl peptides (Val, Leu, Iso) on cell-penetrating peptides;15-16 alkyl functionalization is also 

Scheme 2.3 Post-polymerization aminolysis approach to generating multifunctional 

polydisulfides. A combination of cationic (C1-C2), pH-responsive (Im), and hydrophobic 

motifs (H1-H7) were utilized in the multifunctional polydisulfides herein.  
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known to improve nanoparticle stability.17 Lastly, oleyl (H7) functionality was also utilized 

to similarly stabilize nanoparticles.18  

Herein, a library of fifteen different multifunctional polymer combinations was 

generated and confirmed through 1H NMR spectroscopy. Multifunctional polymers were 

formulated with enhanced green fluorescent protein (EGFP) mRNA to generate polymer-

mRNA polyplexes/nanoparticles that were characterized by DLS and cryogenic 

transmission electron microscopy (cryo-TEM). Polymer-EGFP mRNA nanoparticles were 

also evaluated in vitro for delivery efficacy. Successful polymer vectors were also 

formulated with ovalbumin (OVA) mRNA-polymer nanoparticles and tested in vitro. 

 

2.2 Results and Discussion 

  The anionic ROP of M1-M5 using a 50:1 ratio of monomer to thiol initiator yielded 

polymers for M1, M2, and M3 in decent yield.  These isolated polymers were confirmed by 

GPC, with poly(M1)-, poly(M2)-, and poly(M3)disulfides all possessing Mn greater than 18 

kDa (See Figure 2.1A; See Table 2.1). Using M2 as a model monomer, varying initiator 

ratios were also successfully utilized to generate polymers of different Mn (Figure 2.1B; 

Table 2.2). The largest Mn polymer obtained in this study was generated at a 100:1 ratio of 

monomer to thiol initiator, yielding a poly(M2)disulfide polymer of 37 kDa at 36% yield. 

These poly(AE)disulfide polymers were also confirmed by 1H NMR, with key diagnostic 

peaks indicating polymers no longer possess signals from the ring-closed 1,2-dithiolane of 

LA monomers (See Figure 2.1C; See Figures S2.1-S2.3). Notably, both M4 and M5 

monomers generated no significant polymeric material.  
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Figure 2.1 Organic-phase ROP of active-ester-containing LA derivatives yields 
poly(AE)disulfides. A) Overlaid GPC traces of poly(M1)-, poly(M2)-, and poly(M3)-
disulfides polymerized at a ratio of 50:1 monomer to initiator. B) Overlaid GPC traces of 
poly(M2)disulfides polymerized at various monomer to initiator ratios. C) 1H NMR (in 
CDCl3) overlay of M2 and poly(M2)disulfide; diagnostic peaks indicated ring-opening 
are bolded.  
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With polymerization established, post-polymerization functionalization reactions 

were explored. Model small molecule aminolysis reactions were performed on M1, M2, and 

M3 monomers using primary amine substrates and monitored via 1H NMR. Aminolysis of 

M1 does not functionalize under stoichiometric amine conditions. Even with three 

equivalents of primary amine, only ~75% conversion is obtained after 1 hour of incubation 

with 500 mM M1 in acetonitrile (See Figure S2.4). Fortunately, aminolysis can be obtained 

under stoichiometric conditions when reacting M2 at or M3 at 500 mM in d6-DMSO (See 

Figure S2.5-2.6). While both M2 and M3 monomers are excellent candidates for post-

polymerization functionalization, M3 requires elevated temperatures (313 K/40 ˚C) to 

solubilize the monomer in d6-DMSO during the aminolysis reaction, whereas M2 can 

solubilize and undergo aminolysis in d6-DMSO at room temperature (298 K/25 ˚C). 

Knowing this, M2 was used in an expanded aminolysis screen and various feedstock 
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primary amino-containing compounds were tested to confirm reactivity and optimal 

conditions via 1H NMR (See Figures 2.7-2.14; See Table 2.1). Expanding on this even 

further, aminolysis conversion using a model primary amine was also investigated under 

different concentrations (63 mM, 125 mM, 250 mM) using 1H NMR. For these other three 

concentrations, 70-90% conversion was obtained after 30 minutes while >95% conversion 

was obtained after 60 minutes, confirming that this aminolysis methodology is viable even 

with low monomer concentrations (See Figures 2.15-2.16).  

While excellent aminolysis conversion is obtained using a variety of primary amine 

substrates, there are limits in viable nucleophiles for this system. Aminolysis using 

fluorinated amine-containing compounds was also attempted with M2. However, even in 

the presence of catalysts poor conversion was observed after 24 hours (See Figure 2.17). 

Similarly, alcoholysis of M2 was attempted using an excess of primary alcohol, with poor 

conversion also observed after 24 hours (See Figures 2.18). These results confirm previous 

literature observations, suggesting that primary amines and secondary amines (not tested 

here) are model nucleophiles for poly(active ester)polymer post-polymerization 

functionalizations without additional catalysts.7 

With excellent polymerization and aminolysis conditions obtained for M2, 

poly(M2)disulfide was selected as the model polymer for post-polymerization 

functionalization derivatization. The purity of poly(M2)disulfide after precipitation 

purification also reinforced this decision; poly(M3)disulfide is coprecipitated with low 

molecular weight oligomers during purification (See Figure 2.1A). Poly(M2)disulfide can be 

readily functionalized without additional purification steps. After post-polymerization 
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functionalization, sixteen different multifunctional polydisulfides were generated from 

poly(M2)disulfide and characterized by 1H NMR to confirm motif incorporation ratios (See 

Figures S2.19-S2.34). 

With a library of different multifunctional polymers, optimal formulation conditions 

with a model mRNA were explored. Due to the poor solubility of these multifunctional 

polymers in aqueous conditions, all multifunctional polymers were solubilized in DMSO 

prior to bulk mixing complexation with aqueous mRNA solutions. Using 100% Im-

functionalized polymer as a model polydisulfide for RNA complexation, 100% Im was 

formulated with EGFP mRNA in PBS (pH 7.4); subsequent gel electrophoresis (GE) of 

polymer-mRNA formulations determined that no mRNA complexation was obtained at pH 

7.4, presumably because there are no cationic groups to electrostatically complex with 

phosphates of the mRNA (See Figure 2.2A). Formulation of 100% Im polymer with EGFP 

mRNA at pH 6.0 resulted in complexation at a 1:1 ratio of cationic imidazolium groups to 

phosphate groups (“N/P Ratio”; See Figure 2.2B), confirming that imidazolium groups can 

complex with phosphate groups at lower pH conditions.  

To determine if cationic amines can alter mRNA complexation behavior the cationic 

ammonium group C1 was added to an Im-containing polymer (C1-Im; 20% C1+ 80% Im). 

Formulation of C1-Im with mRNA resulted in successful complexation at cationic 

nitrogen/ammonium to phosphate ratios (N/P ratio) of 2.5 and above in PBS (pH 7.4; See 

Figure 2.2C), indicating cationic amines complex with mRNA at physiological pH. 

Additionally, when C1-Im polymer was formulated with EGFP mRNA at identical N/P ratios 

(from Figure 2.2D) in pH 6.0 buffer, complete polymer-mRNA complexation occurred at 
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lower N/P ratios, indicating both amines and imidazolium ions complex with phosphate 

groups of the mRNA. Understanding that future formulations will undergo buffer switching 

from low pH buffer to PBS (pH 7.4) prior to administration to cells, cationic amine-

containing groups (C1 or C2) were incorporated in all multifunctional polymer designs as 

enhanced RNA-complexing groups at all relevant pH ranges.  

Expanding these formulation principles to other multifunctional polydisulfides, 

complexation of polymers with EGFP mRNA was further optimized to generate well-

Figure 2.2 Multifunctional polymer-mRNA complexation via gel electrophoresis.  “N/P 
Ratio” was calculated from number of imidazole groups to phosphate groups of mRNA 
and N/P Ratio was calculated from number of imidazole groups to phosphate groups of 
mRNA. Ratios where mRNA is fully complexed are bolded and underlined. A) 
Complexation of 100% Im polymer with EGFP mRNA in PBS buffer (pH 7.4). B) 
Complexation of 100% Im polymer with EGFP mRNA in pH 6.0 buffer. C) Complexation 
of C1-Im polymer with EGFP mRNA in PBS buffer (pH 7.4). D) Complexation of C1-Im 
polymer with Fluc mRNA in pH 6.0 buffer.  
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defined nanoparticles. At pH 4.0, all multifunctional polydisulfides generated nanoparticles 

with diameters <200 nm according to DLS measurements (See Figure 2.3A; See Table S2.3); 

nanoparticles were also confirmed by cryo-TEM (See Figure 2.3B; See Figure S2.35). 

Nanoparticle stability studies of some non-loaded nanoparticles (without mRNA) and 

mRNA-polymer polyplexes were measured upon pH switching from 4.0 to 7.4; time-

dependent aggregation of polyplexes is observed for both non-loaded and mRNA-

complexed nanoparticles (See Table S2.4-2.5; See Figures S2.36-2.37).  

Figure 2.3 Representative Multifunctional polydisulfide-EGFP mRNA Nanoparticles 
characterized by DLS and Cryo-TEM. A) DLS size distributions for C1-Im-H1 (left) and 
C1-Im-H4 (right) coformulated with EGFP mRNA at an N/P ratio of 5. B) Cryo-TEM 
images for C1-Im-H1 (left) and C1-Im-H4 (right) coformulated with EGFP mRNA at an 
N/P ratio of 5. Scale bar represents 100 nm. 
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A small number of these multifunctional polymer-EGFP mRNA nanoparticles were 

then treated with glutathione (GSH; a thiol present in cellular cytosol) to determine if 

decomplexation of mRNA-polymer polyplexes by exogenous thiols could be modeled ex 

vivo. Of the model decomplexation conditions sampled, no 

depolymerization/decomplexation is observed without GSH or with GSH at pH 4.5 (the pH 

of lysosomes) for any polymers (See Figure S2.38) However, for certain polymers 

depolymerization was observed at pH 7.4 (physiological/cytosol pH). Interestingly, 

polymers containing C2 cationic functionality are seen to have more consistent 

depolymerization/decomplexation, suggesting that the hydrophilicity of the C2 motif may 

assist in polyplex decomplexation.  Ex vivo polyplex decomplexation does not fully replicate 

the complex reducing environment of the cytosol, so in vitro validation was still desired to 

assess mRNA delivery efficacy.   

 To validate these multifunctional polymers as delivery vehicles for mRNA, 

nanoparticle cell uptake was investigated. Cy5-labeled EGFP mRNA-polymer polyplexes 

were administered to HeLa and DC2.4 cells and treated cells were analyzed after six hours 

of nanoparticle incubation. Within this brief period, >90% of all treated HeLa and DC2.4 

cells internalized nanoparticles, according to flow cytometry measurements (See Figures 

S2.39). Longer incubation of these cells with Cy5-labeled EGFP mRNA-polymer polyplexes 

resulted in EGFP expression for numerous multifunctional polymer species, notably C2-Im-

H1 and C2-Im-H4 (See Figure 2.4; See Figure S2.40). For general EGFP expression trends, 

multifunctional polymeric nanoparticles containing C2 cationic amines resulted in better 

EGFP mRNA expression than C1-containing counterparts. Interestingly, multifunctional 

polymers with certain hydrophobic functionalities (H1, H4, and H5) are capable of EGFP 
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mRNA delivery, however other hydrophobic functionalities (H2, H3, H7, H8) are unable to 

deliver EGFP mRNA effectively.  

 Overall EGFP delivery efficacy also corresponds to Cy5-labelled EGFP mRNA 

presence after 48 hours. Flow cytometry indicates that cells not expressing EGFP retain 

Figure 2.4 Number of cells expressing EGFP after treatment with multifunctional 
polymer-mRNA nanoparticles containing Cy5-labeled mRNA. Number of EGFP+ A) HeLa 
cells and B) DC2.4 cells. EGFP+ cells determined by flow cytometry 48 hours after 
nanoparticle administration. All nanoparticles formualated at an N/P ratio of 5 and 150 
ng of mRNA was administered per 5K cells. Lipofectamine MessengerMAX was used as a 
lipid control. ** indicates p<0.005. n=3 for all sample treatments.  
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Cy5+ character after 48 hours of nanoparticle incubation (See Figure S2.41); these cells 

also exhibit nominal cytotoxicity after 6 hours and 48 hours (See Figures S2.42-2.43), 

suggesting poor EGFP expression is not due to toxicity.  Confocal microscopy was used to 

investigate these poorly-expressing multifunctional polymers further; after 12 hours of 

incubation with Cy5+ EGFP mRNA-polymer nanoparticles, DC2.4 cells demonstrated EGFP 

expression in well-performing vectors, indicating these nanoparticles have escaped the 

endosome and began releasing mRNA cargo (See Figure 2.5).  

However, for poorly performing multifunctional polymer vectors no EGFP 

Figure 2.5 Confocal fluorescence microscopy images of DC2.4 cells after 12 hours of 
Cy5-labeled EGFP mRNA-polymer nanoparticle treatment. Colors indicate lysosomal 
staining (blue), Cy5-labeled EGFP mRNA (red), and EGFP expression (green). A) 
Lysotracker Blue control (no treatment), B) Nanoparticles with Cy5-labeled EGFP 
mRNA and C1-Im-H2 polymer, C) Nanoparticles with Cy5-labeled EGFP mRNA and C1-
Im-H1 polymer, D) Nanoparticles with Cy5-labeled EGFP mRNA and C1-Im-H4 polymer, 
E) Cy5-labeled EGFP mRNA Lipofectamine control, F) Nanoparticles with Cy5-labeled 
EGFP mRNA and C2-Im-H2 polymer, G) Nanoparticles with Cy5-labeled EGFP mRNA 
and C2-Im-H1 polymer, H) Nanoparticles with Cy5-labeled EGFP mRNA and C2-Im-H4 
polymer. Scale bar represents 20 μm for all images. 
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expression was observed and Cy5+ puncta can be seen that are not localized to lysosomes 

(as visualized by lysosomal staining; See Figure 2.6).  Treatment of DC2.4 cells with poorly 

performing vectors and chloroquine supplementation (a small ionizable molecule) to force 

endosomal escape of nanoparticles resulted in a negligible increase in overall EGFP+ cells, 

suggesting EGFP expression in poorly-performing vectors is not limited by endosomal 

escape efficiency (See Figure S2.44). From this result, we suggest that specific hydrophobic-

functionalized mRNA-polymer polyplexes, particularly those containing H2. H3, H7, and H8 

species, are not efficiently decomplexed upon cytosol entry, preventing mRNA release and 

expression.  

 With excellent EGFP mRNA delivery results obtained for different multifunctional 

polymers, four multifunctional polymers (C1-Im-H1, C1-Im-H5, C2-Im-H1, and C2-Im-H4) 

were complexed with OVA mRNA (encoding immunogenic ovalbumin protein) to test a 

Figure 2.6 Expanded confocal fluorescence microscopy image of a DC2.4 cell after 12 
hours of Cy5-labeled EGFP mRNA-C2-Im-H2 polymeric nanoparticle treatment. Colors 
visualize lysosomal staining (blue) and Cy5-labeled EGFP mRNA (red). Selected regions 
with no overlap of lysosomal staining and Cy5-containing nanoparticles are 
encompassed within white circles. Scale bar represents 5 μm. 
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model mRNA-encoding vaccine antigen. After OVA mRNA-polymer nanoparticle generation 

was confirmed with one multifunctional polymer by DLS (See Figure S2.45; See Table S2.6), 

nanoparticles from four multifunctional polydisulfides were administered to DC2.4 cells. 

Successful nanoparticle delivery should result in ovalbumin expression within DC2.4 cells, 

leading to ovalbumin proteolytic breakdown and the resulting immunogenic peptides 

being complexed to major histocompatibility complex I (MHC-I) on the surface of these 

cells (See Figure 2.7A). By using propidium iodide (PI)-conjugated antibody specific to the 

OVA peptide fragment (SIINFEKL) complexed on MHC-I, we can label and sort cells that 

have presented these OVA peptide fragments to generate further immune responses.19 For 

nanoparticles complexed with C2-Im-H1 and C2-Im-H4 multifunctional polymers, >30% of 

DC2.4 cells treated with these polymeric nanoparticles were positive for OVA peptide-

MHC-I complexed assemblies (See Figure 2.7B), indicating that these multifunctional 

polymers can provide immune responses for mRNA-encoded antigens. 

 Knowing that these multifunctional polymers can deliver two different types of 

mRNAs in vitro, we decided to explore additional modifications to promote nanoparticle 

stability upon pH change and in biological fluids. Unfortunately, aggregation behavior was 

observed for these mRNA-polymer polyplexes upon switching from pH 4.0 to 7.4. To 

combat aggregation in similar nanoparticle designs, insertion of polyethylene glycol (PEG) 

into the polymer backbone is commonly utilized to sterically inhibit hydrophobic 

intermolecular interactions between polyplexes.20 
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 Following this PEGylation strategy, we synthesized a LA derivative containing PEG 

2K (see Supplementary Spectra) and copolymerized it with M2 at an estimated 7% 

incorporation based on stoichiometric monomer ratios. The resulting PEGylated-

poly(M2)disulfide (See Figure S2.46) was isolated, characterized, and functionalized in a 

similar manner to other multifunctional polymers (See Figures S2.46-2.50). When these 

polymers were complexed with EGFP mRNA at pH 4.0, polyplexes were generated and 

showed excellent stability when resuspended in PBS (pH 7.4) for at least two hours (See 

Figure 2.8). With this stability profile and previous in vitro mRNA delivery capability, these 

vectors are extremely promising tools for systemic nanoparticle delivery and potential 

vaccine mRNA administration.  

Figure 2.7 Delivery of multifunctional polydisulfide-OVA mRNA nanoparticles to 
dendritic cells. A) Cellular delivery of OVA mRNA-containing nanoparticles results in 
antigen fragment presentation on dendritic cells. B) Percent Kb- SIINFEKL-MHC-I+ 
DC2.4 cells 24 hours after treatment of OVA mRNA-polymer nanoparticles. 
Lipofectamine MessengerMAX used as lipid control. ** indicates p<0.005; ns indicates 
not statistically significant. n=3 for all sample treatments. 
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2.3 Conclusions 

 Within this project we validated a new synthetic methodology to generate 

poly(active ester)disulfide polymers from biocompatible lipoic acid-derived monomers 

using an established organic-phase ROP methodology. Subsequent post-polymerization 

functionalization of these polymers was achieved through a facile and stoichiometrically-

controlled aminolysis reaction to include functional groups not previously viable from 

other LA-based polymerization methodologies. A multifunctional polydisulfide polymer 

library was generated using this post-polymerization approach, in which each polymer was 

functionalized with various cationic, ionizable, and hydrophobic motifs. These 

multifunctional polymers formed nanoparticles with both EGFP mRNA and OVA mRNA, 

successfully delivering these mRNAs in vitro. While some hydrophobic functionalities 

Figure 2.8 Stability of PEGylated and non-PEGylated multifunctional polymer-EGFP 
mRNA nanoparticles. Nanoparticle size measured by DLS after switching from pH 4.0 
buffer to PBS (pH 7.4).  
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affected polyplex decomplexation in cells, short alkyl chain and benzyl functionalizations 

prove to be rapidly biodegradable in this polydisulfide system. Future functionalizations 

with different cationic and ionizable groups can readily be investigated within this platform 

to determine effects on mRNA delivery. PEGylation is also feasible in this platform, making 

systemic in vivo mRNA delivery using these polyplexes extremely promising.  Altogether, 

this synthetic strategy should make future novel multifunctional polydisulfide synthesis, 

including exotic ligands and targeting motifs, synthetically viable and applicable in new 

mRNA therapy developments.    
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2.5 Experimental Protocols 

 

Instruments: Nuclear Magnetic Resonance (NMR) spectra were recorded on 500 

MHz Bruker spectrometers at 25 °C with chemical shifts reported in ppm and coupling 

constants in Hertz (Hz). 1 H NMR chemical shifts were referenced to either CDCl3 or DMSO-

d6. Number average molecular weight (Mn), weight average molecular weight (Mw), and 

Dispersity (D) were determined via Gel Permeation Chromatography (GPC). All GPC 

experiments were performed on an Agilent 1100 SEC system using a PLGel 5 μm MIXED-C 

300 x 7.5mm column from Agilent Technologies (PN PL1110-6500) and polymer molecular 

weight was determined with respect to polystyrene standards purchased from Sigma-

Aldrich. THF was used as the eluent at a flow rate of 1mL/min and at a column temperature 

of 35 °C. EGFP mRNA-polymer nanoparticle sized were measured at 633 nm using a 

Zetasizer Nano ZS dynamic light scattering instrument (Malvern Instruments, Malvern, UK) 

at 25 ˚C with detection angle of 173°. Confocal fluorescence microscopy images were 

obtained using a Zeiss LSM 780 (Carl Zeiss AG, Oberkochen, Germany) and image analysis 

performed in ZEN software. All flow cytometry was performed on a NovoCyte flow 

cytometer (ACEA Biosciences, San Diego) using NovoExpress Software. Student’s T-Test 

was used for all statistical analysis. All EGFP mRNA-polymer nanoparticles were visualized 

using a JEOL 2100F TEM utilizing a Schottky type field emission gun operating at 200 keV. 

All pH measurements were measured using an Accumet Basic AB15 pH probe. 

Multifunctional polymer-mRNA nanoparticle depolymerization/ decomplexation assays 

were performed using agarose gel electrophoresis and imaged on a Typhoon 9410 system 

(GE). Decomplexation of gels was quantified using ImageJ.  
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Materials: All commercially available chemicals were used without further 

purification unless otherwise noted and all reactions performed using HPLC grade solvents.  

Reagents: All reagents described within have purity denoted as percent purity (%). 

D,L-α-Lipoic acid (LA; 99.3%) was purchased from Chem-Impex (USA, IL). Phenol (99.0%), 

2-Bromophenol (98%), 2,6-Dibromophenol (99%), 4-Nitrophenol (99%), PEG 2K (CAS# 

9004-74-4), Iodoethane (98%) and Phosphazene P1-t-Bu-tris(tetramethylene) base 

(CAS#161118-67-8; >97.0%) were all purchased from Sigma-Aldrich. 4-Cyanophenol 

(99.0%) was purchased from Frontier Specialty Chemicals (USA, UT). 1-(3-

Aminopropyl)imidazole (>97.0%) and Hexylamine (99.0%) were purchased from TCI 

America. 2-(Dimethylamino)ethylamine (>98.0%), 3-Dimethylaminopropylamine (99.0%), 

acetic anhydride (99%), Nonylamine (98%), Dodecylamine (98%), and Oleylamine 

(CAS#112-90-3; 70%) were purchased from Sigma-Aldrich. Tryptamine (97%) was 

purchased from Acros Organics, and Tyramine (97%) was purchased from Frontier 

Scientific. Benzylamine (>98%), N,N′-Dicyclohexylcarbodiimide (99%), and 4-

Dimethylaminopyridine (99%) were purchased from Alfa Aesar, and 2-(4-Methylpiperazin-

1-yl)ethanamine (99.7%) was purchased from ChemScene (CAS# 934-98-5). 

Dimethylaminoethanol (>99%), Trifluoroethylamine (99.5%), 2,2,3,3,3-

pentafluoropropylamine (>98%), and L-glutathione (reduced, >98%) were also purchased 

directly from Sigma-Aldrich.  

mRNAs and Tissue Culturing: Cy5-labeled EGFP mRNA (Catalog #L-7701), EGFP 

mRNA (Catalog #L-7201), OVA mRNA (Catalog #L-7610), and Fluc mRNA (L-7602) were all 

purchased directly from TriLink BioTechnologies. Dulbecco’s modified Eagle’s medium 

(DMEM), fetal bovine serum (FBS), Trypsin-EDTA solution (0.05%), and OptiMEM were 
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purchased from Invitrogen (Carlsbad, CA). Lipofectamine MessengerMAX was purchased 

from Invitrogen (Carlsbad, CA) and used as a positive control in phosphate-buffered saline 

(PBS) buffer. All buffers were generated using DEPC-Treated Water (ThermoFisher 

Scientific, CA) unless provided from manufacturer. HeLa cells were generously provided 

from Professor James Nowick (Department of Chemistry, UC Irvine, CA). DC2.4 dendritic 

cells were generously provided by Professor Jennifer Prescher (Department of Chemistry, 

UC Irvine, CA).  

 General Active Ester Monomer Synthesis Procedure: D,L-α-Lipoic acid [5.00 

grams; 24.2 mmol; 1 equiv.] was dissolved in 350 mLs of dry, 4 °C -prechilled acetonitrile 

(ACN) containing 1.05 equivalents of corresponding phenol [25.5 mmol] and 5 mol% 4-

dimethylaminopyridine (DMAP) [1.21 mmol; 148 mgs] and stirred under inert gas until 

fully dissolved. 1.05 equivalents of N,N′-dicyclohexylcarbodiimide (DCC) [5.25 grams; 25.5 

mmol] was dissolved in a 30 mLs of dry, 4 °C -prechilled ACN and added dropwise to the 

stirring solution of LA and phenol. The reaction mixture was gradually warmed to 25 °C 

and stirred for 8 hrs. After 8 hours the reaction mixture was filtered, stored at -20 °C for 12 

hours, and filtered again. Afterwards the reaction mixture was reduced in vacuo, 

resuspended in dichloromethane (DCM), washed with 1M HCl (3X 250 mL washes), 

followed by Brine (3X 250 mL washes), then dried with MgSO4 and filtered. The organic 

layer was reduced in vacuo and loaded on silica for flash chromatography; columns were 

run with Hexane:DCM gradient. 

 N-Acetyl C2 Synthesis Procedure: 1-(2-Aminoethyl)-4-methylpiperazine (1 equiv.; 

2.10 mmol) was added to a dried round-bottom flask along with 10 mLs of dried DCM and 
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2.0 equiv. of dry N,N-diisopropylethylamine (DIPEA; 4.2 mmol). After stirring for five 

minutes 0.75 equiv. of acetic anhydride (1.58 mmol) was diluted in 5 mLs of dry DCM and 

added dropwise to the solution containing 1-(2-aminoethyl)-4-methylpiperazine. After 

stirring for 15 minutes at 25 °C the solution was reduced in vacuo and loaded on silica for 

flash chromatography using a DCM: basified methanol (90% DCM: 9% MeOH: 1% NH4OH) 

gradient. N-Acetyl C2 product eluted in 90% basified methanol. 

 Ring-Opening Polymerization Procedure (for M1-M5) and Polymer 

Characterizations: Polymerization procedures were adapted from previous works.1 Active 

ester-bearing lipoic acid monomer (1.07 mmol) was added to a clean 1-dram vial with a 

magnetic stir bar and 280 μL of anhydrous tetrahydrofuran (THF). After evacuating the 

dram vial and flushing with inert gas 3X, the solution was set to stir for at least 5 minutes. 

In a separate vial benzyl mercaptan (BnSH; 21.4 μmol) and 5mol% phosphazene P1-t-Bu-

tris(tetramethylene) base (53.5 μmol) were mixed in 25 μL of anhydrous THF and added to 

the stirring monomer solution via syringe (3.5M monomer final concentration). The 

reaction was stirred for 60 minutes at 25 °C, while also vortexing the reaction mixture 

every 15 minutes. After 60 minutes an excess of iodoethane was added to the reaction 

mixture and stirred for another 20 minutes. After completion the reaction mixture was 

precipitated into 4 °C -prechilled 50:50 v/v ACN:methanol (MeOH) and centrifuged. 

Precipitated polymer was resuspended in 300 μL of anhydrous DCM and precipitated in 4 

°C -prechilled 50:50 v/v ACN:MeOH two more times to yield white polymer precipitate. For 

GPC analysis, samples were prepared to a concentration of 10 mgs/mL and filtered before 

analysis. 1H NMR analysis was conducted in CDCl3.  
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 Scaled M2 Polymerization Procedure: Active ester-bearing lipoic acid monomer 

(750 mgs, 2.08 mmol) was added to a clean 1-dram vial with a magnetic stir bar and 545 μL 

of anhydrous THF. After evacuating the dram vial and flushing with inert gas 3X, the 

solution was set to stir for at least 5 minutes. In a separate vial benzyl mercaptan (BnSH; 

20.8 μmol) and 5 mol% phosphazene P1-t-Bu-tris(tetramethylene) base (104 μmol) were 

mixed in 50 μL of anhydrous THF and added to the stirring monomer solution via syringe 

(3.5M monomer final concentration). The reaction was stirred for 60 minutes at 25 °C, 

while also vortexing the reaction mixture every 15 minutes. After 60 minutes an excess of 

iodoethane was added to the reaction mixture and stirred for another 20 minutes. After 

completion the reaction mixture was precipitated into 4 °C -prechilled 50:50 v/v 

ACN:MeOH and centrifuged. Precipitated polymer was resuspended in 300 μL of anhydrous 

DCM and precipitated in 4 °C -prechilled 50:50 v/v ACN:MeOH two more times to yield 

white polymer precipitate. For GPC analysis, samples were prepared to a concentration of 

10 mgs/mL and filtered before analysis. After analysis Poly(M2) was resuspended in THF 

and aliquoted into vials for subsequent reactions.  

 Small-Molecule Model Studies for Aminolysis Procedure and 1H NMR Studies:  

In a 1-dram vial active ester monomer is added (250 μmol) along with 1.1 equivalents of 

anhydrous DIPEA (275 μmol), 500 μL of DMSO-d6 (500 mM monomer), and a magnetic stir 

bar. This mixture is vortexed until thoroughly dissolved and after 5 minutes of stirring 1 

equivalent of desired amine (250 μmol) is added and the mixture and vortex again. The 

aminolysis reaction mixture was stirred at 30 °C and analyzed via 1H NMR at various 

timepoints.  
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 Post-Polymerization Functionalization Procedure and 1H NMR Measurement 

of Multifunctional Polydisulfide Polymers: In a 0.5-dram vial containing 10 mgs of 

Poly(M2) (27.8 μmol, 1 equiv.) 1.5 equivalents of anhydrous DIPEA (41.7 μmol) was added 

along with 35 μL of 50:50 (v/v) dioxane: dimethylformamide (DMF) solution and vortexed 

until fully dissolved. In a separate microfuge tube 0.25 equivalents of cationic feedstock 

(6.95 μmol), 0.5 equivalents of pH-responsive feedstock (20.9 μmol), and 0.25 equivalents 

of hydrophobic feedstock (6.95 μmol) were premixed with 35 μL of 50:50 (v/v) dioxane: 

DMF solution and vortexed until homogenized. Afterwards the feedstock solution was 

added to the polymer solution and dram vial containing the reaction mixture was vortexed 

thoroughly and incubated at a designated temperature for 60 minutes (with additional 

periodic vortexing). After 60 minutes 1 mL of -20 °C-prechilled methyl tert-butyl ether 

(MTBE) was added to the reaction mixture and vortexed to yield a white polymer 

precipitate. This precipitate was washed with -20 °C MTBE twice before resuspension in 75 

μL -20 °C acetic acid and a final precipitation in another 1 mL of -20 °C MTBE, followed by 

another two washes with -20 °C MTBE. The resulting white polymer solid was reduced in 

vacuo, dissolved in DMSO-d6 to a concentration of 5 mg/mL, and analyzed via 1H NMR.  

 Nanoparticle Formulation Procedure, DLS Measurements of mRNA-Polymer 

Nanoparticles, and Gel Electrophoresis Assays: EGFP and OVA mRNA were diluted to a 

concentration of 50 ng/ μL in 10 mM sodium acetate (NaOAc) buffer (pH 4) prior to use. 

For cell culture experiments, 150ng of mRNA was administered per well and for dynamic 

light scattering (DLS) measurements 2 μg of EGFP mRNA was used for nanoparticle 

characterization. For cryo-TEM experiments 150ng of mRNA was used for the analysis of 

each sample (protocol continued in next section).  After the desired amount of mRNA was 
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pipetted into a clear microfuge tube, the mRNA solution as heated to 50 °C prior to use. In 

parallel the 5 mg/ mL solution of multifunctional polymer in DMSO was also heated to 50 

°C and thoroughly mixed via vortexing. For all experiments in this work a nitrogen-to-

phosphate (N/P) ratio of 5:1 was used for polymer-RNA complexation (N quantity was 

determined from the average number of cationic residues per repeat unit of polymer). The 

desired amount of heated polymer solution was mixed with the corresponding mRNA 

solution under continuous pipetting and vortexing for 30 seconds.  

 For DLS experiments, the resulting EGFP mRNA-polymer nanoparticles were 

resuspended in 600 μL of 10 mM NaOAc buffer (pH 4), placed in a clean cuvette, briefly 

mixed, and incubated at 25 °C for 10 minutes before measurement. DLS measurements 

were taken measured at 633 nm using Zetasizer Nano ZS dynamic light scattering 

instrument (Malvern Instruments, Malvern, UK) at 25 ˚C with detection angle of 173 ˚. A 

minimum of three measurements were taken for each sample and the mean Z-average 

values were reported. OVA mRNA-containing polymeric nanoparticles were measured 

using the same protocol.   

 For gel electrophoresis assays, EGFP mRNA-polymer nanoparticles were formulated 

as described above and brought to desired pH using PBS (pH 7.4) or sodium acetate buffer 

(pH 4.0). Additional DMSO (50% final volume) and glutathione (10 mM final concentration) 

were added to the buffered nanoparticle solutions and resulting decomplexation solutions 

were incubated at 37 ˚C for 12 hours before analysis. 1kb DNA ladder was purchased from 

NEB (Catalog # N3232S) and used as the molecular weight ladder subsequent relevant gel 

electrophoresis assays.  



 

75 
 

 Cryo-TEM Nanoparticle Preparation: Cryo-TEM samples were prepared from 

resuspended or extracted solutions onto Quantifoil R2/2 (Electron Microscopy Sciences) 

grids that were layered with graphene oxide following an established procedure.2 

Vitrification was carried out by an automatic plunge freezer ME GP2 (Leica Microsystems) 

with 3 μL of sample. Grid preparation was performed at 95% humidity. After loading the 

sample, grids were let to sit for 15 minutes before being blotted for 3 seconds prior to 

plunging into liquid propane. Cryo-TEM samples were then placed on a Gatan cryo-TEM 

holder and imaged on a JEOL 2100F TEM using a Schottky type field emission gun 

operating at 200 keV. Images were recorded using SerialEM low dose imaging mode with a 

Gatan OneView CMOS camera at 4k × 4k resolution. 

 General Procedure for In Vitro Delivery of EGFP mRNA-Polymer Nanoparticles 

and Chloroquine-Treatment Protocols: HeLa and DC2.4 transfections were performed in 

triplicate within cell culture-treated clear-bottom 96-well plates (Corning). After passaging, 

cells were seeded at a density of 10,000 cells/ 96 well and incubated for 24 hours prior to 

treatment. The Cy5-labeled EGFP mRNA-polymer nanoparticles were formulated as 

mentioned previously (with 150ng of mRNA was administered per well), resuspended in 

30 μL of PBS, and gently mixed via pipette in PBS for 30 seconds before administering to 

cells. After an additional 50 μL of OptiMEM was added to each treated well, cells were 

incubated for 6 hours before media was exchanged with DMEM containing 10% FBS. After 

6 hours or 48 hours of incubation media was removed, cells were trypsinized, and 

transferred to non-binding V-bottom 96 well microplate plates (Greiner) for flow 

cytometry analysis. To determine cytotoxicity propidium iodide (PI) was added to sample 

wells at a final concentration of 2.5 μg/ mL and incubated for at least five minutes prior to 
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flow cytometry analysis. Nanoparticle uptake (Cy5 fluorescence), EGFP expression, and 

cytotoxicity (PI fluorescence) were determined using a NovoCyte flow cytometer. For lipid 

control samples, Cy5-EGFP mRNA (150 ng of mRNA per well; 50 ng/ μL in pH 7.4 PBS) was 

complexed with Lipofectamine MessengerMAX in PBS under continuous mixing before 

administering to cells.   

 For chloroquine-related experiments, EGFP mRNA was formulated with polymers 

using the methodology above, with the addition of chloroquine diphosphate (CAS# 50-63-

5; Sigma-Aldrich) to a final concentration of 25 μM in each well during the initial 6-hour 

nanoparticle treatment period and the next subsequent 18 hours.  

 General Procedure for Confocal Fluorescence Microscopy Study: DC2.4 cells 

were seeded at a density of 30,000 cells/ well within a poly-lysine-treated 8-well chamber 

slide (Lab-Tek, Rochester, NY) and incubated for 24 hours prior to transfection. Cy5-

labeled EGFP mRNA nanoparticles were formulated using the aforementioned protocol and 

incubated for 12 hours. Afterwards cells were stained with LysoTracker® Blue (150 nM 

final concentration; for lysosome staining) and incubated at 37 °C for 15 minutes. After two 

washes with FluoroBriteTM DMEM (ThermoFisher, USA) cells were replaced with fresh 

FluoroBriteTM DMEM and analyzed via confocal fluorescence microscopy. Confocal images 

were acquired using a Zeiss LSM 780 inverted laser scanning confocal microscope; a 40X 

oil objective was used for endosomal escape imaging experiments. 

 General Procedure for In Vitro Delivery of OVA mRNA-Polymer Nanoparticles: 

DC2.4 transfections were performed in triplicate within cell culture-treated clear-bottom 

96-well plates (Corning). After passaging, cells were seeded at a density of 15,000 cells/ 
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well and incubated for 24 hours prior to treatment. The OVA mRNA-polymer nanoparticles 

were formulated as mentioned previously (with 150ng of mRNA was administered per 

well), resuspended in 30 μL of PBS, and gently mixed via pipette in PBS for 30 seconds 

before administering to cells. After an additional 50 μL of OptiMEM was added to each 

treated well cells were incubated for 5 hours before media was exchanged with DMEM 

containing 10% FBS. After 24 hours of incubation the media was removed and cells were 

incubated in 20 μL 0.05% ethylenediaminetetraacetic acid (EDTA) solution at 37 °C for 20 

minutes to dislodge cells. Dislodged cells were resuspended in another 80 μL of PBS (pH 

7.4), transferred to a non-binding V-bottom 96 well microplate plate, and PE-tagged anti-

mouse H-2Kb bound to SIINFEKL antibody was added to each well (BioLegend; Catalog # 

141603; 2.5 μg/ μL final concentration). After gentle shaking for 5 minutes samples were 

analyzed using a NovoCyte flow cytometer. For lipid control samples, OVA mRNA (150 ng 

of mRNA per well; 50 ng/ μL in pH 7.4 PBS) was complexed with Lipofectamine 

MessengerMAX in PBS under continuous mixing before administering to cells.   

 LA(PEG 2K) Synthesis and Copolymerization Procedure: To synthesize LA(PEG 

2K) monomer, D,L-α-Lipoic acid [2.00 grams; 9.68 mmol; 1 equiv.] was dissolved in 200 

mLs of dry, 4 °C -prechilled ACN containing 1.05 equivalents of corresponding PEG 2K 

[20.34 grams; 10.16 mmol] and 5 mol% DMAP [0.48 mmol; 59 mgs] and stirred under inert 

gas until fully dissolved. 1.05 equivalents of DCC [2.10 grams; 10.16 mmol] was dissolved 

in a 15 mLs of dry, 4 °C -prechilled ACN and added dropwise to the stirring solution of LA 

and PEG 2K. The reaction mixture was gradually warmed to 25 °C and stirred for 8 hrs. 

After 8 hours the reaction mixture was filtered, stored at -20 °C for 12 hours, and filtered 

again. Afterwards the reaction mixture was reduced in vacuo, resuspended in DCM, washed 
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with 1M HCl (3X 250 mL washes), followed by Brine (3X 250mL washes), then dried with 

MgSO4 and filtered. The organic layer was reduced in vacuo and loaded on silica for flash 

chromatography; column was run with DCM:MeOH gradient. 

 For copolymerization of LA(PEG 2K) and M2, LA(PEG 2K) (0.1 equiv., 0.139 mmol, 

306 mgs) monomer was placed into a clean 1-dram vial with a magnetic stir bar and 

dissolved in 85 μL of anhydrous ACN. Afterwards M2 (0.93 mmol) was added along with 

195 of anhydrous THF and vortexed until all components were dissolved. After evacuating 

the dram vial and flushing with inert gas 3X, the solution was set to stir for at least 5 

minutes. In a separate vial benzyl mercaptan (BnSH; 21.4 μmol) and 5 mol% Phosphazene 

P1-t-Bu-tris(tetramethylene) base (53.5 μmol) were mixed in 25 μL of anhydrous THF and 

added to the stirring monomer solution via syringe. The reaction was set to stir for 60 

minutes at 25 °C, while also vortexing the reaction mixture every 15 minutes. After 60 

minutes an excess of iodoethane was added to the reaction mixture and stirred for another 

20 minutes. After completion the reaction mixture was precipitated into 4 °C -prechilled 

40:40:20 v/v/ ACN:MeOH:Et2O and centrifuged. Precipitated polymer was resuspended in 

300 μL of anhydrous DCM and precipitated in 4 °C -prechilled 40:40:20 v/v/ 

ACN:MeOH:Et2O two more times to yield white polymer precipitate (132 mgs isolated). For 

GPC analysis, samples were prepared to a concentration of 10 mgs/mL and filtered before 

analysis. 1H NMR analysis was conducted in CDCl3; NMR analysis determined the ratio of 

M2:LA(PEG 2K) incorporation to be 93:7.  

 Post-polymerization functionalization of poly(M2+PEG 2K)disulfide was 

accomplished using the same aminolysis procedures stated above.  
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 DLS Nanoparticle Aggregation Procedure and Results: To test nanoparticle 

aggregation for multifunctional polymers with and without PEG, nanoparticles were 

formulated using the established protocol for other nanoparticle formulations analyzed by 

DLS. After formulation in NaOAc (pH 4) nanoparticles were resuspended in 50 μL of DI 

water, followed by 450 μL of PBS (pH 7.4). After mixing via pipette the nanoparticle 

solution was transferred to clean cuvettes and analyzed via DLS at various timepoints using 

aforementioned DLS parameters. 

 

2.6 References for Experimental Protocol 

(1) Liu, Y.; Jia, Y.; Wu, Q.; Moore, J. S., Architecture-Controlled Ring-Opening 
Polymerization for Dynamic Covalent Poly(disulfide)s. Journal of the American 
Chemical Society 2019, 141 (43), 17075-17080. 

(2) Patterson, J. P.; Sanchez, A. M.; Petzetakis, N.; Smart, T. P.; Epps, T. H., 3rd; Portman, 
I.; Wilson, N. R.; O'Reilly, R. K., A simple approach to characterizing block copolymer 
assemblies: graphene oxide supports for high contrast multi-technique imaging. Soft 
Matter 2012, 8 (12), 3322-3328. 
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2.7   Supplementary Figures 

Figure S2.1 1H NMR overlay of M1 and poly(M1). Diagnostic polymerization peaks are 
bolded and underlined. 
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Figure S2.2 1H NMR overlay of M2 and poly(M2). Diagnostic polymerization peaks are 

bolded and underlined. 
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Figure S2.3 1H NMR overlay of M3 and poly(M3). Diagnostic polymerization peaks are 

bolded and underlined. 
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Figure S2.4 1H NMR overlay (only aromatic signals shown) of attempted aminolysis 

reaction using M1 and 2-(dimethylamino)ethylamine. Blue boxes/ arrows highlight 

diagnostic peaks from monomer starting material and red boxes/ arrows highlight 

diagnostic peaks for aminolysis product. Aminolysis was conducted in 500 mM ACN 

before reducing the reaction mixture in vacuo and 1H NMR analysis in CDCl3. Product 

conversion (est. 75%) was determined via relative peak integrations. M1 demonstrates 
lower reactivity compared to M2, even with larger equivalents of amine feedstocks. 



 

84 
 

 

 

 

 

 

 

 

 

 

 

Figure S2.5 1H NMR overlay (only aromatic signals shown) of aminolysis reaction using 

M2 and 3-dimethylaminopropylamine at 500 mM monomer concentration after 60 

minutes in DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer 

starting material and red boxes/ arrows highlight diagnostic peaks for aminolysis 
product. Product conversion was determined via relative peak integrations. 
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Figure S2.6 1H NMR overlay (only aromatic signals shown) of aminolysis reaction using 

M3 and 1-(3-aminopropyl)imidazole at 500 mM monomer concentration after 60 

minutes in DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer 

starting material and red boxes/ arrows highlight diagnostic peaks for aminolysis 

product. Product conversion was determined via relative peak integrations. 
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Figure S2.7 1H NMR overlay (only aromatic signals shown) of aminolysis reaction using 

M2 and 1-(2-aminoethyl)-4-methylpiperazine at 500 mM monomer concentration after 

60 minutes in DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer 

starting material and red boxes/ arrows highlight diagnostic peaks for aminolysis 
product. Product conversion was determined via relative peak integrations. 
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Figure S2.8 1H NMR overlay (only aromatic signals shown) of aminolysis reaction using 

M2 and benzylamine at 500 mM monomer concentration after 60 minutes in DMSO-d6. 

Blue boxes/ arrows highlight diagnostic peaks from monomer starting material and red 

boxes/ arrows highlight diagnostic peaks for aminolysis product. Product conversion 
was determined via relative peak integrations.  
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Figure S2.9 1H NMR overlay (only aromatic signals shown) of aminolysis reaction using 

M2 and tyramine at 500 mM monomer concentration after 60 minutes in DMSO-d6. Blue 

boxes/ arrows highlight diagnostic peaks from monomer starting material and red 

boxes/ arrows highlight diagnostic peaks for aminolysis product. Product conversion 

was determined via relative peak integrations.  
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Figure S2.10 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and tryptamine at 500 mM monomer concentration after 60 minutes in DMSO-

d6. Blue boxes/ arrows highlight diagnostic peaks from monomer starting material and 

red boxes/ arrows highlight diagnostic peaks for aminolysis product. Product 

conversion was determined via relative peak integrations. 



 

90 
 

 

 

 

 

 

 

Figure S2.11 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and hexylamine at 500 mM monomer concentration after 60 minutes in 

DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer starting 

material and red boxes/ arrows highlight diagnostic peaks for aminolysis product. 

Product conversion was determined via relative peak integrations.  
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Figure S2.12 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and nonylamine at 500 mM monomer concentration after 60 minutes in 

DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer starting 

material and red boxes/ arrows highlight diagnostic peaks for aminolysis product. 
Product conversion was determined via relative peak integrations.  
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Figure S2.13 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and dodecylamine at 500 mM monomer concentration after 60 minutes in 

DMSO-d6. Blue boxes/ arrows highlight diagnostic peaks from monomer starting 

material and red boxes/ arrows highlight diagnostic peaks for aminolysis product. 

Product conversion was determined via relative peak integrations.  



 

93 
 

 

Figure S2.14 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and oleylamine at 500 mM monomer concentration after 60 minutes in DMSO-

d6. Blue boxes/ arrows highlight diagnostic peaks from monomer starting material and 

red boxes/ arrows highlight diagnostic peaks for aminolysis product. Product 
conversion was determined via relative peak integrations.  
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Figure S2.15 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and 1-(3-aminopropyl)imidazole at different monomer concentrations (63 

mM, 125 mM, and 250 mM) after 30 minutes in DMSO-d6. Blue boxes/ arrows highlight 

diagnostic peaks from monomer starting material and red boxes/ arrows highlight 

diagnostic peaks for aminolysis product. Product conversion was determined via 

relative peak integrations. 



 

95 
 

 

 

 

 

 

Figure S2.16 1H NMR overlay (only aromatic signals shown) of aminolysis reaction 

using M2 and 1-(3-aminopropyl)imidazole at different monomer concentrations (63 

mM, 125 mM, and 250 mM) after 60 minutes in DMSO-d6. Blue boxes/ arrows highlight 

diagnostic peaks from monomer starting material and red boxes/ arrows highlight 

diagnostic peaks for aminolysis product. Product conversion was determined via 
relative peak integrations. 
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Figure S2.17 1H NMR overlay (only aromatic signals shown) of aminolysis reactions 

using M2 and two fluorinated amino-containing compounds: trifluoroethylamine, and 

2,2,3,3,3-pentafluoropropylamine. All reactions performed in DMSO-d6 and analyzed at 

1 hour or 24 hours. Blue boxes highlight diagnostic peaks from monomer starting 

material and red boxes highlight diagnostic peaks for aminolysis product. Product 

conversion was determined via relative peak integrations. 
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Figure S2.18 1H NMR overlay (only aromatic signals shown) of alcoholysis reaction 

using M2 and 2-(N,N-dimethylamino)ethanol. Alcoholysis was performed in DMSO-d6 

and analyzed at 24 hours. No product conversion observed.  
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Figure S2.19 1H NMR of 100% Im multifunctional polymer in DMSO-d6 obtained from 
post-polymerization functionalization. 
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Figure S2.20 1H NMR of C1-Im multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks (and non-functionalized [NF] 

polymer peak) used to determine incorporated functional groups ratios are bolded and 
underlined. 
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Figure S2.21 1H NMR of C1-Im-H1 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.22 1H NMR of C1-Im-H2 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.23 1H NMR of C1-Im-H3 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.24 1H NMR of C1-Im-H4 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.25 1H NMR of C1-Im-H5 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.26 1H NMR of C1-Im-H6 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.27 1H NMR of C1-Im-H7 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.28 1H NMR of C2-Im-H1 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.29 1H NMR of C2-Im-H2 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.30 1H NMR of C2-Im-H3 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.31 1H NMR of C2-Im-H4 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 

functional groups ratios are bolded and underlined. 
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Figure S2.32 1H NMR of C2-Im-H5 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.33 1H NMR of C2-Im-H6 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.34 1H NMR of C2-Im-H7 multifunctional polymer in DMSO-d6 obtained from 

post-polymerization functionalization. Diagnostic peaks used to determine incorporated 
functional groups ratios are bolded and underlined. 
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Figure S2.35 Additional Cryo-TEM Images of EGFP mRNA-polymer nanoparticles with: 

A) C1-Im-H1 polymer, B) C1-Im-H4 polymer, C) C1-Im-H1 polymer at higher 

amplification, and D) zoomed image of C1-Im-H4 polymer. C1-I-H4 nanoparticles have 

more defined spheroidal character whereas C1-Im-H1 nanoparticles demonstrate 

clustering behavior to form irregular nanoparticle polyplexes. Scale bars represent 0.2 

μm for A) and B); scale bar represents 0.1 μm for C) and D). 
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Figure S2.36 Nanoparticle aggregation, as measured by DLS, of multifunctional polymer 

nanoparticles without mRNA. A) Polymeric nanoparticles containing C1 amino- groups. 
B) Polymeric nanoparticles containing C2-amino groups.  
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Figure S2.37 Nanoparticle aggregation, as measured by DLS, of multifunctional polymer 

nanoparticles with EGFP mRNA. A) Polymeric nanoparticles containing C1 amino- 

groups. B) Polymeric nanoparticles containing C2-amino groups.  
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Figure S2.38 Ex vivo depolymerization reactions for A) C1-Im-H2, C1-Im-H1, and C1-

Im-H4 polymeric nanoparticles containing EGFP mRNA and B) C2-Im-H2, C2-Im-H1, 

and C2-Im-H4 polymeric nanoparticles. Polymeric nanoparticles were incubated with 

10 mM GSH at either pH 7.4 or 4.5. Quantified mRNA released is written under relevant 

samples.  All samples were incubated in 50% DMSO-50% Buffer for 12 hours at 37 °C. 
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Figure S2.39 Percent of Cy5+ cells after treatment with multifunctional polymer-
mRNA nanoparticles containing Cy5-labeled mRNA for A) HeLa cells and B) DC2.4 
cells. Cy5+ cells determined by flow cytometry 6 hours after nanoparticle 
administration. All nanoparticles formualated at an N/P ratio of 5 and 150 ng of mRNA 
was administered per 5K cells. Lipofectamine MessengerMAX was used as a lipid 
control. n=3 for all sample treatments. 
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Figure S2.40 Cellular EGFP expression (Mean Fluorescence Intensity [MFI] in counts) 
after treatment with multifunctional polymer-mRNA nanoparticles containing Cy5-
labeled mRNA for A) HeLa cells and B) DC2.4 cells. EGFP+ cells determined by flow 
cytometry 48 hours after nanoparticle administration. All nanoparticles formualated at 
an N/P ratio of 5 and 150 ng of mRNA was administered per 5K cells. Lipofectamine 
MessengerMAX was used as a lipid control. n=3 for all sample treatments. 
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Figure S2.41 Percent of Cy5+ cells after treatment with multifunctional polymer-
mRNA nanoparticles containing Cy5-labeled mRNA for A) HeLa cells and B) DC2.4 
cells. Cy5+ cells determined by flow cytometry 48 hours after nanoparticle 
administration. All nanoparticles formualated at an N/P ratio of 5 and 150 ng of mRNA 
was administered per 5K cells. Lipofectamine MessengerMAX was used as a lipid 
control. n=3 for all sample treatments. 
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Figure S2.42 Percent of PI+ cells after treatment with multifunctional polymer-mRNA 
nanoparticles for A) HeLa cells and B) DC2.4 cells. PI+ cells determined by flow 
cytometry 6 hours after nanoparticle administration. All nanoparticles formualated at 
an N/P ratio of 5 and 150 ng of mRNA was administered per 5K cells. Lipofectamine 
MessengerMAX was used as a lipid control. n=3 for all sample treatments. 

 



 

122 
 

 

 

 

 

 

 

 

Figure S2.43 Percent of PI+ cells after treatment with multifunctional polymer-mRNA 
nanoparticles for A) HeLa cells and B) DC2.4 cells. PI+ cells determined by flow 
cytometry 48 hours after nanoparticle administration. All nanoparticles formualated at 
an N/P ratio of 5 and 150 ng of mRNA was administered per 5K cells. Lipofectamine 
MessengerMAX was used as a lipid control. n=3 for all sample treatments. 
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Figure S2.44 Comparison of EGFP+ cells treated with polymeric nanoparticles 
containing C1-Im-H1, C1-Im-H2, and C1-Im-H3 vectors and supplemental chloroquine 
(25 μM; chloroquine-containing samples denoted by **). Additional chloroquine 
provided a minor increase in the number of EGFP+ cells, but EGFP expression is not 
comparable to best-performing vectors. n=3 for all sample treatments. 

 

Figure S2.45 Representative DLS signals for OVA mRNA-polymer nanoparticles 
generated using C2-Im-H1 multifunctional polydisulfide at different N/P ratios. 
Nanoparticles were complexed and analyzed in pH 4.0 sodium acetate buffer.  
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Figure S2.46 1H NMR of M2+LA(PEG 2K) copolymer in CDCl3. Diagnostic peaks used to 
determine incorporation ratios are bolded and underlined. 

 

 



 

125 
 

 

Figure S2.47 1H NMR of C1-Im-H1-7%PEG in DMSO-d6.  
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Figure S2.48 1H NMR of C2-Im-H1-7%PEG in DMSO-d6.  
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Figure S2.49 1H NMR of C1-Im-H4-7%PEG in DMSO-d6.  
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Figure S2.50 1H NMR of C2-Im-H4-7%PEG in DMSO-d6.  

 

 

Figure S2.51 A) Representative flow cytometry plot depicting histology gates and for 
determining number of Cy5+ HeLa cells and B) EGFP+ HeLa cells. 
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Table S2.1. Summary of all M2 aminolysis conditions using different 
amine-containing species. 



 

130 
 

 

 

 

 

 

Table S2.2 Summary of all post-polymerization multifunctional polymers 
generated from poly(M2)disulfide.  
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Table S2.3 Summary of EGFP mRNA-multifunctional polymer 

nanoparticles as determined by DLS. All nanoparticles complexed 
and measured in pH 4 sodium acetate buffer.   
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Table S2.4 Stability of multifunctional polymer nanoparticles without 

mRNA after switching from pH 4.0 buffer to PBS (pH 7.4), characterized by 
DLS.  
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Table S2.5 Stability of multifunctional polymer nanoparticles formulated 

with EGFP mRNA after switching from pH 4.0 buffer to PBS (pH 7.4), 
characterized by DLS. 
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Table S2.6 Summary of model multifunctional polymer nanoparticles 

formulated with OVA mRNA in pH 4.0 buffer, characterized by DLS. 
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2.8   Small Molecule Characterization Data (1H NMR, 13C NMR, LC-MS, ESI-MS, GPC)    

Scheme S2.1. Synthesis of M1. 

 

M1 Yield: 5.13 grams, 75%  
1H NMR (CDCl3, 500 MHz): (ppm)= 7.40-7.30 (t, J= 8.5 Hz, 2H), 7.25-7.17 (t, J= 7.5 Hz 1H), 

7.12-7.00 (d, J= 8.5 Hz, 2H), 3.65-3.50 (quint, J= 6.5 Hz, 1H), 3.25-3.05 (m, 2H), 2.62-2.53 (t, 

J= 7.5 Hz, 2H), 2.51-2.41 (m, 1H), 1.98-1.87 (m, 1H), 1.85-1.69 (m, 4H), 1.65-1.50 (m,2H); 
13C NMR (CDCl3, 500 MHz): (ppm)= 171.80, 150.60, 129.39, 125.74, 121.51, 56.24, 40.19, 

38.47, 34.55, 34.06, 28.64, 24.59; LC-MS: C14H18O2S2 [M+H+], Calculated 283.07, Found 

282.0. The LC-MS, 1H and 13C NMR spectra of M1 are attached below: 
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Scheme S2.2. Synthesis of M2. 

 

M2 Yield: 6.80 grams, 78% 
1H NMR (CDCl3, 500 MHz): (ppm)= 7.63-7.57 (d, J= 6.5 Hz, 1H), 7.36-7.30 (t, J= 8.0 Hz, 1H), 

7.16-7.10 (m, 2H), 3.64-3.56 (quint, J= 6.0 Hz, 1H), 3.25-3.05 (m, 2H), 2.67-2.62 (t, J= 7.0 Hz, 

2H), 2.52-2.44 (m, 1H), 1.97-1.89 (m, 1H), 1.88-1.71 (m, 4H), 1.66-1.55 (m,2H); 13C NMR 

(CDCl3, 500 MHz): (ppm)= 171.19, 148.40, 133.55, 128.69, 127.52, 124.02, 116.39, 56.47, 

40.51, 38.81, 35.09, 34.13, 28.88, 24.70; LC-MS: C14H17BrO2S2 [M+H+], Calculated 360.99., 

Found 361.8. The LC-MS, 1H and 13C NMR spectra of M2 are attached below: 
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Scheme S2.3. Synthesis of M3. 

 

M3 Yield: 7.64 grams, 72%  
1H NMR (CDCl3, 500 MHz): (ppm)= 7.55-7.47 (d, J= 8.5 Hz, 2H), 7.00-6.93 (t, J= 8.0 Hz, 1H), 

3.61-3.50 (quint, J= 6.5 Hz, 1H), 3.20-3.03 (m, 2H), 2.70-2.63 (t, J= 7.0 Hz, 2H), 2.48-2.38 (m, 

1H), 1.94-1.87 (m, 1H), 1.86-1.77 (m, 2H), 1.76-1.66 (m, 2H), 1.65-1.48 (m,2H); 13C NMR 

(CDCl3, 500 MHz): (ppm)= 169.56, 146.07, 132.31, 128.14, 117.75, 56.26, 40.17, 38.49, 

34.50, 33.60, 28.65, 24.43; LC-MS: C14H16Br2O2S2 [M+H+], Calculated 439.89, Found 439.8. 

The LC-MS, 1H and 13C NMR spectra of M3 are attached below: 
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Scheme S2.4. Synthesis of M4. 

M4 Yield: 5.21 grams, 70%  
1H NMR (CDCl3, 500 MHz): (ppm)= 7.73-7.65 (d, J= 9.0 Hz, 2H), 7.25-7.17 (d, J= 9.0 Hz, 

2H), 3.65-3.55 (quint, J= 6.5 Hz, 1H), 3.24-3.07 (m, 2H), 2.65-2.58 (t, J= 7.5 Hz, 2H), 2.52-

2.43 (m, 1H), 1.97-1.87 (m, 1H), 1.83-1.768 (m, 4H), 1.63-1.50 (m, 2H); 13C NMR (CDCl3, 

500 MHz): (ppm)= 171.13, 154.03, 133.74, 122.81, 118.32, 109.77, 56.34, 40.34, 38.61, 

34.63, 34.15, 28.72, 24.54; LC-MS: C15H17NO2S2 [M+H+], Calculated 307.07, Found 307.0. 

The LC-MS, 1H and 13C NMR spectra of M4 are attached below: 
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Scheme S2.5. Synthesis of M5. 

 

M5 Yield: 6.50 grams, 82%  
1H NMR (CDCl3, 500 MHz): (ppm)= 8.32-8.20 (d, J= 9.5 Hz, 2H), 7.30-7.25 (d, J= 9.0 Hz, 

2H), 3.65-3.55 (quint, J= 6.5 Hz, 1H), 3.25-3.07 (m, 2H), 2.66-2.59 (t, J= 7.5 Hz, 2H), 2.53-

2.43 (m, 1H), 1.97-1.89 (m, 1H), 1.86-1.70 (m, 4H), 1.64-1.50 (m, 2H); 13C NMR (CDCl3, 500 

MHz): (ppm)= 170.96, 155.55, 145.41, 125.23, 22.47, 56.33, 40.32, 38.60, 34.61, 34.16, 

28.67, 24.53; LC-MS: C15H17NO4S2 [M+H+], Calculated 327.06, Found 326.9. The LC-MS, 1H 

and 13C NMR spectra of M5 are attached below: 
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Scheme S2.6. Synthesis of N-Acetyl C2. 

N-Acetyl C2 Yield: 284 mgs, 73%  
1H NMR (CDCl3, 500 MHz): (ppm)= 6.30-5.85 (s, 1H), 3.35-3.25 (q, J= 6.0 Hz, 2H), 2.65-

2.35(m, 10H), 2.28-2.25 (s, 3H), 1.98-1.93 (s, 3H); 13C NMR (CDCl3, 500 MHz): (ppm)= 

120.26, 56.60, 55.11, 52.89, 46.11, 36.08, 23.43; ESI-MS: C9H19N3O [M+H+], Calculated 

186.15, Found 186.2. The ESI-MS, 1H spectra, 13C NMR spectra, and pH titration plot of N-

Acetyl C2 are attached below: 
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Scheme S9. Synthesis of LA(PEG 2K) Monomer 

 

M1 Yield: 10.1 grams, 45% Yield 
1H NMR (CDCl3, 500 MHz): (ppm)= 3.93-3.85 (br, 2H), 3.70-3.15 (br, 172H), 3.13-2.95 (s, 

3H), 2.90-2.75 (m, 2H), 2.20-2.10 (m, 1H), 2.07-1.99 (t, J=7.5 Hz, 2H), 1.65-1.53 (m, 1H), 

1.43-1.30 (m, 4H), 1.22-1.07 (m, 2H); 13C NMR (CDCl3, 500 MHz): (ppm)= 172.18, 71.08, 

69.72, 68.25, 62.53, 58.06, 55.39, 39.36, 37.61, 33.76, 32.99, 27.82, 23.77; The GPC 

spectrum, 1H spectra, and 13C NMR spectra for LA(PEG 2K) are attached below: 

 

GPC: Mw = 2.53 kDa, D=1.08 
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Chapter 3: Dendronized Polypeptide Polymers for CRISPR-Cas9 Gene 

Editing In Vitro and mRNA Delivery In Vivo 

Addendum: Alexander C. Eldredge contributed substantially to this work, particularly 

in vector synthesis, the optimization of in vitro conditions for sgRNA and Cas9 mRNA 

codelivery using the described nanoparticles, and quantifying luciferase expression from Fluc 

mRNA nanoparticle-treated mouse organs. These aspects of this work reflect his contributions 

to the project.   

3.1 Introduction 

The development of new CRISPR-associated protein 9 (CRISPR-Cas9) delivery 

vehicles has accelerated in recent years, most notably utilizing lipid nanoparticles (LNPs) 

to carry CRISPR-Cas9 encoding machinery or CRISPR-Cas9 RNPs to target cells for gene 

editing.1-3 However, despite the prominent successes of LNPs, there are still fundamental 

limitations to lipid-based nanocarriers.4 The development of other effective tissue-specific 

CRISPR-Cas9 delivery vehicles remains an obstacle to the implementation of novel life-

saving CRISPR-Cas9 gene therapies. Previous works have utilized cationic polymers to 

deliver CRISPR-Cas9-encoding plasmids5-6 or co-deliver Cas9-mRNA and sgRNA 

simultaneously7 to conduct gene editing. However, these construct designs predominantly 

utilize linear or minimally branched polymers for nanoparticle complexation and delivery, 

omitting numerous other potential polymer architectures for CRISPR-Cas9 gene editing 

applications.  

Synthetic cationic dendrimers are frequently used to deliver individual RNA species but 

have not been used for RNA-codelivery-mediated CRISPR-Cas gene editing (from 
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simultaneous codelivery of Cas9 mRNA and sgRNA). As a result, relatively little is known 

about cationic dendrimer tissue-specificity in CRISPR-Cas9 gene editing applications. 

Moreover, dendronized polymers, or polymers with linear backbones and numerous dendrons 

attached, possess increased chain flexibility that is advantageous for nucleic acid complexation 

and delivery.8 Exploration into this family of cationic polymers would determine their gene 

delivery capability, determine nanoparticle characteristics when complex with mRNA,9 and 

examine in vivo localization characteristics.  

Among the three CRISPR-Cas gene editing approaches, RNA-mediated CRISPR-Cas9 

gene editing offers many advantages over CRISPR-Cas9 plasmid-based gene editing. Unlike 

Cas9-encoding plasmids, Cas9 mRNA does not require nuclear localization and promoter 

activation to undergo an additional transcription step.10 When delivered exogenously, Cas9 

mRNA can begin translation immediately after entry into the cytosol, generating multiple 

copies of the Cas9 protein from a single Cas9 mRNA molecule. These numerous Cas9 

proteins can assemble with exogenously delivered sgRNA molecules to form complete 

RNPs capable of gene editing. This transient CRISPR-Cas9 expression avoids prolonged 

CRISPR-Cas9 activity commonly obtained from plasmid-based delivery and reduces 

potential off-target gene editing resulting from extended CRISPR-Cas9 expression.11-12 

  Previous works utilizing thiol-reducible dendronized linear polypeptide polymers 

(denpols) have shown excellent success in nanoparticle complexation and subsequent 

delivery of both small-interfering RNA (siRNA) and mRNA for fibroblast cells and dendritic 

cells in vitro.13-14 These multifunctional polymer dendrons were functionalized with either 

histidine, a common pH-responsive motif to promote endosomal escape upon nanoparticle 

uptake into endosomes/lysosomes,15-16 or tryptophan groups for nanoparticle 
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hydrophobicity and additional RNA interactions.17-18 Through previous experimental 

determination, a ratio of two histidines for every tryptophan (2:1) has shown optimal in 

vitro RNA delivery efficacy.13-14 Additionally, each amino acid functional group contains a 

cationic amine to complex with RNA phosphate groups through electrostatic interactions.19 

Lastly, thiol-reducible disulfide linkages are prevalent within the polymer backbone to 

facilitate polymer degradation upon nanoparticle uptake into the cytosol and interaction 

with cellular thiols.20-21 Altogether, these various functionalities facilitate RNA-polymer 

complexation, endosomal escape, and ensure biodegradation upon entry into cells. 

Moreover, tetraethylene glycol incorporation into the linear polymer backbone was 

previously explored to alter polymer flexibility, provide spacing between dendrimers, 

affect nanoparticle complexation, and subsequent nucleic acid delivery efficacy when 

applied to RNA delivery models.22   

  While denpols have been used to deliver siRNA and mRNA independently, they have 

not yet been used for the simultaneous delivery of large and small RNA species. Herein, we 

utilized two specific second-generation denpols, G2 2:1 and 50% TEG G2 2:1 (see Scheme 

3.1A), to complex with only sgRNA or with a Cas9 mRNA-sgRNA mixture, forming two 

distinct RNA-containing nanoparticle species for in vitro delivery (see Scheme 3.1B). 

Resulting RNA delivery and CRISPR-Cas9 gene editing efficacy of these two different 

nanoparticle species were evaluated using EGFP-expressing model cell lines. Finally, in vivo 

biodistribution of this class of polymeric nanoparticles was examined using firefly 

luciferase (Fluc) mRNA for tissue-specific localization.  
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3.2   Results and Discussion 

 Both G2 2:1 or 50% TEG G2 2:1 cationic linear dendronized polymers were 

synthesized using previous procedures and confirmed using 1H NMR (See Polymer 

Characterization Data). Additionally, three different egfp-targeting sgRNA sequences were 

Scheme 3.1.  Simplified denpol structures and formulation approach to generate 

denpol-RNA polymeric nanoparticles. A) Structure of G2 2:1 (left) and 50% TEG G2 2:1 

(right) denpols used for RNA delivery in this work. Cationic amines for RNA 

complexation are colored in orange, histidine motifs are blue, tryptophan residues are 

red, and tetraethylene glycol functionalities are green. B) General complexation scheme 

to generate denpol-RNA polymeric nanoparticles. Denpol-RNA nanoparticles containing 

sgRNA alone or sgRNA and Cas9 mRNA are examined.  
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generated (See Table S3.1) and validated in a modified cell line that endogenously 

expresses both Cas9 protein and EGFP (detailed further below; See Figures S3.2-3.4). 

 With denpol vectors synthesized and a validated egfp-targeting sgRNA, we 

proceeded to validate denpol-sgRNA nanoparticle generation and nanoparticle cell 

delivery. To confirm that denpol vectors can independently complex with sgRNA, the 

validated egfp-targeting sgRNA was complexed with G2 2:1 or 50% TEG G2 2:1 denpols at 

different N/P ratios. Both vectors demonstrated RNA complexation at N/P ratios above 2.5 

via GE assay (Figure S3.5). Nanoparticle sizes at an N/P ratio of 30 were characterized by 

both DLS (See Figure 3.1A; See Table S3.2) and cryogenic transmission electron microscopy 

(cryo-TEM, Figure 3.1B).  

 With nanoparticle generation confirmed, a model cell line was needed to validate 

sgRNA delivery. By placing a gene of interest within a lentiviral vector, desired genes can 

be introduced into the genome of immortalized cells. This gene can subsequently be 

knocked out using exogenously provided CRISPR-Cas9 machinery. In works using this 

approach, robust gene editing is observed regardless of the number of genomic insertions 

from lentiviral transduction.23 Following this, a model NIH-3T3 cell line constitutively 

Figure 3.1 DLS and cryo-TEM characterization of denpol-sgRNA nanoparticles. A) 

Representative DLS spectra for G2 2:1 denpol-sgRNA nanoparticles formulated at N/P 

ratios of 30 (blue) and 45 (red). B) Representative cryo-TEM image for G2 2:1 denpol-

sgRNA nanoparticles formulated at an N/P ratio of 30. Scale bar represents 50 nm. 
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expressing nuclear localization signal-conjugated Cas9 protein (NLS-Cas9) and EGFP was 

generated via lentiviral transduction and isolated using fluorescence-assisted cell sorting 

(See Figure S3.6). Exogenous sgRNA was delivered into the cytosol using denpol-sgRNA 

nanoparticles. After nanoparticle decomplexation in the cytosol, this sgRNA complexed 

with natively expressed Cas9 protein to edit egfp genes; knockout efficiency was 

determined via flow cytometry (measuring EGFP-negative cells; Figure 3.2A).  

 At a lower N/P ratio of 10, nanoparticles from both G2 2:1 and 50% TEG G2 2:1 

exhibited lower gene editing (40% and 28%, respectively) compared to higher N/P ratios. 

At an N/P ratio of 30, nanoparticles formulated from both G2 2:1 and 50% TEG G2 2:1 

resulted in 58% and 43% gene editing, as determined by EGFP reduction (See Figure 3.2B; 

See Figure S3.7). Similarly, at an N/P ratio of 45, both denpol vectors resulted in >50% 

Figure 3.2 egfp gene editing from denpol-sgRNA nanoparticles. A) Flow through scheme 

for the delivery of denpol-sgRNA nanoparticles to NLS-Cas9-EGFP-expressing NIH 3T3 

cells and subsequent gene editing. B) Percent egfp-gene-edited NLS-Cas9 and EGFP co-

expressing cells after treatment with denpol-RNA nanoparticles at different N/P ratios 

in serum-free conditions. n=3 for all sample treatments. Lipofectamine P2000 was used 
as lipid control. 
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gene editing. The most optimal formulation containing G2 2:1 denpol was at an N/P ratio 

of 45, resulting in >70% of all cells being edited. Furthermore, gene editing with these 

nanoparticles was also observed in the presence of serum during cell transfection (See 

Figure S3.8).  

  With sgRNA delivery established, the codelivery of Cas9 mRNA and sgRNA with 

denpols was further assessed. With no pre-existing CRISPR-Cas9 machinery present within 

cells, this delivery method should generate Cas9 protein in situ alongside exogenously 

provided sgRNA, assembling all CRISPR-Cas9 components from the cargo of a single 

nanoparticle. Polymeric nanoparticles containing Cas9 mRNA and egfp-targeting sgRNA 

were formulated with G2 2:1 or 50% TEG G2 2:1 denpol vectors and characterized by DLS 

(See Figure 3.3A; See Table S3.3), zeta potential (See Table S3.4), and cryo-TEM (See Figure 

3.3B). For initial screens, a 1:7 w/w ratio of Cas9 mRNA and sgRNA was used for codelivery 

nanoparticle experiments. Notably, formulation using G2 2:1 or 50% TEG G2 2:1 denpols 

generated 275-350 nm nanoparticles according to DLS. No significant size difference was 

Figure 3.3 DLS and cryo-TEM characterization of denpol-Cas9 mRNA-sgRNA 

nanoparticles. A) Representative DLS spectra for G2 2:1 denpol-Cas9 mRNA-sgRNA 

nanoparticles formulated at N/P ratios of 30 (red) and 45 (blue). B) Representative cryo-TEM 

image for G2 2:1 denpol-Cas9 mRNA-sgRNA nanoparticles formulated at an N/P ratio of 30. 

Scale bar (white bar) represents 100 nm. 
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observed between the G2 2:1 and  50% TEG G2 2:1, suggesting that tetraethylene glycol 

functionalization does not drastically alter polyplex size.  

  To test the viability of these polymeric nanoparticles for egfp gene editing, another 

NIH-3T3 model cell line constitutively expressing EGFP was generated via lentiviral 

transduction (See Figure S3.9). Denpol-Cas9 mRNA-sgRNA polymeric nanoparticles were 

administered to these EGFP-expressing NIH-3T3 cells using a similar methodology, and 

EGFP reduction/gene editing was quantified by flow cytometry (See Figure 3.4A; See 

Figure S3.10). Notably, polymeric nanoparticle-mediated codelivery of Cas9 mRNA and 

egfp-targeting sgRNA resulted in >70% EGFP editing at N/P ratios of 30 and 45 in serum-

free conditions (See Figure 3.4B). The nominal difference in gene editing for both G2 2:1- 

and 50% TEG G2 2:1- containing nanoparticles at N/P 30 or 45 suggests that the TEG 

backbone functionalization and increased backbone flexibility have minimal effect on 

overall gene editing efficacy for this approach. Additionally, like independent sgRNA 

delivery, increased N/P ratios resulted in higher gene editing efficacy, with the N/P ratio of 

45 showing higher gene editing efficacy in both delivery models.  
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Figure 3.4 egfp gene editing from denpol-Cas9 mRNA-sgRNA nanoparticles. A) Flow 

through scheme for the delivery of denpol-Cas9 mRNA-sgRNA nanoparticles to EGFP-

expressing NIH 3T3 cells and subsequent gene editing. B) Percent egfp-gene-edited NIH 

3T3 cells after treatment with denpol-RNA nanoparticles at different N/P ratios in 

serum-free conditions. n=3 for all sample treatments.  C) Percent egfp-gene-edited NIH 

3T3 cells after treatment with denpol-RNA nanoparticles at different N/P ratios in 

serum-rich conditions. Lipofectamine P2000 was used as lipid control. n=3 for all sample 

treatments. 
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  Exploring this codelivery approach further, polymeric nanoparticles containing both 

Cas9 mRNA and sgRNA were also administered to cells in a serum-rich environment during 

initial nanoparticle administration to test transfection viability in the presence of serum 

proteins. From this, only a minor reduction in egfp gene editing efficacy was observed (See 

Figure 3.4C). At an N/P ratio of 45, both G2 2:1 and 50% TEG G2 2:1-containing polymeric 

nanoparticles resulted in 93% gene editing in serum-free conditions. In the presence of 

serum, gene editing efficacy was reduced to 90% and 85%, respectively, indicating that 

serum proteins do not drastically reduce transfection efficacy as shown in other 

nanoparticle systems.24 A dose-dependent gene editing relationship was also observed, 

with lower gene editing efficacy at lower overall RNA loads (See Figure S3.11).  

  Additionally, a 1:10 w/w ratio of Cas9 mRNA and sgRNA was also tested and 

similarly obtained comparable levels of gene editing at N/P ratios of 30 and 45 for both 

denpol vectors (See Figure 3.5). Moreover, an EGFP-expressing HEK 293T cell line was 

generated through similar lentiviral transduction and treatment with denpol-Cas9 mRNA-

sgRNA nanoparticles also resulted in gene editing (See Figures S3.12-3.14), indicating that 

this methodology is applicable to other cell lines. Altogether, we anticipate that utilizing 

other sgRNAs can target other genes in treatment models using this RNA codelivery 

approach. 
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  With RNA-codelivery-mediated CRISPR-Cas9 gene editing demonstrated in vitro, the 

tissue specificity of this class of RNA-polymer nanoparticles was tested in vivo. When 

examining size-dependent in vivo nanoparticle distribution, nanoparticles >200 nm tend to 

localize to the liver and spleen.25-26 When Cas9 mRNA-sgRNA were formulated with G2 2:1 at a 

ratio of 30, >200 nm nanoparticles were obtained by DLS, suggesting that this class of 

nanoparticle may similarly localize to the liver and spleen in vivo.   

  To test this, denpol polymer vectors were formulated with Cy5-labeled Fluc mRNA 

and the resulting nanoparticles were characterized by DLS (See Table S3.5). These 

nanoparticles were then administered to C57BL/6 mice via tail vein injection. After six 

hours, nanoparticle localization and mRNA expression characteristics were determined by 

Figure 3.5 egfp gene editing with different mRNA:sgRNA ratios. Percent egfp-gene 

edited NIH 3T3 cells after treatment with denpol-RNA nanoparticles containing different 

1:7 and 1:10 w/w ratios of Cas9 mRNA to sgRNA.  All cells treated in serum-free 
conditions. Lipofectamine P2000 was used as lipid control. n=3 for all samples, 
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IVIS in vivo imaging. Mice treated with G2 2:1- and 50% TEG G2 2:1-Fluc mRNA 

nanoparticles at an N/P of 30 showed excellent luciferase expression, with localization 

frequently away from the site of injection (See Figure 3.6; See Figure S3.15). Luciferase 

activity is also observed 24 hours post-injection in G2 2:1-Fluc mRNA nanoparticles, 

suggesting that this delivery methodology is capable of prolonged expression of cargo 

mRNA (See Figure S3.16). One more vector was synthesized, 8%PEG G2 2:1, complexed 

with Fluc mRNA and administered to mice in a similar manner. Good luciferase expression 

was also obtained for this vector, with expression potentially localized to lymph nodes (See 

Figure S3.19).27 

 Imaging of individual organs indicated that nanoparticle expression was localized to the 

lungs and spleen of injected animals (See Figure 3.7).  For mice treated with G2 2:1-Fluc 

mRNA nanoparticles at an N/P ratio of 30, the lungs and spleen comprised 59% and 34% of 

all organ luciferase expression, respectively (See Figure S3.17A+B). These two organs 

together comprised 93% of all organ luciferase expression, with nominal expression from 

the liver, heart, and kidneys of treated mice. This organ localization profile is highly 

indicative of uptake by antigen-presenting cells (APCs) and migration to lymph nodes/the 

spleen.28-29 This result is consistent with other similar nanoparticle designs.29-30  

  Interestingly Cy5 fluorescent dye, which was directly conjugated to Fluc mRNA, was 

located predominantly within the liver of treated mice (See Figure S3.17C+D). These same 

livers possessed nominal Fluc mRNA expression, indicating minimal cellular uptake by 

hepatocytes or premature degradation in the liver. With the naturally high levels of 

glutathione found in the liver, we hypothesize that Cy5 accumulation in the liver may be 
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the result of premature polyplex degeneration due to high exogenous thiols present in the 

liver;31 degraded Fluc mRNA would release lipophilic Cy5 dye that accumulates in the 

hepatocytes.  

  The safety profiles of G2 2:1- and 50% TEG G2 2:1-Fluc mRNA nanoparticles were 

also examined in these mice. After injection with denpol-Cas9 mRNA-sgRNA nanoparticles 

at an N/P of 30, an aspartate aminotransferase (AST) assay was performed on serum 4 

days post-injection. AST activity was not significantly affected by nanoparticle 

administration (See Figure S3.18), suggesting that nanoparticles from G2 2:1- and 50% 

TEG G2 2:1 denpols are highly biocompatible for mRNA, and Cas9 mRNA-sgRNA 

codelivery applications. 

  Altogether, the luciferase expression of nanoparticles from all denpol derivatives 

suggests that these nanoparticle derivatives are highly promising mRNA delivery and 

CRISPR-Cas9 mRNA-sgRNA codelivery vehicles for immunology project designs. Despite 

the relatively short lifetimes of some antigen-presenting cells,32 there is growing interest in 

CRISPR-Cas9 gene editing in macrophages,33 monocytes,34 and dendritic cells.35 CRISPR-

Cas modifications in these cells have demonstrated promise in the treatment of 

inflammatory diseases such as irritable bowel disease,36 or to engineer immune tolerance 

after organ transplantation.35 Some of these designs already utilize linear polymers to 

mediate CRISPR-Cas9 delivery,35, 37 but have not utilized dendronized polymer 

architectures. With the excellent RNA-codelivery-mediated CRISPR-Cas9 gene editing 

capability and favorable in vivo nanoparticle safety profile described within this work, we 
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suggest that these denpol vectors, and cationic dendritic polymers more broadly, are very 

promising nanoparticle tools for future immune cell CRISPR-Cas9 gene editing therapies. 
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Figure 3.6 In vivo imaging of C57BL/6 mice injected with denpol-Fluc mRNA polymeric 

nanoparticles six hours post-injection. All denpol-Cas9 mRNA-sgRNA nanoparticles 
formulated at an N/P ratio of 30 prior to administration. 

Figure 3.7 Luciferase expression in extracted organs from C57BL/6 mice treated with 

denpol-Fluc mRNA polymeric nanoparticles. Organs analyzed six hours post-injection. 

All denpol-Cas9 mRNA-sgRNA nanoparticles formulated at an N/P ratio of 30 prior to 
administration. 
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3.3 Conclusions 

In this project we explored nanoparticle complexation of both sgRNA and Cas9 

mRNA+sgRNA using two different cationic linear dendronized polymer (denpol) species. 

RNA-encapsulated polymeric nanoparticles could deliver egfp-targeting sgRNA alone or 

sgRNA+Cas9 mRNA cargo together to model EGFP-expressing cells. In vitro egfp gene 

editing efficacy after nanoparticle administration was quantified by measuring EGFP 

depletion in a simplified flow cytometry protocol. When polymeric nanoparticles 

containing both Cas9 mRNA and sgRNA were administered in vitro, 90% egfp gene editing 

was observed in NIH 3T3 cells. This RNA-codelivery methodology was also applicable in a 

model HEK 293T cell line, in the presence of serum proteins, and at two different Cas9 

mRNA to sgRNA ratios. When complexed with luciferase mRNA and administered in vivo, 

both denpol-mRNA polymeric nanoparticle species demonstrated robust luciferase 

expression in the lungs and spleens of treated mice. With presumed uptake by immune 

cells in the spleen, nanoparticles generated from these vectors are extremely promising as 

vectors for CRISPR-Cas9 gene editing of immune cells and as mRNA delivery vehicles for 

future immunotherapy applications. 
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3.5    Experimental Protocols  

 Chemical Reagents: Unless otherwise noted, all reagents were used as received 

from commercial suppliers without further purification. All chemical reactions were 

performed in HPLC-grade solvent unless otherwise noted. Protected amino acids were 

purchased from Advanced ChemTech (Louisville, KY) and Aroz Technologies, LLC 

(Cincinnati, OH). Coupling reagents were purchased from GL Biochem Ltd. (Shanghai, 
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China). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA). Aspartate 

Aminotransferase (AST) Activity Assay Kit was purchased directly from Abcam 

(ab105135). All aqueous solutions used for nanoparticle complexation were made using 

DEPC-treated water to prevent RNAse contamination. sgRNAs were synthesized using an 

Engen sgRNA Synthesis Kit (NEB; # E3322V) according to the manufacturer’s protocols. 

Generated sgRNA sequences are provided in the Supporting Information (Table S1). Cas9 

mRNA was purchased directly from TriLink Biotechnologies (#L-7606-100) and diluted in 

20 μM Sodium Citrate buffer (pH 6.4) before use. Cy5-labelled luciferase mRNA was 

purchased directly from TriLink Biotechnologies (#L-7202) with custom Cy5-

functionalization and similarly diluted before use.  

 General Instrument Information: Nuclear Magnetic Resonance (NMR) spectra 

were recorded on 500 MHz or 600 MHz Bruker spectrometers at 25 °C with chemical shifts 

reported in ppm and coupling constants in Hertz (Hz). 1H NMR chemical shifts were 

referenced to D2O. Denpol-RNA polyplex sizes and zeta potential values were measured at 

633 nm using a Zetasizer dynamic light scattering instrument (Malvern, UK) at 25 °C with a 

detection angle of 173°. Flow cytometry experiments determining egfp knockout/ gene 

editing were conducted on a NovoCyte flow cytometer (ACEA Biosciences, San Diego; PMT 

voltage of 300 V) using NovoExpress Software. Fluorescence assisted cell sorting 

experiments (FACS) for lentiviral transduction experiments were conducted on either a 

Beckton Dickinson FACSAria Fusion flow cytometer (BD Biosciences, USA) or Beckton 

DickinsonFACSAria II flow cytometer (BD Biosciences, USA). For both instruments, the 

argon ion excitation laser emitted at 488nm and PMT voltage was set to 300V. Sorting gates 

were manually determined based on the background fluorescence of GFP-negative cells 
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and the intensity of EGFP expression on transduced cells. Denpol-RNA nanoparticle 

complexation assays were performed using agarose gel electrophoresis and imaged on a 

Typhoon 9410 system (GE).  

 Plasmids: psPAX2 plasmid was a gift from Didier Trono (Addgene plasmid #12260; 

RRID: Addgene _12260), pMD2.G was a gift from Didier Trono (Addgene plasmid #12259; 

RRID: Addgene_12259), lentiCas9-EGFP was a gift from Phil Sharp & Feng Zhang (Addgene 

plasmid # 63592; RRID:Addgene_63592), and pLJM1-EGFP was a gift from David Sabatini 

(Addgene plasmid #19319; RRID: Addgene_19319). All plasmids were transformed into 

competent DH5α cells through heat-shock transformation and streaked onto plates 

containing lysogeny broth (LB; TEKNOVA, #L9135) with 1% agarose (Alfa Aesar, #J66501) 

and 150 μg/mL ampicillin (CHEM IMPEX, #00516). Plates were incubated at 37 °C 

overnight to yield colonies that contained relevant plasmid. Individual colonies were 

grown in LB containing 150 μg/mL ampicillin under continuous agitation. Resulting 

cultures were then lysed and plasmid DNA was extracted by NucleoBond Xtra Midiprep EF 

Midiprep protocols (Macherey-Nagel, #740420.10).  

 Cell Lines and Culturing: NIH-3T3 cells were a generous gift from Professor Young 

Jik Kwon (Department of Chemical Engineering, UC Irvine, CA). HEK293T and HEK 293FT 

cells were generously provided by Professor Jennifer Prescher (Department of Chemistry, 

UC Irvine, CA). Unless otherwise indicated, all cell lines used were grown in complete low 

glucose DMEM (for NIH 3T3 cells; Gibco, #11885084) or high glucose DMEM (for 

HEK293FT and HEK293T cells; Gibco, #119650092) containing 10% v/v Fetal Bovine 

Serum (FBS; Sigma, #12207C) and 1X antibiotic-antimycotic solution (Gibco, #15240062). 
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Trypsin (Gibco, #25200056) was used to dislodge cells for routine passaging. All cell lines 

are prophylactically treated with Mycoplasma Removal Agent (MB Biosciences, #3050044) 

to prevent mycoplasma contamination. 

 Cryo-TEM: : G2 2:1-sgRNA polymer nanoparticles samples were prepared from 

resuspended or extracted solutions onto Quantifoil R2/2 (Electron Microscopy Sciences) 

grids that were layered with graphene oxide following an established procedure.1 G2 2:1-

Cas9 MRNA-sgRNA nanoparticles were loaded onto quantifoil grids without graphene 

oxide pretreatment. Vitrification was carried out by an automatic plunge freezer ME GP2 

(Leica Microsystems) with 3 μL of sample. Grid preparation was performed at 95% 

humidity. After loading the sample, grids were let to sit for 3 minutes before being blotted 

for 3 seconds prior to plunging into liquid propane. Cryo-TEM samples were then placed on 

a Gatan cryo-TEM holder and imaged on a JEOL 2100F TEM using a Schottky type field 

emission gun operating at 200 keV. Images were recorded using SerialEM low dose imaging 

mode with a Gatan OneView CMOS camera at 4k × 4k resolution. 

 sgRNA Synthesis and Characterization: sgRNA was generated according to the 

EnGen®sgRNA Synthesis Kit protocol; ssDNA Oligo (generated from IDT), S. pyrogenes 

Cas9 tracrRNA Scaffold Oligo, RNase-free water, and EnGen 2X sgRNA Reaction Mix were 

combined and incubated at 37 °C for 40 minutes. After incubation this mixture was treated 

with DNase (provided in EnGen®sgRNA Synthesis Kit) and the resulting RNA mixture was 

purified by GeneJET RNA Cleanup and Concentration Micro Kit (Thermo Scientific, 

#K0841) to yield purified sgRNA. Generated sgRNAs were analyzed by 10% TBE-Urea gel 

electrophoresis; sgRNA were mixed with 1 volumetric equivalent of 2X RNA Loading Dye 
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(NEB, #BO363S) and incubated at 90 °C for ten minutes. Resulting denatured mixes were 

loaded into a pre-cast Mini-PROTEAN TBE-Urea gel (10%; Bio-Rad, #456-6033) and run in 

1X TBE running buffer for 75 minutes at 180 volts. The resulting gel was rinsed with fresh 

1X TBE buffer, stained with Gel-Red (Biotium, #41002) and analyzed by a Typhoon 8600 

Imager (Molecular Dynamics, Israel). Image contrast was adjusted in ImageQuant Software.  

 Denpol Synthesis and Characterization: Typical procedure for denpol 

functionalization was as follows: G2 and 50% TEG G2 denpol backbones were synthesized 

and dendronized according to literature procedures. For final denpol functionalization,  in a 

1-dram vial equipped with a stir bar, the specified denpol (10.0 mg/ 1.00 equiv.) was 

dissolved in 1 mL of DMF. After the denpol was completely dissolved, Boc-His(Boc)-OH, 

and Boc-Trp(Boc)-OH were added in the corresponding ratios. After all reagents had been 

solubilized, ByBOP (10.00 equiv.) and DIPEA (12.00 equiv.) were added, and the 1-dram 

vial was sealed with nitrogen and stirred over-night. After 12 h, 3 mL of MeOH was added 

to the reaction, and the mixture was purified via dialysis (MWCO = 6 – 8 kDa) against MeOH 

for 12 h. After 12 h, the mixture was concentrated in vacuo (no heating), yielding a solid 

film. The Boc groups were removed by suspending the solid mixture of TFA (1.5 mL), DCM 

(0.75 mL), and TIPS (0.1 mL) and stirring for 4 h under nitrogen. The mixture was 

concentrated in vacuo (no heating), resuspending in methanol, and then precipitated in 

cold ether. The precipitate was pelleted via centrifugation, and the supernatant was 

discarded. The precipitate was purified via dialysis (MWCO = 6 – 8 kDa) in MeOH for 24 

hours and then concentrated in vacuo. All denpols were characterized by 1H NMR. The final 

functionalization ratio was calculated using the same methodology as previously reported.2 
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 Denpol-sgRNA Nanoparticle Complexation and Gel Electrophoresis: The 

binding of sgRNA to denpols was studied through agarose gel electrophoresis. After 

nanoparticle formulation 2.5 μL 6X loading dye was added to each sample and 10 μL of the 

mixture was loaded to each well in a 1% agarose gel with 1X GelRed dye. Gel 

electrophoresis was run in TAE buffer at 60 V for 45 minutes and the gel was visualized 

under a UV transilluminator.  

 Denpol-RNA Polymer Nanoparticle Formulation: To generate nanoparticles, 

denpol stock solutions (10 mgs/ mL in DI H2O) were mixed with RNA stock solutions (20 

μM Sodium Citrate buffer, pH 6.4) via pipette at defined cationic amine to phosphate (N/P) 

ratios. Resulting nanoparticle solutions were continuously mixed for another 30 seconds 

before the addition of desired buffer and further incubation at 25 ˚C. For dynamic light 

scattering and zeta potential experiments, phosphate buffered saline (PBS; pH 7.4) was 

used to disperse denpol-RNA nanoparticles and were incubated in PBS for at least 10 

minutes prior to measurements. For cellular transfection experiments, OptiMEM was used 

to disperse nanoparticles and nanoparticles were incubated for at least 20 minutes before 

administering to cells. 

 Dynamic Light Scattering Characterization: After formulation, denpol-RNA 

nanoparticles were resuspended in PBS and denpol-RNA polymeric nanoparticle sizes 

were measured at 633 nm using a Zetasizer Nano ZS dynamic light scattering instrument 

(Malvern Instruments, Malvern, UK) at 25 ˚C with detection angle of 173°.  

 Lentivirus Generation, Cell Transduction Protocol, and FACS Sorting: All 

lentiviral particles were generated using previously established procedures.3 HEK293FT 
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(1x106 cells) were seeded onto poly-L-lysine-treated (Millipore, #P8920) 60mm tissue-

culture treated plate and set to adhere overnight in complete media. The following day, 

media was exchanged for OptiMEM (Gibco, #31985-070) containing 50 μM chloroquine 

(Sigma, #50-63-5) and cells were incubated at 37 °C for eight hours before switching back 

to complete media for another eight hours. After this period, lentiviral packaging plasmids 

pMD2.G (10 μg) and psPAX2 (10 μg) were co-assembled with Lenti-Cas9-eGFP plasmid (20 

μg) in Lipofectamine P2000 (Invivogen, #11668019) in OptiMEM and transfected into 50 

μM-chloroquine-treated HEK293T cells. After eight hours of incubation, Lipofectamine-

containing media was removed and fresh media containing 10% serum was added to the 

treated plate. Supernatant from these plates were harvested after 48 hours and 72 hours 

and concentrated via 100K-MWCO Centricon filters (Millipore, #ACS510012) to obtain 

concentrated lentivirus. Aliquoted lentivirus was snap-frozen and stored at -80 °C. NIH-3T3 

cells were plated at 2.0 x 103 cells/well in 48-well plates and adhered overnight at 37 °C. 

Adhered cells were incubated with 5 μL of 8 μg/mL Polybrene (28728-55-4) in OptiMEM 

along with concentrated lentivirus for 24 hours and grown for an additional 72 hours in 

complete media. Treated cells were then trypsinized and sorted by FACS to obtain stable 

lentivirally-transduced cell populations. This protocol was repeated with pLJM1-eGFP 

expression plasmid (20 μg) and the same packaging plasmids to obtain lentiviral particles 

containing pLJM1-eGFP plasmid. Both NIH-3T3 cells and HEK293T were similarly 

transduced and sorted FACS to obtain stable lentivirally-transduced cell populations. 

 For all lentiviral-transduced cell populations, cells were sorted by either a Beckton 

Dickinson FACSAria Fusion flow cytometer or Beckton Dickinson FACSAria II flow 

cytometer. For both instruments, the argon ion excitation laser emitted at 488nm and PMT 
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voltage was set to 300V. Sorting gates were manually determined based on the background 

fluorescence of EGFP-negative cells and the intensity of EGFP expression on transduced 

cells. Subsequent pooled cell populations were grown using normal tissue culture 

conditions. 

  In Vitro Transfection Experiments: For sgRNA delivery experiments, a total of 

200 ng of egfp-targeting sgRNA was added for each well. Similarly, for Cas9 mRNA-sgRNA 

codelivery experiments a total of 200 ng of RNA was added to each well, with either a 1:7 

or 1:10 w/w ratio of Cas9 mRNA to sgRNA comprising the final RNA quantity.  

 For in vitro nanoparticle transfection experiments, lentivirally-transduced NIH 3T3 

cells were plated at a density of 5,000 cells/ well in 96-well plates 24 hours prior to 

treatment. During transfection media was removed, formulated nanoparticle solutions 

were added to each corresponding cell well, and treated cells were incubated at 25 ˚C for 5 

minutes under gentle mixing. Afterwards, for serum-free conditions, an additional 100 µL 

of OptiMEM was added to each cell well and incubated for 8 hours at 37 ˚C. For serum-

containing conditions, an additional 100 µL of OptiMEM containing 10% FBS was added to 

each cell well and incubated for 8 hours at 37 ˚C. All nanoparticle treatments were 

performed in triplicate. Following the initial 8-hour incubation all media was removed and 

replaced with complete DMEM with 10% FBS. Treated cells were cultured for 5 days before 

flow cytometry analysis. After 120 hours of culturing has concluded, media in cell wells 

were removed and replaced with trypsin to dislodge cells. Trypsinized cells were quenched 

with complete DMEM and analysed by flow cytometry to determine the number of gene-

edited, EGFP-negative, cells.  
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 In Vivo Nanoparticle Delivery: C57BL/6 mice were purchased from Jackson 

Laboratories. Mouse studies were conducted in accordance with federal guidelines and 

were approved by the Institutional Animal Care and Use Committee at the University of 

California Irvine. 4 weeks old (~25 g) C57BL/6 mice were treated with Cy5-labelled 

luciferase mRNA complexed with denpols at (N/P = 30) via vein tail injection at a single 

mRNA dose of 15 μg/mouse (150 μL solution). Six hours post-injection, D-luciferin 

substrate was administered via intraperitoneal injection 10-20 minutes prior to imaging. 

For IVIS imaging, animals were anesthetized with isoflurane in a separate chamber and 

then moved to a dark IVIS imaging chamber (PerkinElmer, USA) while being kept under 

isoflurane anaesthesia using nose cones and a heated stage. For organ-specific imaging, 

treated mice were sacrificed, organs were excised, and organs were similarly imaged using 

an IVIS camera. 

 AST assay from Denpol-Fluc mRNA Nanoparticle-Treated C57BL/6 Mice: AST 

assay kit was purchased directly from abcam (ab 105135) and used according to the 

manufacturer’s protocols. AST assay was performed using the blood of mice 4 days 

following injection of mice treated with denpol-Fluc mRNA polymeric nanoparticles 

(formulated at an N/P ratio of 30). AST kit was used according to the manufacturer’s 

protocols.  

 

3.6  References for Experimental Protocols  
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3.7    Supplementary Figures 

Figure S3.1 Expanded denpol structures for polymer repeat units of G2 2:1 (left) and 

50% TEG G2 2:1 (right). 
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Figure S3.2 10% TBE-Urea gel of various synthesized and purified sgRNAs. Wells 1-3 

all contain ssRNA ladder in varying amounts. Well 4 contains SG1 sgRNA, well 5 

contains SG4 sgRNA (not shown in this work), well 6 contains SG2 sgRNA, well 7 

contains SG3 sgRNA, and well 8 contains control sgRNA (generated from scrambler 

ssDNA provided by NEB). 

Figure S3.3 egfp gene editing efficiency with different sgRNA species in Lenti-Cas9-

EGFP-transduced NIH-3T3 cells. Lipofectamine 2000 was used as delivery vehicle for all 
sgRNA samples. 
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Figure S3.5 Gel electrophoresis assay for denpol-sgRNA complexes at various N/P 

ratios. Exact N/P ratios for given wells are listed above gel images. Minimum N/P ratio 

for complete binding and polyplex formation is achieved at an N/P of 2.5 for both G2 

2:1 (left) and 50% TEG G2 2:1 (right).  

 

Figure S3.4 Representative flow cytometry A) density plot for sorting sgRNA-treated 

Lenti-Cas9-EGFP-transduced NIH-3T3 cells (From Figure S3.3; SG3 sgRNA used for A). 

B) Representative histogram with gating to sort EGFP-negative/ gene edited Lenti-

Cas9-EGFP-transduced NIH-3T3 cells after sgRNA-treatment. sgRNA-treated/ gene 

edited cells are shown in green and overlayed with nontreated Lenti-Cas9-EGFP-
transduced NIH-3T3 cells (red). 
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Figure S3.6 FACS gates for Control NIH-3T3 cells (A; left) and Lenti-Cas9-EGFP-

transduced NIH-3T3 cells (B; right) using a Beckton Dickinson FACSAria Fusion flow 

cytometer. EGFP+ cells within gate #2 were pooled, expanded, and used for future gene 

editing experiments.  Flow cytometer argon ion excitation laser emitted at 488nm and 
PMT voltage was set to 300V. 

 

Figure S3.7 Representative flow cytometry A) density plot for sorting denpol-sgRNA 

nanoparticle-treated Lenti-Cas9-EGFP-transduced NIH-3T3 cells (from Figure 3.2; SG3 

sgRNA used for A). B) Representative histogram with gating to sort EGFP-negative/ 

gene edited Lenti-Cas9-EGFP-transduced NIH-3T3 cells after denpol-sgRNA 

nanoparticle treatment. C) sgRNA-treated/ gene edited cells (gray) overlayed with 

control, EGFP+ Lenti-Cas9-EGFP-transduced NIH-3T3 cells (green). 
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Figure S3.8 egfp gene editing efficiency using G2 2:1 or 50% TEG G2 2:1 denpol-

sgRNA nanoparticles (SG3 sgRNA) at different N/P ratios with Lenti-Cas9-EGFP-

transduced NIH-3T3 cells. Nanoparticle samples were formulated with serum (red) or 

without (gray). Lipofectamine P2000 was used as lipid control. n=3 for all samples. 

 

Figure S3.9 FACS gates for Control NIH-3T3 cells (A; left) and Lenti-pLJM1-EGFP -

transduced NIH-3T3 cells (B; right) using a Beckton Dickinson FACSAria Fusion flow 

cytometer. EGFP+ cells within gate #2 were pooled, expanded, and used for future gene 

editing experiments.  Flow cytometer argon ion excitation laser emitted at 488nm and 

PMT voltage was set to 300V. 
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Figure S3.11 egfp gene editing efficiency (with both Cas9 mRNA and SG3 sgRNA) in 

Lenti-pLJM1-EGFP -transduced NIH-3T3 cells using lipid control and 50% TEG G2 2:1-

RNA nanoparticles at different N/P ratios. n=3 for all samples. All formulations used a 

1:10 w/w Cas9 mRNA to sgRNA ratio. Overall RNA dosage affects gene efficacy. 
Lipofectamine P2000 was used as lipid control.  

 

Figure S3.10 Representative flow cytometry A) density plot for sorting denpol-Cas9 

mRNA-sgRNA nanoparticle-treated in Lenti-pLJM1-EGFP -transduced NIH-3T3 cells. B) 

Representative histogram with gating to sort EGFP-negative/ gene edited Lenti-pLJM1-

EGFP -transduced NIH-3T3 cells denpol-Cas9 mRNA-sgRNA nanoparticle treatment. C) 

Cas9 mRNA-sgRNA-treated/ gene edited cells (gray) overlayed with nontreated EGFP+ 

Lenti-pLJM1-EGFP -transduced NIH-3T3 cells (green). 

 



 

180 
 

 

 

 

 

A 

B 

Figure S3.12 FACS gates for A) Control HEK293T cells (left) and B) Lenti-pLJM1-EGFP -

transduced HEK293T cells (right) using a Beckton DickinsonFACSAria II flow 

cytometer. EGFP+ cells within gate #2 were pooled, expanded, and used for future gene 

editing experiments.  Flow cytometer argon ion excitation laser emitted at 488nm and 

PMT voltage was set to 300V. 
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Figure S3.13 egfp gene editing efficiency (with both Cas9 mRNA and SG3 sgRNA) in 

Lenti-pLJM1-EGFP -transduced HEK293T cells using lipid control and denpol-RNA 

nanoparticles at different N/P ratios. Lipofectamine P2000 was used as lipid control. 

n=3 for all samples. 

 

Figure S3.14 Representative flow cytometry A) density plot for sorted denpol-Cas9 

mRNA-sgRNA nanoparticle-treated Lenti-pLJM1-EGFP-transduced HEK293T cells. B) 

Representative histogram with gating to sort EGFP-negative/ gene edited Lenti-pLJM1-
EGFP -transduced HEK293T cells denpol-Cas9 mRNA-sgRNA nanoparticle treatment. 
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Figure S3.15 In vivo luciferase expression in mice six hours post-injection with: A) PBS 

control, B) G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30, C) 50% 

TEG G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30. All 

nanoparticles were administered via tail vein injection and luciferin was administered 
intraperitoneally 10 minutes prior to imaging. 
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Figure S3.16 In vivo luciferase expression in mice A) six hours post injection with G2 

2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30 and B) 24 hours post 

injection with G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30. 
Luciferin was administered intraperitoneally 10 minutes prior to imaging. 
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Figure S3.17 A) Organ-specific luciferase expression from mice six hours post injection 

with G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30. B) Luciferase 

expression quantified from A. C) Organ-specific Cy5 epifluorescence from mice six 

hours post injection with G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P 
of 30. D) Cy5 epifluorescence quantified from C. 
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Figure S3.18 Hepatic function of mice treated with denpol-Fluc mRNA polymeric 

nanoparticles, as measured by aspartate transamidase (AST) levels in blood (IU/L). 

Mice were injected with 15 μg of Fluc mRNA/ mouse and denpol-Fluc mRNA 

nanoparticles were formulated at an N/P ratio of 30. N=3 mice per group. 

Figure S3.19 In vivo luciferase expression in mice six hours post-injection with 8%PEG 

G2 2:1 denpol-Fluc mRNA nanoparticles formulated at an N/P of 30. Nanoparticles 

were administered via tail vein injection and luciferin was administered 

intraperitoneally 10 minutes prior to imaging. 
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Table S3.1 ssDNA Oligonucleotide sequences used for sgRNA generation via EnGen® 
sgRNA Synthesis Kit. For ssDNA oligonucleotide sequences, T7 promoter sequences are 

green, target gene sequences are red, and primer extension sequences are blue. For 
sgRNA sequences, crRNA sequences are red and tracrRNA sequences are blue. SG3 

sgRNA was used for all future gene editing experiments. 

Table S3.2 Denpol-sgRNA nanoparticle sizes (diameter, in nm) and dispersity values at 
various N/P ratios. All polyplexes analyzed in PBS, pH 7.4 solution. Nanoparticles 

formulated with G2 2:1 at N/P ratios of 30 and 45 are also found in Figure 1A.  
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Table S3.3 Denpol-Cas9 mRNA-sgRNA nanoparticle sizes (diameter, in nm) and 
dispersity values at various N/P ratios. All polyplexes are at a 1:7 Cas9 mRNA to sgRNA 

w/w ratio and analyzed in PBS, pH 7.4 solution. 

 

Table S3.4 Denpol-Cas9 mRNA-sgRNA nanoparticle zeta potential (in mV) 
at an N/P of 30. All polyplexes are at a 1:7 Cas9 mRNA to sgRNA w/w ratio 

and analyzed in PBS, pH 7.4 solution. 

 

Table S3.5 Denpol-Fluc mRNA nanoparticle sizes (diameter, in nm) and dispersity 
values at an N/P ratio of 30. All polyplexes are analyzed in PBS (pH 7.4) solution. 
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3.8   Polymer Characterization Data (1H NMR)   

 

 

G2 2:1 (64 H 36 W): Boc-His(Boc)-OH (16.00 equiv.) and Boc-Trp(Boc)-OH (8.00 equiv.). 
Clear colorless solid. 82% isolated yield. 

G2 2:1: 1H NMR (600 MHz, MeOH) δ 8.75 (s, 5.27H), 7.83 – 6.82 (m, 18H), 4.60 – 4.04 (m, 
11.89H), 3.09 (m, 15H),2.12 – 1.05 (m, 45H). 

 

 

 

 

 

G2 2:1 (64 H 36 W) 
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50 TEG G2 2:1 (63 H 37 W): Boc-His(Boc)-OH (16.00 equiv.) and Boc-Trp(Boc)-OH (8.00 

equiv.). Clear colorless solid. 71% isolated yield. 

50 TEG G2 2:1: 1H NMR (600 MHz, D2O), δ 8.03 (s, 3.91H), 7.37 (m, 15.31H), 4.27 (m, 
17.22H), 3.93 – 3.53 (m, 13.71H), 3.18 (m, 17.41H), 2.11 – 0.74 (m, 35H). 

 

 

 

 

 

 

 

 

50% TEG G2 2:1 (63 H 37 W) 
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8% PEG G2 2:1 (61 H 39 W): Boc-His(Boc)-OH (16.00 equiv.) and Boc-Trp(Boc)-OH (8.00 

equiv.). Clear colorless solid. 54% isolated yield. 

8% PEG G2 2:1 (61 H 39 W): 1H NMR (600 MHz, D2O), δ 8.02 (s, 4.3H), 7.35 (m, 19.28H), 

4.15 (s, 15.1H), 3.74 (d, J = 10.3 Hz, 14.53H), 3.11 (m, 13.72H), 2.11-0.63 (m, 44.61H). 

 

 

 

 

 

 

 

 

8% PEG G2 2:1 (61 H 39 W) 
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CHAPTER 4: Cryopolymerization-Generated Polydisulfides: Progress 

Towards Polyanionic and Polycationic Approaches to mRNA Delivery                                                                                             

4.1 Introduction 

Polydisulfide polymers from lipoic acid (LA) are quickly becoming popular 

biomaterials for many biological applications. However, the lack of facile polydisulfide 

polymerization methodologies greatly limits the potential of these bioreducible polymers, 

particularly as RNA delivery vehicles. While biocompatible polydisulfides have been 

synthesized previously, this methodology has almost exclusively been applied to aqueous-

soluble guanidinium-containing LA monomers.1-3 This room temperature aqueous-phase 

polymerization methodology is robust but requires a concentrated buffer that would likely 

not be applicable with anionic LA monomers (due to potential complexation with cationic 

buffer components). Development of a polymerization methodology that can reliably 

polymerize both poly(anionic)disulfides and poly(cationic)disulfides from LA-derived 

monomers without a concentrated buffered solution would greatly aid in generating more 

polydisulfide polymers designs for biological applications, including RNA delivery.  

Fortunately, Lu et al. pioneered an approach to generate both 

poly(anionic)disulfides and poly(cationic)disulfides from LA-derived monomers without 

concentrated buffering conditions. By freezing a protein with a solvent-exposed 

cysteine/thiol and a LA-derived monomer at physiological pH, Lu and coworkers were able 

to generate protein-polydisulfide polymer conjugates with controlled polymerization 

kinetics.4 Moreover, this cryopolymerization methodology was used to generate both 

protein-poly(anionic)disulfide and protein-poly(cationic)disulfide conjugates, the latter of 
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which demonstrated cell-penetrating capability when delivering conjugated EGFP protein 

as a payload to cells.   

 While this cryopolymerization methodology has shown promise, it has not yet been 

used to generate LA-derived poly(anionic)disulfides or poly(cationic)disulfides at larger 

scales or for RNA delivery applications. Although poly(anionic)disulfides would obviously 

be negatively charged and not have favorable electrostatic interactions with nucleic acids, 

utilizing poly(anionic)disulfides for RNA delivery is not without precedent: biodegradable 

anionic polymers, notably sodium alginate, are frequently formulated with plasmid DNA 

and a crosslinking agent (most commonly Ca2+) to generate DNA-loaded 

hydrogels/nanoparticles for cell delivery.5-7 In these designs, calcium ions cross-link both 

polymer carboxylate groups and phosphate groups of plasmid DNA to entangle the two 

species within a nanoparticle/hydrogel. However, sodium alginate’s ionizable carboxylate 

units have an estimated pKa range of 3.4-3.7,8 which is well outside the optimal pH range of 

endosomes/lysosomes (pH 5.0-7.0), lowering endosomal escape efficiency. In contrast, LA 

has a pKa of 4.7, which is substantially closer to the lysosomal pH range of 5-7. A 

poly(anionic)disulfide polymer derived from LA monomer should similarly cross-link to 

phosphate groups of nucleic acids (See Scheme 4.1) and facilitate a stronger proton sponge 

effect for enhanced nanoparticle delivery. Additionally, chemical motifs other than thiol-

reducible disulfides could be incorporated into this poly(anionic)disulfide polymerization 

system, providing more synthetic flexibility than the defined chemical motifs found in 

sodium alginate. 

  Poly(amino)disulfide polymers with cationic groups have already been successfully 

generated using this cryopolymerization methodology.  Expanding on this further, by 
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conjugating different amine-containing groups to LA derivatives, poly(amino)disulfide 

polymers can be generated that possess both cationic amines for RNA complexation and 

ionizable amines to promote endosomal escape (See Scheme 4.2).  Copolymerization of 

both cationic and ionizable LA-derived monomers could also be explored. This 

cryopolymerization methodology was herein utilized to generate both 

Scheme 4.1 Approach to generating poly(anionic)disulfide-mRNA nanoparticles for 

RNA delivery. A) Synthesis approach to generating poly(anionic)disulfide from LA 

monomer. B) Crosslinking carboxylate-containing poly(anionic)disulfides and 

phosphate groups of mRNA should result in polymer-mRNA nanoparticles.  

Scheme 4.2 Approach to generating cationic poly(amino)disulfide-mRNA nanoparticles 

for RNA delivery. A) Cationic monoamine or diamine-containing LA monomers 

examined in this study. B) Cryopolymerization of cationic monomers should result in 
poly(amino)disulfides capable of mRNA complexation.  
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poly(anionic)disulfide and poly(amino)disulfide polymers for LA-derived monomers at 

larger scale than previously reported. Subsequent polydisulfide polymers were complexed 

with a model mRNA through two different methodologies to form polymeric nanoparticles 

capable of delivering mRNA in vitro.  

 

4.2 Results and Discussion 

  The aqueous-phase LA cryopolymerization methodology reported previously has 

only been applied to small-scale protein-polydisulfide polymer conjugates;4 larger-scale 

polymerization conditions needed to be explored first before RNA delivery could be 

investigated. We began by freezing different concentrations of aqueous sodium lipoate 

Figure 4.1 Cryopolymerization of lipoic acid at scaled conditions. A) Synthetic 
procedure to generate anionic poly(M0)disulfide. B) Monomer polymerization can 
readily be visualized by disappearance of monomer chromophore/color throughout 
cryopolymerization. Anti-solvent addition results in polymer precipitation.  
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monomer (conjugate base of LA; M0) solution at pH 7.4 in scintillation vials. After 72 hours 

of freezing at -20 °C a colorimetric change was observed (See Figure 4.1), indicating that 

the ring-opening of M0 had occurred. Subsequent treatment of the frozen polymer 

solutions with a miscible anti-solvent resulted in the precipitation of the corresponding 

poly(anionic)disulfide in decent yield (See Table 4.1). Subsequent GPC analysis confirmed 

that poly(M0)disulfide polymers had been generated. Additional 1H NMR analysis further 

indicated poly(M0)disulfide product (See Figure 4.2). With this initial success, 

Figure 4.2 1H NMR (in D2O) overlay of M0 monomer and poly(M0)disulfide 
after cryopolymerization.   
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cryopolymerizaton of M0 was also tested at pH 10, yielding polymer (See Figure S4.1) and 

validating that this technique can be applied to two separate pH conditions.  

  With poly(M0)disulfide generated, formulations containing polymer, EGFP mRNA, 

and calcium chloride (cross-linking agent) were generated and characterized by DLS. Bulk 

formations of these components yielded nanoparticles with diameters between 60-185 nm 

depending on the quantity of calcium cross-linker used (See Table 4.2). While 

nanoparticles were formed, more refined nano/microparticle design approaches using 

sodium alginate and calcium cross-linking agent utilize electrospray jets5 or microfluidic 

flow devices9-11 to generate more uniform nanoparticles with larger quantities of cross-

linker. Attempted bulk formulations of these nanoparticles with large (excess) quantities of 

calcium resulted in visible aggregation. In future formulation designs, more sophisticated 

mixing strategies will need to be implemented to obtain more defined nanoparticles.   

  Regardless, bulk-formulated nanoparticles with limited cross-linker were tested as 

RNA delivery vehicles in vitro. Due to the broad buffering capacity of the poly(M0)disulfide 

polymer (See Figure S4.2), these nanoparticles should be capable of absorbing protons in 

cellular endosomes, enhancing the proton sponge effect. To test this EGFP mRNA, calcium 
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chloride, and varying quantities of poly(M0)disulfide were formulated, generating 

nanoparticles that were administered to DC2.4 cells. After 48 hours, these cells were 

analysed by flow cytometry to determine EGFP expression (See Figure 4.3). Compared to 

equivalent sodium alginate nanoparticles, poly(M0)disulfide-containing nanoparticles 

generated six times more EGFP+ cells when a 200/1 w/w ratio of polymer to mRNA was 

used. There is also an observable dose-dependent relationship observed between the 

amount of poly(M0)disulfide added to each nanoparticle formulation and the resulting 

number of EGFP+ cells. For cells treated with a 100/1 w/w ratio of poly(M0)disulfide to 

Figure 4.3 EGFP expression after treatment with cross-linked poly(M0)disulfide-EGFP 
mRNA nanoparticles. Percent EGFP+ DC2.4 cells after 48 hours of treatment with Ca2+ 
cross-linked poly(M0)disulfide-EGFP mRNA nanoparticles. Calcium ions formulated 
with mRNA used as control; Lipofectamine used as positive control. 100/1 and 200/1 
control samples are respective polymer and EGFP mRNA formulations without Ca2+ 
crosslinking. 50/1, 100/1, 150/1, and 200/1 samples represent Ca2+ cross-linked 
polycarboxylate-EGFP mRNA nanoparticles formulated at different polymer/EGFP 
mRNA w/w ratios.  All nanoparticles were generated by bulk mixing using 0.5 
stoichiometric equivalents of Ca2+ ions (with respect to the sum of all carboxylate and 
phosphate groups). N=3 for all samples.  



 

198 
 

mRNA,  28% of resulting cells were EGFP+, while cells treated with a 200/1 w/w ratio of 

poly(M0)disulfide to mRNA were 47% EGFP+. Minimal cytotoxicity was also observed for 

cells treated with these nanoparticles, as indicated by propidium iodide (PI) staining (See 

Figure S4.3). These results are very promising, indicating that poly(M0)disulfide-

containing nanoparticles are more capable at delivering mRNA than standard sodium 

alginate formulations, even at equivalent polymer: nucleic acid ratios.5 However, optimized 

formulation conditions are needed before this nanoparticle delivery method is investigated 

further.  

  Cationic poly(amino)disulfide polymers were also investigated using this 

cryopolymerization methodology (See Figure 4.4A). Four different cationic monomers 

Figure 4.4 Amine-containing LA derivatives generate cationic poly(disulfides). A) 

Amine-containing LA derivative monomers and their respective conjugate acid pKa 
values. B) GPC traces of cryopolymerized cationic poly(amino)disulfides. 
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(M1-M4) were synthesized and titrated to determine approximate pKa values for each 

amino group. Monomers were then cryopolymerized to yield poly(M1)-, poly(M1+M2)-, 

poly(M3)-, and poly(M4)disulfides. Polymer generation was validated by both GPC (See 

Figure 4.4B; See Table S4.2) and 1H NMR (See Figure S4.4-4.7). Due to the cationic nature of 

these polymers, they should rapidly complex with mRNA through electrostatic interactions 

to generate nanoparticles. This was initially investigated by gel electrophoresis, with 

complexation observed above N/P ratios of 2.5 for two of the four representative polymers 

at pH 7.4 (See Figure 4.5); DLS also confirmed nanoparticle generation at an N/P ratio of 10 

Figure 4.5 Cationic poly(amino)disulfide gel complexation. A) Complexation of 

poly(M1)disulfide with EGFP mRNA (in PBS, pH 7.4) at various N/P ratios. B) 

Complexation of poly(M4)disulfide with EGFP mRNA (in PBS, pH 7.4) at various N/P 

ratios. Both polymers demonstrate complete complexation at N/P ratios of 2.5 and 

above.  
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(See Table S4.3).  

  With nanoparticles confirmed, we proceeded with in vitro validation of these 

polymeric nanoparticles. All four cationic poly(amino)disulfides were formulated with 

EGFP mRNA (at different N/P ratios) and administered to DC2.4 cells. Cells were then 

isolated after 48 hours of nanoparticle treatment and sorted by flow cytometry to 

determine the number of EGFP+ cells. From the experimentally determined pKa values, we 

predicted that poly(M1+M2)- and poly(M3)disulfide polymers would generate the 

strongest endosomal escape response and therefore, optimal mRNA delivery profiles. This 

was confirmed by observed EGFP expression by flow cytometry; nanoparticle treatment 

with  poly(M1+M2)- and poly(M3)disulfide polymers, containing both cationic and 

ionizable motifs, resulted in the largest number of EGFP+ cells (both ~30% of cells; See 

Figure 4.6). Interestingly, nanoparticles generated at an N/P ratio of 15 demonstrated the 

highest degree of EGFP transfection; nanoparticles with an N/P ratio of 30 demonstrated 

cytotoxicity, as determined by PI staining (See Figure S4.8).  

  Cellular treatment with polymeric nanoparticles only containing cationic groups 

(from poly(M1)- and poly(M4)disulfides) resulted in poor EGFP expression, suggesting 

that nanoparticles of this design do require ionizable motifs for endosomal escape.  Future 

experiments will need to determine the precise uptake mechanism of these nanoparticles 

and determine if endosomal entrapment is occurring.   

  Despite these initial successes, the total number of EGFP+ cells treated with either 

poly(anionic)disulfide- and poly(amino)disulfide-containing polymeric mRNA 

nanoparticles is relatively low compared to lipofectamine, a cationic lipid control. Future 
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experiments with both polymer systems will need optimized formulation conditions or 

potentially new chemical functionalizations to further increase cell transfection efficacy.    

 

4.3 Conclusions 

  In this project an established cryopolymerization protocol was explored to 

synthesize both poly(anionic)- and poly(cationic)disulfides from LA-derived monomers at 

larger scales than previously reported. For poly(anionic)disulfides, a calcium-based 

crosslinking strategy generated nanoparticles containing mRNA and polymers through 

Figure 4.6 EGFP expression after treatment with poly(amino)disulfide-mRNA 
nanoparticles. Percent EGFP+ DC2.4 cells after 48 hours of treatment with 
poly(amino)disulfide-EGFP mRNA polymeric nanoparticles at different N/P ratios; 
EGFP expression determined by flow cytometry. Untreated DC2.4 cells are displayed as 
control samples; Lipofectamine MessengerMAX was used as positive control. N=3 for all 
samples.  
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bulk mixing. While many improvements can be made to the outlined bulk mixing 

methodology described here, treatment of DC2.4 cells with cross-linked EGFP mRNA-

poly(anionic)disulfide nanoparticles resulted in 47% EGFP+ cells after 48 hours. Similarly, 

cationic poly(amino)disulfides can also be generated using this cryopolymerization 

methodology and amine-containing LA derivatives. Complexation of these cationic 

poly(amino)disulfides with EGFP mRNA also resulted in nanoparticles by DLS. Treatment 

of DC2.4 cells resulted in successful EGFP mRNA delivery, depending N/P ratio and if 

ionizable motifs were present on the polymer. Altogether, the progress made in this project 

highlights the synthetic potential of the cryopolymerization methodology for generating 

numerous polydisulfides for biological applications, including RNA delivery.  
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4.5 Experimental Protocols 

Instruments: Nuclear Magnetic Resonance (NMR) spectra were recorded on 500 

MHz Bruker spectrometers at 25 °C with chemical shifts reported in ppm and coupling 

constants in Hertz (Hz). 1H NMR chemical shifts were referenced to either CD3OD or D2O. 

Number average molecular weight (Mn) and Dispersity (D) were determined by Gel 

Permeation Chromatography (GPC). Organic-phase GPC experiments were performed on 

an Agilent 1100 SEC system using a PLGel 5 μm MIXED-C 300 x 7.5mm column from Agilent 

Technologies (PN PL1110-6500) and polymer molecular weight was determined with 

respect to polystyrene standards purchased from Sigma-Aldrich. DMF was used as the 

eluent at a flow rate of 1mL/min and at a column temperature of 35 °C. All aqueous-phase 

GPC experiments were performed on an Agilent 1100 SEC system using an Asahipak GF-

150 HQ 7.5 x 300 mm column from Shodex (PN SH-F7600002) and polymer molecular 

weight was determined with respect to polyethylene glycol standards purchased from 
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Sigma-Aldrich. 90% phosphate buffered saline (PBS): 10% Methanol (MeOH) was used as 

the eluent at a flow rate of 1.0 mL/min and at a column temperature of 35 °C. EGFP mRNA-

polymer nanoparticle sizes were measured at 633 nm using a Zetasizer Nano ZS dynamic 

light scattering instrument (Malvern Instruments, Malvern, UK) at 25 ˚C with detection 

angle of 173°. All flow cytometry was performed on a NovoCyte flow cytometer (ACEA 

Biosciences, San Diego) using NovoExpress Software. All EGFP mRNA-polymer 

nanoparticles were visualized using a JEOL 2100F TEM utilizing a Schottky type field 

emission gun operating at 200 keV. All pH measurements were measured using an Accumet 

Basic AB15 pH probe. Poly(amino)disulfide-mRNA nanoparticle complexation assays were 

performed using agarose gel electrophoresis and imaged on a Typhoon 9410 system (GE).  

Materials: All commercially available chemicals were used without further 

purification unless otherwise noted and all reactions performed using HPLC grade solvents. 

Reagents: All reagents described within have purity denoted as percent purity (%). 

D,L-α-Lipoic acid (LA; 99.3%) was purchased from Chem-Impex (USA, IL). N,N′-

Dicyclohexylcarbodiimide (DCC; 99%), and 4-Dimethylaminopyridine (DMAP; 99%) were 

purchased from Alfa Aesar. Triethanolamine (>99%), Sodium 2-mercaptoethanesulfonate 

(>98%), and 3-(4-Morpholino)propyl isocyanate (95%) were purchased from Sigma-

Aldrich. 2-[2-(Dimethylamino)ethoxy]ethanol (>98%), 2-[[2-

(Dimethylamino)ethyl]methylamino]ethanol (>97%), 4-Methylpiperazine-1-ethanol 

(>98%), and 2-Iodoacetamide (>98%) were purchased from TCI America. 

 Monomer (M1-M4) Synthesis Procedure: For monomers M1, M3, and M4: D,L-α-

Lipoic acid [2.00 grams; 9.68 mmol; 2 equiv.] was dissolved in 150 mLs of dry, 4 °C -
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prechilled acetonitrile (ACN) containing 5 mol% 4-dimethylaminopyridine (DMAP) [0.48 

mmol; 6 mgs] and stirred under inert gas until fully dissolved. 1.05 equivalents of N,N′-

dicyclohexylcarbodiimide (DCC) [1.05 grams; 5.08 mmol; 1 equiv.] was dissolved in a 15 

mLs of dry, 4 °C -prechilled ACN and added dropwise to the solution of LA. The reaction 

mixture was gradually warmed to 25 °C and stirred for 3 hrs. Afterwards the reaction was 

filtered, the corresponding amino alcohol (7.26 mmol; 1.5 equiv.) was added, and the 

reaction was stilled for another 8 hours at 25 °C. After this reaction was placed in a -20 °C 

freezer for 24 hours and subsequently filtered to remove any residual DCC/ DCU. The 

solution was then reduced in vacuo, resuspended in dichloromethane (DCM), washed with 

1M Na2CO3 (3X 100 mL washes), followed by Brine (3X 100 mL washes), dried with MgSO4, 

and filtered. The organic layer was reduced in vacuo and loaded on silica for flash 

chromatography; columns were run with DCM: basified methanol (90% DCM: 9% MeOH: 

1% NH4OH) gradient all monomers eluted in 80-90% basified methanol. Pure monomer 

appears as a yellow viscous oil.  

 For M2 synthesis: D,L-α-Lipoic acid [2.00 grams; 9.68 mmol; 2 equiv.] was dissolved 

in 150 mLs of dry, 4 °C -prechilled ACN containing 5 mol% 4-dimethylaminopyridine 

(DMAP) [0.48 mmol; 6 mgs] and stirred under inert gas until fully dissolved. 1.05 

equivalents of N,N′-dicyclohexylcarbodiimide (DCC) [1.05 grams; 5.08 mmol; 1 equiv.] was 

dissolved in a 15 mLs of dry, 4 °C -prechilled ACN and added dropwise to the solution of LA. 

The reaction mixture was gradually warmed to 25 °C, stirred for 3 hours, then filtered. In a 

separate 250 mL round bottom flask triethanolamine [24.2 mmol; 5 equiv.] was dissolved 

in 50 mL of dry CAN and stirred. The previously-filtered LA solution was placed into a 200 

mL syringe, fitted to a syringe pump, and added to the stirring solution of triethanolamine 
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at a rate of 0.4 mL/min. After complete addition the reaction was stirred for 8 hours at 25 

°C. After this reaction was placed in a -20 °C freezer for 24 hours and subsequently filtered 

to remove any residual DCC/ DCU. The solution was then reduced in vacuo, resuspended in 

dichloromethane (DCM), washed with 1M Na2CO3 (3X 100 mL washes), followed by Brine 

(3X 100 mL washes), dried with MgSO4, and filtered. The organic layer was reduced in 

vacuo and loaded on silica for flash chromatography; columns were run with DCM: basified 

methanol (90% DCM: 9% MeOH: 1% NH4OH) gradient all monomers eluted in 80-90% 

basified methanol. Pure monomer appears as a yellow viscous oil. 

 Poly(anionic/M0)disulfide Polymerization Procedure: Prior to 

cryopolymerization a fresh stock solution of sodium lipoate (M0) was generated by 

carefully dissolving D,L-α-lipoic acid with 6M or 1M NaOH in water to a pH of 7.4 and final 

concentration of 200 mM. Depending on the final polymerization concentration, varying 

quantities of this solution (2 mL for 200 mM, 1 mL for 100 mM, 0.75 mLs for 75 mM, and 

0.5 mLs for 50 mM) was added to a fresh scintillation vial and diluted to the final 

concentration, if appropriate. To this solution sodium 2-mercaptoethanesulfonate (0.2 

µmol) initiator was added to final solution concentration of 100 uM and mixed thoroughly. 

Afterwards the solution was placed in a -20 °C freezer for 72 hours. After visual 

confirmation of polymerization, the scintillation vial was removed, excess anti-solvent 

(acetone or acetonitrile) was quickly added to the vial, and the vial was vortexed to yield a 

white sticky precipitate. The solvent was carefully decanted, residual polymer was rinsed 

again with anti-solvent, and decanted once more. After very briefly removing residual 

solvent in vacuo, 3-(4-Morpholino)propyl isocyanate (xs) was dissolved in 2 mLs of fresh 

80% H2O-20% MeOH solution, added to the white polymer, and the resulting solution was 
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vortex for 3-5 minutes. Afterwards the polymer was precipitated in anti-solvent again, 

resuspended in 1 mL of fresh water, and precipitated in anti-solvent again. After one more 

wash, the final polymer was reduced in vacuo to yield shelf-stable poly(M0)disulfide. GPC 

characterization of poly(M0)disulfide was conducted using the aqueous conditions 

mentioned in the Instruments section above.  

Poly(amino/M1-M4)disulfide Polymerization Procedure: Each corresponding 

monomer (M1-M4; 0.3 mmol; 1 equiv) was added to a clean scintillation vial along with 0.5 

mLs of fresh methanol and mixed thoroughly until fully dissolved. To this methanol 

solution a stoichiometric amount of 3M HCl (0.3 mmol for M1, M2, and M4; 0.6 mmol for 

M3) was added and gently mixed. Afterwards 2 mLs of DI H2O was added to the acidified 

methanol solution and the resulting solution was reduced in vacuo at 28 °C to remove 

residual methanol. After confirming the pH of each monomer solution was between 4.0-4.5 

via pH probe, sodium 2-mercaptoethanesulfonate (0.2 µmol) initiator was added to the 

solution and gently mixed. The resulting solution was then placed in a -20 °C freezer for 72 

hours. After visual confirmation of polymerization, the scintillation vial was removed, 

excess anti-solvent (acetone) was quickly added to the vial, and the vial was vortexed to 

yield a white sticky precipitate. The solvent was carefully decanted, residual polymer was 

rinsed again with anti-solvent, and decanted once more. After very briefly removing 

residual solvent in vacuo, 2-Iodoacetamide (xs) was dissolved in 2 mLs of fresh 80% H2O-

20% MeOH solution, added to the white polymer, and the resulting solution was vortex for 

3-5 minutes. Afterwards the polymer was precipitated in anti-solvent again, resuspended 

in 1 mL of fresh water, and precipitated in anti-solvent again. After one more wash, the 

final polymer was reduced in vacuo to yield shelf-stable poly(amino)disulfides. GPC 
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characterization of poly(amino)disulfide was conducted using the organic conditions 

mentioned in the Instruments section above.  

 Nanoparticle Formulation, DLS, and Gel Electrophoresis Assay Procedure: 

EGFP mRNA was diluted to a concentration of 50 ng/ μL in 10 mM sodium acetate (NaOAc) 

buffer (pH 4) or PBS (pH 7.4) prior to use. For cell culture experiments, 150ng of mRNA 

was administered per well and for dynamic light scattering (DLS) measurements 0.5 μg of 

EGFP mRNA was used for nanoparticle characterization.  

 For poly(anionic)disulfide complexation: After the desired amount of mRNA was 

pipetted into a clear microfuge tube, a correspond quantity of polymer was (10-200 w/w) 

was also added to the mRNA from a 10 mg/mL sodium alginate stock or poly(M0)disulfide 

stock solution. After a brief mixing of these components, 1 mM stock solution calcium 

chloride solution (quantity varies; 0.25-0.75 equivalents of Ca2+ relative to the sum of all 

carboxylate and phosphate groups present in each formulation) was quickly pipetted into 

the mixture and aggressively vortexed for 20 seconds. For DLS measurements and in vitro 

cell delivery experiments, the resulting nanoparticle solution was resuspended in PBS (pH 

7.4) prior to analysis/ use.  

 For poly(amino)disulfide complexation: After the desired amount of mRNA was 

pipetted into a clear microfuge tube, a correspond quantity of poly(amino)disulfide 

polymer (from a 5 mg/mL solution) was also added to the mRNA solution and vortexed 

thoroughly. For all formulations in this work the nitrogen-to-phosphate (N/P) ratio was 

used as a measure of how many equivalents of polymer to add in polymer-RNA 

complexations (N quantity was determined from the average number of cationic residues 
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per repeat unit of polymer). For DLS experiments, the resulting EGFP mRNA-polymer 

nanoparticles were resuspended in 600 μL of 10 mM NaOAc buffer (pH 4), placed in a clean 

cuvette, briefly mixed, and incubated at 25 °C for 10 minutes before measurement. DLS 

measurements were taken measured at 633 nm using Zetasizer Nano ZS dynamic light 

scattering instrument (Malvern Instruments, Malvern, UK) at 25 ˚C with detection angle of 

173 ˚. A minimum of three measurements were taken for each sample and the mean Z-

average values were reported. For gel electrophoresis assays, EGFP mRNA-

poly(amino)disulfide nanoparticles were formulated in PBS (pH 7.4) as described above 

and resuspended in additional PBS. Complexed nanoparticles were briefly mixed with 

loading gel before being separated on a 1% agarose gel. 1kb DNA ladder was purchased 

from NEB (Catalog # N3232S) and used as the molecular weight ladder for gel 

electrophoresis assays. For in vitro cell delivery assays, EGFP mRNA-poly(amino)disulfide 

nanoparticles were formulated in a 10 mM NaOAc buffer (pH 4) as mentioned above, then 

resuspended in OptiMEM (pH 7.4) before administration to cells.  

 In Vitro Cell Delivery: DC2.4 transfections were performed in triplicate within cell 

culture-treated clear-bottom 96-well plates (Corning). After passaging, cells were seeded at 

a density of 10,000 cells/ 96 well and incubated for 24 hours prior to treatment. The EGFP 

mRNA-polymer nanoparticles were formulated as mentioned above (for both 

poly(anionic)disulfide or poly(amino)disulfides; with 150ng of mRNA administered per 

well), resuspended in 30 μL of PBS or OptiMEM, and gently mixed via pipette for 30 

seconds before administering to cells. After an additional 50 μL of OptiMEM was added to 

each treated well, cells were incubated for 6 hours before media was exchanged with 

DMEM containing 10% FBS. After 6 hours or 48 hours of incubation media was removed, 
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cells were trypsinized, and transferred to non-binding V-bottom 96 well microplate plates 

(Greiner) for flow cytometry analysis. To determine cytotoxicity propidium iodide (PI) was 

added to sample wells at a final concentration of 2.5 μg/ mL and incubated for at least five 

minutes prior to flow cytometry analysis. EGFP expression and cytotoxicity (PI 

fluorescence) were determined using a NovoCyte flow cytometer. For lipid control samples, 

Cy5-EGFP mRNA (150 ng of mRNA per well; 50 ng/ μL in pH 7.4 PBS) was complexed with 

Lipofectamine MessengerMAX in OptiMEM under continuous mixing before administering 

to cells.   

4.6 Supplementary Figures 
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Figure S4.1 GPC traces of cryopolymerized poly(M0)disulfides generated from 
different lipoic acid monomer concentrations  at pH 7.4 (50 mM is red, 75 mM is yellow, 
100 mM is brown, and 200 mM is green). All polymers were dissolved in and eluted 
with 90% PBS (pH 7.4) with 10% methanol at a flow rate of 1.0 mL/min.  
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Figure S4.2 Buffering capacity of poly(M0)disulfide polymer with 1M HCl strong acid. 
A) Visible turbidity for poly(M0)disulfide solutions is observed after strong acid 
addition to 10 mg/ mL poly(M0)disulfide solution. B) Plot of pH (blue; left) and 
turbidity/ Percent transmission at 600 nm (orange; right) vs amount of 1M HCl added. 
Turbidity is apparent below pH 8.0.  
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Figure S4.3 Number of PI+ (dead) cells after treatment with cross-linked 
poly(M0)disulfide-EGFP mRNA nanoparticles. Percent PI+ DC2.4 cells after 48 hours of 
treatment with Ca2+ cross-linked poly(M0)disulfide-EGFP mRNA nanoparticles. Calcium 
ions formulated with mRNA used as control; Lipofectamine used as positive control. 
100/1 and 200/1 control samples are respective polymer and EGFP mRNA 
formulations without Ca2+ crosslinking. 50/1, 100/1, 150/1, and 200/1 samples 
represent Ca2+ cross-linked polycarboxylate-EGFP mRNA nanoparticles formulated at 
different polymer/EGFP mRNA w/w ratios.  All nanoparticles were generated by bulk 
mixing using 0.5 stoichiometric equivalents of Ca2+ ions (with respect to the sum of all 
carboxylate and phosphate groups). N=3 for all samples.  
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Figure S4.4 Partially annotated 1H NMR (in CD3OD) spectra of poly(M1)disulfide after 
cryopolymerization. Polymer signals were normalized to proton signals from a, b, and c. 
Signal d was used as a diagnostic peak for amine-containing motif. Estimated 97.5% M1 
by integration.  
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Figure S4.5 Partially annotated 1H NMR (in CD3OD) spectra of poly(M1+M2)disulfide 
after cryopolymerization. Polymer signals were normalized to proton signals from a, b, 
and c. Signal d ad d’ were used as a diagnostic peak for amine-containing motif. 
Estimated 61.9% M1 and 38.0% M2 by integration.  
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Figure S4.6 Partially annotated 1H NMR (in CD3OD) spectra of poly(M3)disulfide after 
cryopolymerization. Polymer signals were normalized to proton signals from a, b, and c. 
Signal d was used as a diagnostic peak for amine-containing motif. Estimated 87.5% M3 
by integration.  
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Figure S4.7 Partially annotated 1H NMR (in CD3OD) spectra of poly(M4)disulfide after 
cryopolymerization. Polymer signals were normalized to proton signals from a, b, and c. 
Signal d was used as a diagnostic peak for amine-containing motif. Estimated 95.0% M4 
by integration.  
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Figure S4.8 PI+ (dead) cells after treatment with poly(amino)disulfide-mRNA 
nanoparticles. Percent PI+ DC2.4 cells after 48 hours of treatment with 
poly(amino)disulfide-EGFP mRNA polymeric nanoparticles at different N/P ratios; 
Number of PI+ cells determined by flow cytometry. Untreated DC2.4 cells are displayed 
as control samples; Lipofectamine MessengerMAX was used as positive control. N=3 for 
all samples.  
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4.7 Small Molecule Characterization Data (1H NMR, 13C NMR, ESI-MS, Titration 
Curves) 

Scheme S4.1 Synthesis of M1. 

M1 Yield: 0.49 grams, 32%  

1H NMR (CD3OD, 500 MHz): (ppm)= 4.25-4.18 (t, J= 3.5 Hz, 2H), 3.68-3.64 (t, J= 5.0 Hz, 

2H), 3.63-3.55 (m, 3H), 3.22-3.07 (m, 2H), 2.59-2.54 (t, J= 6.0 Hz, 2H), 2.51-2.44 (sext, J= 7.0 

Hz, 1H), 2.38-2.34 (t, J= 7.5 Hz, 2H), 2.32-2.25 (s, 6H), 1.94-1.86 (sext, J= 7.0 Hz, 1H), 1.77-

1.60 (m, 4H), 1.54-1.41 (m, 2H); 13C NMR (CD3OD, 500 MHz): (ppm)= 175.00, 69.94, 69.72, 

64.50, 59.40, 57.52, 45.84, 41.29, 39.36, 35.70, 34.76, 29.74, 25.74; ESI-MS: C14H27NO3S2 

[M+H+], Calculated 322.14, Found: 321.7; The ESI-MS, 1H and 13C NMR spectra, and pH 

titration curve of M1 are attached below: 
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Scheme S4.2 Synthesis of M2. 

M2 Yield: 1.16 grams, 71%  

1H NMR (CD3OD, 500 MHz): (ppm)= 4.23-4.12 (t, J= 6.0 Hz, 2H), 3.63-3.54 (m, 5H), 3.22-

3.06 (m, 2H), 2.89-2.82 (t, J= 6.0 Hz, 2H), 2.77-2.67 (t, J= 6.0 Hz, 2H), 2.50-2.43 (sext, J= 5.5 

Hz, 1H), 2.38-2.32 (t, J= 7.5 Hz, 2H), 1.94-1.85 (sext, J= 6.5 Hz, 1H), 1.76-1.59 (m, 4H), 1.54-

1.41 (m, 2H); 13C NMR (CD3OD, 500 MHz): (ppm)= 175.30, 63.38, 60.81, 58.15, 57.52, 

54.42, 41.30, 39.35, 35.70, 34.86, 29.80, 25.73; ESI-MS: C14H27NO4S2 [M+H+], Calculated 

338.14, Found: 337.8; The ESI-MS, 1H and 13C NMR spectra, and pH titration curve of M2 

are attached below: 
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Scheme S4.3 Synthesis of M3. 

M3 Yield: 0.57 grams, 35%  

1H NMR (CD3OD, 500 MHz): (ppm)= 4.25-4.16 (t, J= 6.0 Hz, 2H), 3.62-3.54 (quint, J= 6.0 Hz, 

1H), 3.22-3.07 (m, 2H), 2.74-2.66 (t, J= 6.0 Hz, 2H), 2.62-2.56 (t, J= 6.5 Hz, 2H), 2.51-2.43 

(m, 3H), 2.38-2.34 (t, J= 7.0 Hz, 2H), 2.33-2.30 (s, 3H), 2.29-2.25 (s, 6H), 1.94-1.85 (sext, J= 

7.0 Hz, 1H), 1.77-1.59 (m, 4H), 1.53-1.41 (m, 2H) ; 13C NMR (CD3OD, 500 MHz): (ppm)= 

175.02, 62.85, 57.60, 57.54, 57.08, 56.15, 45.77, 43.09, 41.31, 29.38, 25.71, 34.81, 29.79, 

25.73; ESI-MS: C15H30N2O2S2 [M+H+], Calculated 335.17, Found: 335.0; The ESI-MS, 1H and 
13C NMR spectra, and pH titration curve of M3 are attached below: 
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Scheme S4.4 Synthesis of M4. 

M4 Yield: 1.26 grams, 78%  

1H NMR (CD3OD, 500 MHz): (ppm)= 4.24-4.20 (t, J= 5.5 Hz, 2H), 3.62-3.54 (quint, J= 6.5 Hz, 

1H), 3.22-3.06 (m, 2H), 2.80-2.30 (broad, 8H), 2.69-2.64 (t, J= 6.0 Hz, 2H), 2.50-2.43 (sext, 

J= 5.5 Hz, 1H), 2.38-2.34 (t, J= 7.5 Hz, 2H), 2.29-2.27 (s, 3H), 1.95-185 (sext, J= 6.5 Hz, 1H), 

1.80-1.58 (m, 4H), 1.54-1.42 (m, 2H); 13C NMR (CD3OD, 500 MHz): (ppm)= 174.98, 62.39, 

57.59, 57.55, 55.62, 53.85, 46.00, 41.31, 39.36, 35.71, 34.80, 29.78, 25.75; ESI-MS: 

C15H28N2O2S2 [M+H+], Calculated 333.16, Found: 332.7; The ESI-MS, 1H and 13C NMR 

spectra, and pH titration curve of M4 are attached below: 
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