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Abstract 

Polymeric carriers are ubiquitous in biomedical engineering, especially for the delivery of drugs, 

proteins and ribonucleic acids (RNA).  Both the encapsulation of biomacromolecules within 

polymeric drug carriers and their controlled release therefrom are equally important.  

Zwitterionic polymers are a promising class of polymers for controlled adsorption and desorption 

of macromolecules because their overall charge can be manipulated with transient protecting 

groups, allowing them to complex oppositely charged therapeutics.  These zwitterionic polymers 

can then be deprotected to release the therapeutics.  In this thesis, I used a variety of protecting 

groups to control the release of both proteins and RNA for biomedical applications.  First, I used 

alkyl ester protecting groups to protect the pendant carboxylate groups on block copolymer 

poly(lactic acid)-block-poly(carboxybetaine) (PLA-b-PCB) to produce self-assembled cationic 

nanoparticles (NPs).  The NPs lost positive charge at rates determined by the hydrolytic stability 

of alkyl ester protecting groups.  Several anionic proteins were then adsorbed onto the charged 

NPs, loaded into a hydrogel depot, and their release rate was controlled based primarily on the 

hydrolysis of the ester protecting groups.  This demonstrated that protected zwitterionic 

polymers could be used for temporal control of protein release.  Next, I modified the PLA-b-

PCB polymer to bear acid-responsive hemiacetal ester protecting groups such that the cationic to 
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zwitterionic charge transition occurred faster in acidic conditions.  These polymers were 

designed to induce RNA dissociation from the polymeric carrier in the acidic endosome after 

endocytosis.  The polymers were mixed with lipids to produce hybrid polymer lipid 

nanoparticles (PLNPs) that encapsulated both siRNA and mRNA with high efficiency.  The 

PLNPs increased RNA transfection efficiency over conventional lipid nanoparticles in vitro.  

The increased efficiency was lost when the acid-responsive polymers were replaced with acid-

inert polymers, demonstrating that the acid-responsiveness was necessary for the effect.  Thus, 

the synthesis of novel protected zwitterionic polymers and their applications in both temporal 

and stimulus-responsive controlled release of therapeutic macromolecules was demonstrated. 
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 Introduction 

1.1 Rationale 

Proteins and RNA are powerful therapeutic biologics.  Protein therapeutics include antibodies for 

applications such as cancer treatment,1ï3 while emerging proteins such as growth factors have 

applications in regenerative medicine and tissue engineering.4ï8  At the same time, RNA 

therapeutics found widespread recognition with the advent of mRNA vaccines during the 

COVID-19 pandemic, and siRNA therapeutics have also been FDA approved and used to treat 

various diseases.9,10  While the efficacy and mechanisms of these biologic drugs are well known, 

their delivery to target tissues remains the main barrier to translation due to challenges with 

stability in the body, trafficking to target tissues, and internalization by target cells.  As such, 

much research in biologics has focused on improving their delivery.   

To solve these issues, many researchers have turned to polymeric delivery vehicles.  Proteins are 

often delivered to target tissues by local delivery vehicles such as hydrogel depots and 

degradable solid polyester implants.  Meanwhile, RNA has been complexed with polycationic 

polymers or cationic lipids to enable uptake into target cells.  These strategies have been largely 

successful, as they have allowed biologics to enter the market for clinical use.  However, 

polymeric carriers still face several challenges that reduce their efficacy.  For example, most 

proteins are incompatible with polymeric encapsulation due to denaturation as well as low 

encapsulation efficiency.11ï13  Furthermore, while RNA is easily encapsulated within polymeric 

carriers and lipid nanoparticles, their dissociation from their delivery vehicles is limited, meaning 

that only a small percentage of delivered RNA is accessible to the cytosolic machinery.14,15  

Therefore, polymers that can both associate with and dissociate from fragile biologics in a 

controllable manner are desired.  

Protected zwitterionic polymers are a promising class of polymers for these purposes.  

Zwitterionic polymers are those that have both a positive and negative charge in each monomer, 

but by protecting a charged moiety, a zwitterionic polymer can be transiently charged.  These 

charged zwitterionic polymers can be used for the complexation of oppositely charged 

biologics.16,17  By deprotecting the charged moiety, neutral charge can be restored and the 

biologic can be released.  Zwitterionic polymers are especially appealing for delivery of 
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biologics because their highly hydrated nature allows for efficient dissociation.18,19  While 

several groups have taken advantage of these polymers for protein and RNA delivery,17,20 the 

extent of protecting groups explored has been limited.  Thus, the ability of protected zwitterionic 

polymers to respond to stimuli such as pH or to release biologics at varying rates has not been 

well explored.   

In this thesis, I aim to expand the breadth of protecting groups used for zwitterionic polymers to 

improve the delivery of negatively charged biologics from nanoparticle delivery vehicles.  

Specifically, I synthesized poly(lactic acid)-block-poly(carboxybetaine) (PLA-b-PCB) with a 

variety of protecting groups on the pendant carboxylate groups of the poly(carboxybetaine) 

block.  I then demonstrated the utility of these polymers in two areas.  First, I demonstrated that 

negatively charged proteins could be adsorbed then released from charged nanoparticles by 

varying the rate of hydrolysis on pendant ester groups.  To do this, I explored a variety of alkyl 

ester and N-alkyl amide (non-hydrolysing) protecting groups to allow for varying temporal 

release profiles from a local hydrogel depot.  Second, I used acid responsive protecting groups to 

enable RNA release from lipid nanoparticles in the endosome.  In this way, the PLA-b-PCB 

polymers were changed to promote acid-responsive release for RNA.  Thus, in this thesis, novel 

protected zwitterionic polymers were synthesized and their utility in various drug delivery 

applications was demonstrated.   

1.2 Hypothesis 

This thesis was governed by the following overarching hypothesis:  

Hypothesis: Protected zwitterionic polymers will enable the controlled release of negatively 

charged biologics from nanoparticle delivery vehicles. 

This hypothesis was tested by accomplishing the following two objectives with their 

corresponding sub-objectives: 

Objective 1: Temporally control the release of anionic proteins from a transiently cationic 

nanoparticle composite hydrogel. 

¶ Synthesize transiently cationic amphiphilic polymers and formulate them into 

nanoparticles 
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¶ Demonstrate that nanoparticle charge can be temporally controlled by varying NP 

surface chemistry 

¶ Use the NP surface chemistry to control release of various proteins from a hydrogel 

¶ Demonstrate that released proteins retain bioactivity 

Objective 2: Adapt the transiently cationic polymer for acid-responsive intracellular RNA 

delivery. 

¶ Synthesize acid-responsive zwitterionic block copolymers 

¶ Formulate colloidally stable polymer/lipid hybrid nanoparticles that efficiently 

encapsulate RNA 

¶ Demonstrate efficient RNA delivery in vitro 

¶ Determine mechanisms of cell uptake and endosomal escape 

1.3 Protein and RNA Therapeutics 

Biologics are therapeutic biomacromolecules.  These differ from typical small molecule drugs in 

not only their size, but also in their high specificity and potency.  However, their physical 

characteristics such as large size, high charge, and instability make delivery to target tissues the 

main barrier to translation.  Two common types of biologics are proteins and ribonucleic acids 

(RNA).   

1.3.1 Protein therapeutics 

Proteins are natural polymers consisting of amino acids connected by peptide linkages.  These 

polymers range in size from short peptides, consisting of a few amino acids (e.g. leuprolide,21 

insulin,22 semaglutide23), to large, multiunit assemblies over 1000 residues (e.g. panitumumab,1 

trastuzumab24). The side chains of amino acids cause them to spontaneously assume unique 

secondary and tertiary structures in aqueous environments, and it is the overall tertiary structure 

that determines the activity of the drug.  Therefore, maintaining this tertiary structure is a priority 

when formulating proteins. 

One of the most developed classes of protein therapeutics are monoclonal antibodies, especially 

immunoglobin G (IgG).  Antibodies are highly specific, high-affinity binders of specific 

endogenous proteins.  When binding occurs, the endogenous protein is typically rendered 
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ineffective and thus antibodies are often used in diseases where a certain protein is 

overexpressed, such as in cancer.  Several anti-cancer antibodies have been approved for clinical 

use such as trastuzumab (Herceptin),
24 panitumumab (Vectibix),1 and bevacizumab (Avastin).3  

Other small polypeptides and proteins are produced by the body as hormones, and these proteins 

or analogues can be administered to modulate various processes.  Examples of approved peptide 

hormones or mimetics include insulin and semaglutide, both of which modulate metabolism by 

binding to extracellular receptors to induce signaling cascades regulating blood glucose.  

Another emerging class of protein therapeutics are growth factors and cytokines for regenerative 

medicine.  These proteins are useful for promoting tissue growth and thus they are often useful 

for overcoming degenerative conditions by promoting the repair of damaged tissue.  Recent 

examples of growth factors include erythropoietin,7 insulin-like growth factor 1,8 bone 

morphogenic proteins,4,5 and granulocyte-macrophage colony-stimulating factor.25  As proteins 

have a diversity of molecular weights, hydrophobicities and isoelectric points, they require a 

variety of delivery methods. 

1.3.2 RNA therapeutics 

RNAs are a diverse class of natural polymers consisting of long chains of ribonucleotides.  

Though there are only 4 major ribonucleotide residues, RNA takes on a diversity of sequences, 

tertiary structures and functions.  Unlike with proteins, it is not the tertiary structure of the RNA 

molecule but the sequence of residues that confers biological activity and specificity.  Only a few 

dozen RNA therapeutics have been FDA approved, most coming within the past decade.10   

A promising class of RNA therapeutics is small interfering RNA (siRNA).  These RNAs take 

advantage of the cellôs natural RNA interference (RNAi) system to selectively silence target 

genes.  In this system, an intracellular endonuclease known as Dicer cleaves double-stranded 

RNA into ~20 nucleotide fragments.26  These fragments then associate with the RNA-induced 

silencing complex (RISC), which uses the antisense strand of the RNA to selectively degrade 

messenger RNA (mRNA) complementary to it, preventing its translation into proteins.  RNAi is 

typically achieved using siRNA, a synthetic double-stranded RNA, 20-24 base pairs long.  RNAi 

induced gene silencing is transient; the silencing only occurs for as long as the siRNA remains 

intact within the cell, which is typically for a few days.27 Therefore, siRNAs are useful 

therapeutics for short term downregulation of genes and are significantly lower risk compared to 
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gene therapies that can change the genome, such as virus-mediated methods28 and gene editing.29  

The first ever siRNA therapeutic was patisiran, an anti-transthyretin siRNA developed by 

Alnylam Pharmaceuticals for the treatment of polyneuropathy in patients with hereditary 

transthyretin-mediated amyloidsis.30,31  Since its approval in 2018, only 5 other siRNA drugs 

have been approved,9 making this class of therapeutics a young but promising treatment 

modality. 

Contrary to siRNA, messenger RNA (mRNA) is used for short-term production of proteins 

rather than gene silencing.  mRNA is produced endogenously by cells to instruct ribosomes to 

produce proteins; however, much research has gone into introducing exogenous mRNA into cells 

to instruct them to produce proteins of choice.  Like with siRNA, production of proteins lasts for 

as long as the mRNA is present in the cell; typically, this will be for a few days.  This makes 

mRNA a good candidate for applications such as vaccines, which only require transient 

expression of the protein antigen to produce an immune response.  As such, many other groups 

have explored the use of mRNAs as vaccines against pathogens and cancer,32 and to date, the 

only two mRNA therapeutics approved for use are Comirnaty and Spikevax, the COVID-19 

mRNA vaccines from Pfizer-BioNTech and Moderna, respectively.  mRNA is also a good 

candidate for gene replacement therapy, where mRNA can be delivered to cells to produce 

proteins that are erroneously downregulated or nonfunctional.  Like with siRNA, the transient 

expression of these proteins as well as the fact that the genome is not affected, makes mRNA a 

safer alternative over viral-mediated delivery and genome editing.   

1.3.3 Limitations and challenges of biologic drugs 

Despite the promise of protein and RNA therapeutics, the delivery of these therapeutics to target 

tissues remains the main barrier to translation.  Because they are macromolecules, they face 

unique challenges with instability within the body, crossing cellular membranes, and targeting.  

This section briefly describes the major challenges and limitations related to the delivery of 

biologics.   

1.3.3.1 Instability and elimination 

One of the main challenges with protein and RNA therapeutics is short half-life within the body.  

This can be partially attributed to the innate immune system, which is responsible for elimination 
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of many exogenous proteins33 as well as the degradation of RNAs in serum.34  Many exogenous 

proteins activate various antigen-presenting cells in serum, marking them for elimination, or 

even triggering anaphylactic reactions in severe cases.33  Immunogenicity is exacerbated by 

protein instability and aggregation, meaning the physical stability both within the body and on 

the shelf must also be carefully considered.35  Other proteins such as glucagon-like peptide 1 

(GLP-1) are directly degraded by serum peptidases.36  In addition to the immune system, many 

physical factors prevent prolonged circulation of macromolecules.  Many proteins from non-

human sources denature or aggregate at physiological temperature (37 ęC)37ï39 or can aggregate 

with other proteins in the body.40  As a result, most protein drugs are either dosed frequently or at 

high doses.  As most biologics are dosed by injection, frequent dosing would require frequent 

visits to clinicians, increased risk of infection and tissue damage, and low patient compliance.  

Therefore, the stability of proteins with respect to immunogenicity, clearance and physical 

stability remain a major consideration.   

Maintaining stability in the body is also a major challenge for translation of RNA therapeutics.  

The greatest challenges in this regard are serum RNAses, which degrade exogenous RNAs as 

part of the innate immune system,34 as well as spontaneous hydrolysis.  These problems can be 

somewhat mitigated by chemical modification.  One of the most common modifications to 

siRNA is 2ô-O-methylation, which decreases degradation by nucleophilic attack by neighbouring 

2ô-OH residues.41,42  Other modifications such as phosphothiodiester linkages42 and locked 

nucleic acids43 have also been explored to prevent degradation by both spontaneous hydrolysis of 

phosphodiester linkages and degradation by RNAses.  For mRNAs, replacement of uridine 

residues with pseudouridine is usually required to avoid immune clearance.44  Additionally, 

modification of the normal 5ô cap to a synthetic 5ô cap improves mRNA stability by preventing 

degradation from RNAses.45,46  While chemical modification has increased resistance to 

enzymatic and thermal degradation, other barriers exist related to the use of exogenous RNAs in 

medicine. 

1.3.3.2 Inability to cross membranes 

Another major limitation of biologics is their inability to cross cell membranes.  Unlike small 

molecules which can directly diffuse across plasma membranes, biologics must cross the cell 

membrane by dedicated uptake pathways.  This affects the delivery of biologics in several ways.  
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First, oral administration for most biologics is impossible not only due to the harsh conditions of 

the stomach, but also because the digestive system preferentially absorbs amino acids, small 

peptides and nucleotide precursors over entire proteins and RNA molecules.  Thus, most 

biologics must be administered by either systemic or local injection.  Second, if the site of action 

is inside target cells, a method to induce cell uptake is needed because diffusion through the cell 

membrane is not possible.  As a result, the majority of approved protein therapeutics are those 

that act extracellularly, such as antibodies, anti-coagulants, and hormones.47  Proteins whose 

targets are inside the cell are generally less well represented, but can be delivered by viral 

methods or by encapsulation in nanocarriers (Figure 1-1A).48,49  However, intracellular protein 

trafficking strategies have fallen out of favour in recent years with improvements in mRNA and 

gene editing technology, which allow the protein to be synthesized by the target cell itself.   

Unlike proteins, exogenous siRNAs and mRNAs must exert biological activity in the cytosol of 

the cell.  Therefore, crossing the cell membrane and escaping the endosome have been areas of 

emphasis for the field of RNA delivery.  Some success has been found in using various RNA 

conjugates to induce receptor-mediated endocytosis.  Specifically, GalNAc conjugates have seen 

much success in inducing RNA endocytosis,50ï52 including 4 FDA-approved therapeutics 

(Figure 1-1B).9  Others have used various protein conjugates such as cell-penetrating peptides53 

or bacterial toxin conjugates.54  Nevertheless, while such conjugates enable cellular 

internalization, these RNAs are still vulnerable to RNAses while in circulation and often require 

difficult syntheses and modifications for sufficient stability.   
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Figure 1-1: Strategies for intracellular trafficking of biologics.  A) Proteins have been 

trafficked into cells by engineering them with polyanionic tails so that they can be encapsulated 

in cationic lipid carriers.  Figure adapted from reference 48 with permission from American 

Chemical Society.  B) siRNA-GalNAc conjugates have been successfully trafficked into the 

cytosol by interaction with ASGPR receptors.  Figure adapted from reference 52 with permission 

from Mary Ann Liebert, Inc. 

1.3.3.3 Targeting 

A related issue with biologics is targeting the correct tissue.  As most biologics are very potent, it 

is important to restrict their activity to only the tissues where they are needed to prevent side 

effects.  However, when biologics are administered systemically, they are delivered through the 
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entire body before eventually being excreted renally or being processed by macrophages.55,56  

Thus, various strategies are needed to direct biologics to target tissues.  Most strategies use 

markers that are highly expressed on the target tissue to direct the therapeutic.  For example, 

most cancers overexpress markers such as VEGF, EGFR or HER2 which allow antibodies 

targeting these markers to accumulate at the target tissue.24,57,58  When the biologic itself does not 

possess targeting ability, conjugating them to a targeting molecule is also a widely used strategy.  

For example, conjugation of collagen binding peptides can be used to target protein biologics to 

inflamed tissues,59 and glutamate-urea-lysine analogues are documented to target PSMA-

overexpressing prostate cancer cells.60  Passive targeting in cancer is also frequently achieved by 

the so-called enhanced permeation and retention (EPR) effect, where blood vessels around 

tumours tend to be ñleakyò and allow for particles of a certain size to exit circulation and 

accumulate at the tumor.61  However, the existence of the EPR effect is controversial and has 

fallen out of favour within the past few years, as it has been suggested that active transport by 

endothelial cells is responsible for the majority of transport into tumours.62  Targeting can also be 

achieved by local injection.  This is especially advantageous for applications in the eye,63 or the 

central nervous system64,65 as these tissues have especially difficult barriers to cross from the 

bloodstream. 

1.3.3.4 Sustained release 

As most biologics are given by injection, most patients and clinicians would prefer having as few 

injections as possible to improve patient compliance, reduce risk of infection and minimize visits 

to the clinician.  As a result, sustained dosing approaches are an attractive way to achieve a 

therapeutic effect over a prolonged period, thus minimizing the amount of injections needed.  

There have been several approaches to accomplish long-acting dosing.  First, several groups 

have developed methods to reduce elimination from the body, either by preventing degradation 

or elimination via the kidneys.  This is often done by chemical conjugation of PEG or other 

polymers to the biologic.66,67  Second, many groups have developed implantable polymeric 

devices that can slowly release a biologic.  These solutions are typically achieved by polymeric 

conjugation or encapsulation.  
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1.4 Current polymers for delivery of biologics 

To solve the above limitations with biologic therapeutics, many groups have turned to polymers 

as delivery vehicles.  Polymers are a diverse group of macromolecules consisting of repeating 

covalently linked smaller units.  Typically, polymers are used to encapsulate the therapeutic.  

This approach improves stability by preventing degradation from endogenous enzymes or 

immune cells, and can also be used to direct therapeutics to target tissues or allow cellular 

internalization.  Polymers can also be covalently conjugated to the therapeutic to achieve the 

same effect or be used to adsorb the biologic to its exterior.  This section introduces the major 

classes of polymers used to deliver proteins and RNA. 

1.4.1 Polymers for protein delivery 

1.4.1.1 Polyesters 

Perhaps the most common class of polymers in the field of biomedical engineering are 

polyesters.  Of these, poly(lactic-co-glycolic acid) (PLGA) is the most commonly used, followed 

by related polymers such as poly(lactic acid) (PLA) and poly(caprolactone) (PCL).  These 

polymers are hydrophobic, amorphous, and mouldable at a macro scale, allowing them to form 

hydrophobic aggregates, nanoparticles and implants that can encapsulate drugs.  These polymers 

differ primarily based on their hydrolytic stability: the higher hydrophobicity of PCL makes it 

more resistant to hydrolysis than PLGA.  These polymers are favourable for biomedical 

applications due to their biodegradability and their biocompatibility.68  Hydrophobic small 

molecules such as doxorubicin69 and small peptides21,23 have been encapsulated within PLGA 

nanoparticles or microparticles to enable delivery in a variety of applications.  PLGA can also be 

formulated into macroscale implants for sustained release applications, where their slow 

degradation by hydrolysis allows for the drug to be slowly released.21,70  Small molecules and 

peptides are good candidates for encapsulation in PLGA because their hydrophobic nature allows 

efficient encapsulation.  In addition, their relative lack of tertiary structure makes them more 

resilient to the harsh conditions needed for encapsulation, such as shear forces and organic 

solvents.11ï13,64  However, larger proteins and hydrophilic proteins are more difficult to 

encapsulate, often having low loadings or losing bioactivity after encapsulation.11,68  While using 

various excipients and changing formulation parameters can help offset some of these issues,64 

other methods that can avoid exposing biologics to harsh formulation conditions are preferable. 
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1.4.1.2 Electrostatic encapsulation/adsorption 

Encapsulation of soluble polymers in hydrophobic depots is difficult because of both degradation 

of the protein as well as differences in hydrophobicity.  An alternative method of encapsulating 

soluble proteins is based on electrostatic interactions.  Most soluble proteins contain charged 

amino acids on their exterior: for example, glutamate and aspartate are negatively charged amino 

acids while lysine, arginine and histidine are positively charged.  As such, they can interact with 

oppositely charged carriers for encapsulation and subsequent drug delivery.  Electrostatic 

interactions are considered a gentler approach than hydrophobic interactions because 

hydrophobic surfaces interact with hydrophobic amino acids on the interior of a protein, thus 

risking denaturation71,72  whereas charged surfaces interact more with exterior amino acids and 

are therefore less likely to damage the protein.73   Several electrostatic-adsorption approaches to 

polymers have been proposed.  Many natural polymers such as chitosan and heparin are strongly 

charged and have thus been used to strongly complex with oppositely charged proteins. This has 

allowed them to be used in applications such as pulmonary delivery74 and bone regeneration.4  

Fully synthetic polymers have also been designed with strongly charged regions to bind and 

encapsulate proteins for delivery.75,76  Thus, charged soluble proteins can be encapsulated in 

oppositely charged polymeric carriers for delivery. 

Electrostatic interactions can also be used to adsorb functional proteins onto the exterior of 

nanoparticles.  These techniques are advantageous because the nanoparticle can be formulated in 

the absence of protein, thus minimizing the exposure of the protein to harsh formulation 

conditions.  For example, both graphene oxide 77 and synthetic polypeptides 78,79 have been used 

to adsorb proteins and deliver them intracellularly.79,80  It was also demonstrated that PLGA 

itself, while usually used to encapsulate proteins in its interior, can also be used to adsorb 

positively charged proteins onto its negative exterior (Figure 1-2).80  Nevertheless, electrostatic 

adsorption methods have been challenging to control.  The physiological environment is a high 

ionic strength environment, meaning that electrostatic interactions between proteins and 

polymers can be screened by counterions such as salts, resulting in weaker interactions.  

Additionally, electrostatic interactions must be controlled to allow release of the protein; as long 

as a nanoparticle remains charged, proteins will remain adsorbed and unable to exert biological 

effects.80  Thus, while electrostatic interactions are an attractive option for polymeric protein 

delivery, more methods must be investigated to control adsorption and desorption kinetics.   
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Figure 1-2: Electrostatic adsorption to PLGA nanoparticles can be used for controlled 

protein release.  Anionic PLGA nanoparticles can be used to adsorb positively charged proteins.  

As PLGA hydrolyzes, the surface charge becomes more neutral, resulting in the release of 

adsorbed proteins.  Figure adapted from reference 80 with permission from The American 

Association for the Advancement of Science (AAAS). 

1.4.1.3 Hydrogels 

Hydrophilic proteins may benefit from encapsulation in hydrophilic nanocarriers over 

hydrophobic polyesters.  Thus, polymeric hydrogels, consisting of crosslinked polymer matrices 

swollen in water, have been widely used as delivery vehicles for protein therapeutics.  Hydrogels 

are particularly useful for local delivery of proteins, as they can be injected at the target tissue 

and remain there as a local drug depot.  A variety of hydrophilic polymers have been used for 

local delivery: poly(ethylene glycol) (PEG),81ï83 hyaluronic acid,84ï86 cellulose derivatives,37,87,88 

polyzwitterions,89ï91 and peptides92,93 are among the most common.  Release rate can be 

controlled by a variety of methods, but modulating hydrogel pore size to control the diffusion of 

proteins out of the gel is the most common.  This can be done by changing crosslinking density, 

either by increasing chemical crosslinks or physical/hydrophobic crosslinks.  While these 

methods are simple, they still generally result in fast release (hours to days) and changing 

crosslinking density will also affect the mechanical properties of gels, making them difficult to 

inject or become less biocompatible due to differences between native tissue and the biomaterial.  
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Therefore, other groups have controlled release by more protein-specific methods.  For example, 

incorporating heparin into a hydrogel will decrease the release rate of heparin-binding 

proteins.4,94  As such, many groups have used various binding partners such as sulfated 

polysaccharides,86 or specific binding peptides37ï39,93 to increase the affinity of proteins for the 

hydrogel matrix.  Hydrogels may also be combined with charged nanoparticles such as clay95 or 

charged liposomes96 for electrostatically attenuated release rates.  Because of their localization of 

the therapeutic to the target tissue as well as sustained release offering the promise of less 

frequent dosing and less spikes in drug concentration, local protein release from a hydrogel drug 

depot has remained a popular modality for protein delivery.   

1.4.1.4 Covalently conjugated polymers 

Conjugation of hydrophilic polymers to proteins can help stabilize them by both acting as a steric 

barrier to aggregation and by preventing recognition by the immune system.  This extends the 

half-life of proteins after administration and may obviate the need for polymeric encapsulation.  

Typically, conjugation is performed on exterior lysine or cysteine residues on proteins, as the -

NH2 and -SH moieties on these amino acids easily react with electrophiles on polymers.  

Poly(ethylene glycol) (PEG) is by far the most common polymer to be conjugated onto proteins.  

As PEG is a hydrophilic and neutral polymer, it acts as a steric barrier to prevent interactions 

with other proteins, thus reducing immunogenicity and preventing aggregation.  Several PEG-

conjugates have been FDA-approved, demonstrating the efficacy of PEGylation.97  However, 

there are several drawbacks to PEGylation.  First, conjugation of PEG to the charged residues of 

a protein may affect  binding to its target.98 Second, some patients develop anti-PEG antibodies 

which cause rapid clearance of PEGylated proteins upon subsequent injections.99,100  Thus, new 

polymers such as polyzwitterions are being explored to improve upon PEGylated proteins.66,67,101  

These next-generation polymers are more hydrophilic than PEG, endowing them with superior 

non-fouling properties and greater colloidal stability.  This will potentially allow them to have 

longer circulation half-life and therefore higher bioavailability.  

1.4.1.5 Lipid carriers 

Though lipid nanoparticles are popular for gene delivery, some groups have also developed lipid 

nanoparticles for protein encapsulation.  These nanoparticles are advantageous for delivery 

because they are biomimetic and are internalized easily by cells, making them potentially useful 
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for intracellular trafficking of proteins.  Unfortunately, like encapsulation in PLGA 

nanoparticles, encapsulation within lipid nanoparticles for most proteins is difficult because 

hydrophilic, soluble proteins are unlikely to favour encapsulation within a hydrophobic lipid 

matrix.  Thus, charge interactions are often used to increase protein loading.  Yaroslavov et al. 

used highly charged cationic peptides to encapsulate anionic proteins,102 while Chan et al. 

engineered proteins with additional anionic polypeptide tails to encourage loading into ionizable 

cationic solid lipid nanoparticles.48  Thus, while the encapsulation of proteins into lipid 

nanoparticles is challenging and not well explored, there is potential in the technology.  

However, with the emergence of mRNA delivery and gene editing tools in recent years, direct 

protein delivery has somewhat declined in popularity in favour of allowing cells to manufacture 

the needed protein themselves.  Nevertheless, protein delivery still has advantages such as 

having an immediate effect instead of requiring a ramp-up period while the protein is 

synthesized.  Additionally, delivery of pre-assembled protein units can have additional benefits 

over delivery of single unit transcripts.103  Therefore, protein delivery remains an important tool 

in translational medicine.   

1.4.2 Polymers for RNA delivery 

While proteins often act on extracellular receptors, all RNAs require translocation into the 

cytosol of cells to exert biological effect.  Thus, the goal of most RNA carriers is to enable 

uptake into target cells as well as to protect them from degradation from RNAses.  While stable 

synthetic oligonucleotides have been successfully translated and commercialied,9 the increased 

interest in mRNA delivery and gene editing tools in recent years have necessitated encapsulation 

solutions, as the large size of these RNAs makes stable analogues difficult to synthesize by 

chemical methods.  There are two major types of nanocarriers for RNA: lipid nanoparticles 

(LNPs) and polyplexes.  LNPs are undoubtedly the gold standard for RNA delivery, but 

polymers hold several advantages over lipids that make them a promising alternative.  First, they 

make more stable complexes than LNPs, thus allowing them to be used for applications such as 

pulmonary delivery, where the processes of nebulization or spray drying can destroy lipid 

carriers.104ï106   Second, the chemical diversity of polymers may potentially allow for more tuning 

for the desired application.  Thus, polyplexes remain an appealing option for RNA delivery. 
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1.4.2.1 Poly(ethylenimine) 

The main barriers preventing RNA uptake into cells are its large size and high negative charge, 

which make it unable to diffuse across the cell membrane.  As such, complexation of RNA with 

positively charged carriers has become one of the most successful methods of crossing the cell 

membrane, as positively charged carriers can interact with the oppositely charged cell surface 

proteoglycans to induce endocytosis.107,108  One of the classical polymers used for RNA 

transfection is poly(ethylenimine) (PEI).  PEI, and indeed most polycationic polymers, complex 

RNA through electrostatic interactions between positively charged nitrogen atoms on the 

polymer and negatively charged phosphate groups on the RNA backbone.  Generally, to achieve 

the requisite positive charge to cross the cell membrane, an excess of positive charge is required, 

which translates practically to having a nitrogen:phosphorus molar ratio (N:P ratio) greater than 

1.  Many PEI polymers of varying molecular weights and morphologies have been explored for 

DNA and RNA delivery (Figure 1-3A).106,109ï111  Generally, hyperbranched, large molecular 

weight PEI results in the most RNA transfection, but the advantage is offset by higher 

cytotoxicity.  The mechanism of cytotoxicity is speculated to be disruption of the plasma 

membrane leading to apoptotic signal cascades.112,113  Additionally, strong positive charge has 

also been linked to high immune clearance, which limits bioavailability.114  Several approaches 

have been taken to reduce the cytotoxicity of PEI, such as conjugation to PEG115 or lipids.116  In 

spite of the relative success of these approaches, the high cytotoxicity of PEI has caused it to fall 

out of favour in recent years.  

1.4.2.2 Poly(meth)acrylates and poly(meth)acrylamides 

Though PEI itself is no longer widely used, the concept of using cationic polymers to complex 

RNA for cellular internalization is still popular.  As an alternative to PEI, many polyacrylate and 

polyacrylamide systems have been proposed.  One of the advantages of these systems over PEI is 

a lower charge density.  While 1/3 of the non-hydrogen atoms on PEI is an ionizable nitrogen 

atom, typically only one atom of a 10-15 atom acrylate or acrylamide monomer is an ionizable 

nitrogen.  These ionizable atoms are typically found on the pendant groups of monomers, which 

allows chemical diversity around the ionizable group without greatly affecting the polymerizable 

handles.  The reduction in charge density compared to PEI has generally been associated with 

lower cytotoxicity, though a drawback is that less RNA can be complexed per unit mass of 

polymer.  Another advantage of these types of systems is that synthesizing many types of 
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different polymer architectures is very simple, as many monomers can be polymerized by the 

same type of radical polymerization.  This led to an abundance of homopolymers,117,118 block co-

polymers,119ï124 and other morphologies125 that all encapsulate RNA (Figure 1-3B).   

Nevertheless, while they are less toxic than PEI, they still exhibit significant toxicity which leads 

them to be less translatable than lipids.  Moreover, like PEI, they are non-degradable, which may 

lead to bioaccumulation over time.  Thus, the major challenges facing RNA polyplexes is 

reducing toxicity while still retaining the properties of polymers that make them effective: high 

charge density and the ability to selectively disrupt endosomal membranes without disrupting the 

plasma membrane. 

1.4.2.3 Poly(ɓ-amino esters) 

The most promising polyplexes to date are those that have sufficient charge density to complex 

RNA and allow entry into cells, yet are biodegradable to avoid bioaccumulation.  One of the 

most promising polymers are poly(ɓ-amino esters) (PBAEs).  PBAEs are step-growth polymers 

that are formed by the Michael condensations of primary or secondary amines with diacrylates 

(Figure 1-3C).  These polymers have comparable charge density to the polyacrylates and 

polyacrylamides, yet are biodegradable due to the ester bonds throughout the polymer backbone.  

Large libraries of PBAEs have been synthesized simply by changing the amine and diacrylate 

used and have been used for mRNA,104,126 siRNA127 and small molecule delivery.128,129  

However, encapsulation of siRNA using PBAEs has historically been challenging, requiring high 

ratios of polymer to siRNA for efficient encapsulation.130  These polymers can be considered 

among the state-of-the-art polymers for RNA delivery because of their low toxicity.  

Unfortunately, because they have a lower charge density than PEI, they often do not associate as 

well with the cell membrane.  To overcome this challenge, a common approach has been co-

formulation with lipids to allow the adsorption of serum proteins to allow receptor-mediated 

uptake.126,131,132  Thus, research into this class of polymers is a promising step towards the first 

ever clinically approved RNA-delivering polyplexes.   
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Figure 1-3: Structures of typical polymers for RNA delivery.  A) Structures of linear (left) 

and hyperbranched (right) PEI.  B) Structure of cationic multiblock polyacrylate used to deliver 

mRNA intracellularly.  Figure adapted from reference 120 with permission from Elsevier.  C) 

Typical step-growth polymerization of PBAEs from diacrylates and primary amines.   

1.4.2.4 Hydrogels for local release 

Less commonly used, yet still intriguing are RNAs released from hydrogels.  Because RNAs are 

readily degraded by RNAses and require internalization by target cells to have biological effect, 

RNA release from hydrogels is significantly less popular than protein release.  Nevertheless, 

because injectable hydrogels allow for easy targeting to local tissues and the promise of 

sustained release, this route of administration is being considered by several groups.  To enable 

RNA internalization as well as stability in the hydrogel, RNAs usually have to be chemically 

modified with many of the modifications in section 1.3.2, or be encapsulated in a nanocarrier, 

with the whole nanocarrier being released from the hydrogel.  While the field of RNA release 

from hydrogels is outside the scope of this review, the reader is directed to other excellent 

reviews.133,134  
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1.4.2.5 Lipid carriers 

The gold standard for intracellular RNA delivery is undoubtedly the ionizable lipid nanoparticle 

(LNP).  LNPs consist of an ionizable lipid with pKa approximately at endosomal pH to induce 

endosomal escape, natural structural lipids (often phosphatidyl cholines) and cholesterol to 

endow structural stability, and a PEGylated lipid for colloidal stability.  LNPs are popular for 

RNA delivery primarily because of their high biocompatibility.  While LNPs tend to be 

immunogenic,135,136 this is often considered an advantage in vaccine applications as they remove 

the need for an additional adjuvant.  LNPs are thought to be more biocompatible than cationic 

polymers and cationic liposomes because they are close to neutrally charged and only gain 

positive charge within the acidic endosome.  This minimizes cell membrane disruption and 

subsequent apoptotic cascades.112,113  Typically, advances in LNPs in recent years have come 

from the discovery of more potent ionizable lipids,137ï139 or changing the composition of the 

structural components to change their tissue accumulation140,141 and uptake/endosomal escape 

capabilities.142  While a full review of the field of lipid nanoparticles is outside the scope of this 

review, the reader is directed to other reviews.143ï145 Despite all the advances in lipid 

nanoparticles in recent years, especially since the COVID-19 mRNA vaccines, a major drawback 

of LNPs is that RNA is not efficiently released from LNPs after endocytosis.  Several groups 

have shown that only a small percentage of RNA within an endosome is released to the 

cytosol,14,15,146 with the rest being degraded in the lysosome.147,148  Therefore, a future research 

direction is improving RNA release from nanocarriers such that more RNA is available to the 

cellular machinery. 

1.5 Mechanisms of payload release from polymeric carriers 

While much research has gone into maximizing the encapsulation of protein and RNA 

therapeutics, less thought has gone into the controlled release of these therapeutics to target 

tissues.  Most macromolecular therapeutics exert biological activity by specific interactions with 

a target ligand; proteins will generally interact with other target proteins via induced fit, while 

siRNA and mRNA exert biological activity by association with the RISC and the ribosome, 

respectively.  As these interactions require conformational change and multiple interactions 

along different areas of the therapeutic, it is unlikely for the therapeutic to be able to interact with 

its target while it is still restricted by association with its polymeric carrier.  Thus, the release of 
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the biologic from its carrier once it has reached the target tissue is an important aspect of its 

delivery.  The release of biologics from their carrier can be thought of as either passive or active 

(stimulus-responsive).  The following section gives a brief overview of both types of release. 

1.5.1 Passive release mechanisms 

1.5.1.1 Diffusion/swelling based 

The simplest mechanism of therapeutic release is diffusion-based release, where biologics are 

released from their nanocarriers by Brownian motion out of the system.  Diffusion-based release 

is a property of all polymeric delivery systems but is primarily studied in the context of local 

release applications.  One of the systems where diffusion-based release is extensively studied is 

polymeric hydrogels; as hydrogels are often used as local drug depots, the release rate of 

encapsulated biologics is greatly important.  In many cases, because hydrogels are highly 

swollen in water, their mesh sizes are larger than the hydrodynamic diameter of encapsulated 

biologics, and the biologic is quickly released from the hydrogel.83  Therefore, if a release period 

longer than a few hours is desired, methods to attenuate the release of the biologic must be 

implemented.  One of these methods is swelling-based release, where the swelling of the 

hydrogel in water causes an increase of mesh size, allowing the encapsulated protein to 

escape.149,150  Similar to diffusion-based release, the mesh size of the hydrogel is the main factor 

determining the rate of protein release.  However, swelling-controlled release is typically 

controlled by degradation of crosslinks or a slow penetration of water into a largely hydrophobic 

matrix (Figure 1-4A).  Whether release is controlled by diffusion, swelling, or a combination of 

both can be determined mathematically by plotting cumulative release against time.87  The mesh 

size can be decreased by methods such as increasing polymer concentration in the formulation151 

or by increasing crosslinking density,82 but these methods also change the mechanical properties 

of the gel, which may change how these gels interact with cells.90,152  Therefore, if longer release 

is desired, methods to increase the affinity of the biologic to the polymer matrix are needed. 

Often, the natural affinity of proteins with the polymer matrix can be exploited, such as 

incorporating heparin,4,94 collagen,153 or other natural binding partners into the hydrogel matrix 

to slow down the release of proteins from the hydrogel depot (Figure 1-4B).  However, as the 

pool of usable natural polymer-protein interactions is limited, other approaches must be taken to 

increase the protein interaction to the hydrogel.  A common approach is to covalently attach a 
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binding partner of the biologic to the polymer matrix.  The binding partner can be a small 

molecule such as biotin, to release streptavidin-conjugated proteins,154 but is typically a specific 

binding partner such as an SH3-binding peptide to release proteins containing SH3 domains37 or 

fibre-forming peptides.93  A disadvantage of these types of affinity-controlled releases is that if 

the protein does not have a natural binding partner that can be easily conjugated to the polymer, 

the protein may have to be engineered with additional domains which may affect its bioactivity, 

stability or immunogenicity.  As such, engineering new small binding partners such as 

affibodies39 or synthetic peptides37 may be a more practical solution, as these do not require 

modification of the released protein.  However, engineering unique binding partners for each 

new biologic to be released is difficult and time consuming, so more universal methods may be 

more desirable. 

 

Figure 1-4: Mechanisms of passive release from hydrogel depots.  A) Degradation and 

swelling-based release mechanisms modulate therapeutic release by modulating the mesh size of 

the polymer matrix.  Release rate is determined by the rate at which the mesh size becomes large 

enough to release the encapsulated therapeutic, either by degradation or swelling of the polymer 

matrix.  Adapted from reference 151 with permission from John Wiley and Sons.  B) Affinity -

based releases use specific interactions between the polymer matrix and the therapeutic to slow 

release from the drug depot.  Adapted from reference 155 with permission from AAAS. 

While less specific, electrostatic adsorption to embedded nanoparticles is a facile way to 

attenuate release from a hydrogel. These strategies involve dispersing charged nanoparticles 

within a hydrogel, which allows them to adsorb oppositely charged biologics.  Examples of such 

nanoparticles include PLGA,80,156 liposomes,96 and clay.157  While their wide applicability to 

many biologics is attractive, they do have a few significant drawbacks.  First, because many 
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proteins are not strongly charged, they may not have strong electrostatic interactions with 

nanoparticles.  Second, denaturation of proteins by adsorption to surfaces is a well-studied 

phenomenon which also applies to nanoparticles.158ï160  Additionally, the unspecific nature of 

electrostatic interactions means that other endogenous proteins may compete for binding, leading 

to faster release than predicted and potentially immunogenicity if complement proteins can bind 

to the nanoparticles.  Finally, the high ionic strength of the physiological environment may also 

shield electrostatic interactions between the nanoparticle and the protein, thus leading to faster 

release than desired.  Therefore, while promising, more research needs to be done in this area to 

determine if this type of release is appropriate for different applications.   

1.5.1.2 Degradable polymers 

Degradable polymers are also an attractive method of controlling release from polymeric 

carriers.  Unlike diffusion and swelling-based systems, the pore size of these systems is small 

enough to prevent release of the biologic.  Thus, the biologic is only released once the polymer 

matrix itself is degraded.  The most commonly used polymers for this purpose are polyesters, 

namely PLGA.  Polyester polymers in nanoparticles, microparticles, and macroscale implants 

typically degrade by either surface erosion or bulk erosion, with the latter being more important 

for drug release;161 it is believed that the scission of ester linkages within the bulk phase creates 

channels for biologic diffusion.  For proteins that can be encapsulated within polyester polymers, 

degradation-based release offers biocompatible, long-lasting release.64,65,70  While less popular, 

RNA has been encapsulated into stable PLGA nanoparticles for intracellular delivery as well.162ï

164  However, PLGA may not be an ideal polymer for intracellular delivery as the weeks-long 

degradation of PLGA may be too slow for release when the endo-lysosomal pathway typically 

recycles NPs within 24 hours.165  Unfortunately, many proteins are not suitable for encapsulation 

in PLGA because of low encapsulation and/or low bioactivity after release.  For these cases, 

PLA has also been used in hydrogels as degradable linkers.166  Apart from polyesters, other 

materials such as degradable silica have also been explored.167  In general, polymer degradation 

by hydrolysis in aqueous environment can be an effective method of releasing biologics from 

polymeric carriers, provided that the timing of release matches the application and the biologic 

tolerates encapsulation.  
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1.5.2 Active (stimulus-responsive) release mechanisms 

While passive-release systems are ideal for sustained release applications, stimulus-responsive 

systems are ideal for maximizing release within a target tissue while minimizing it elsewhere.  

Several stimuli are popular for the release of proteins and RNA. 

1.5.2.1 pH-responsive polymers 

pH responsive carriers have found much use in intracellular delivery of RNA.  After endocytosis 

of a polymeric carrier, the endosome acidifies from pH 7.4 to pH 4.5 as the endosome transitions 

from early endosomes through late endosomes to endolysosomes and lysosomes.165  Many 

groups have used this pH change to induce endosomal disruption by introducing an ionizable 

moiety into their nanocarriers.  This would introduce positive charge on the nanocarrier, thus 

allowing the nanocarrier to disrupt the endosomal membrane only after endocytosis.  Limiting 

membrane disruption to the endosome would therefore reduce cytotoxicity compared to purely 

cationic polymers by reducing disruption of the plasma membrane.  Several pH-responsive 

polymers have been used for this application.  These are usually polymers of tertiary amines such 

as poly((diisopropyl)amino ethyl acrylates)168 and poly((dimethylamino)ethyl acrylates), which 

have pKas of ~7.169  PBAEs can also be considered pH responsive polymers, with reported pKas 

about 7.5 ï 8.0.104,126  However, because the pKa is close to 7.4 for all of these polymers, they 

will nevertheless carry some positive charge at serum pH and disrupt plasma membranes.  

Despite this shortcoming, these polymers represent some of the most promising candidates for 

gene delivery because of their high RNA encapsulation and uptake efficiency.   

A downside of the above pH-responsive polymers is that their positive charge at acidic pH 

attracts negatively charged RNA and reduces its accessibility to the cellular machinery.  Indeed, 

while most pH responsive polymers for RNA delivery have focused on endosomal escape, few 

have focused on payload release.  To solve the problems with low RNA release upon 

endocytosis, several groups have explored the use of acid-degradable polymers.  PBAEs are a 

step in this direction.  While they were developed for the purpose of reducing toxicity by being 

biodegradable, their partial degradation at cytosolic pH may contribute to their high efficacy.  

Kuenen et al. showed that at pH 7, the half-life of PBAEs is about 24 h, but is significantly 

extended at acidic pH.170  Thus, in the acidic endosome, PBAEs would be tightly associated with 

RNA, but if the polyplex is able to escape the endosome to the cytosol, the degradation of the 
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PBAE might allow release within a few days.  However, the passage of an entire polyplex from 

the endosome to the cytosol is inconsistent with the current proposed mechanism of a small 

percentage of free RNAs passing through the disrupted endosomal membrane.14,15  Thus, it may 

be more favourable to induce RNA release within the acidic endosome, which is difficult 

because most nitrogen-containing polymers become more positive at acidic pH and therefore 

increase their complexation with RNA.  As RNA is most resistant to hydrolysis at pH 5-6,171 

decomplexation within the endosome does not significantly increase the risk of RNA 

degradation.  In response to this, several groups have invented self-immolative polymers that 

dissociate into monomers in acidic environments.  A promising class of self-immolating 

polymers are charge-altering reversible transporters (CARTs).172ï175  These are poly(Ŭ-amino 

ester) polymers, and the position of the nitrogen on the Ŭ carbon allows for the nitrogen to 

catalyze the hydrolysis of the ester at acidic conditions, speeding up degradation at acidic pH.  

These polymers have shown great promise both in vitro and in vivo for mRNA delivery.  More 

recently, poly(glyoxylamide)s with acetal backbones have been proposed as RNA-delivery 

vehicles.176,177  These polymers showed complete hydrolysis and subsequent release of RNA on 

the order of hours, but are also somewhat unstable at pH 7.4.  Similar acetal chemistry was also 

used to synthesize acid-responsive PEG-based surfactants for RNA delivery.178  As such, great 

progress has been made in the past few years in using acid-degradable polymers to promote 

intracellular RNA release and subsequent availability to the cytosol.  

While most pH-responsive polymers for intracellular delivery have focused on RNA delivery, 

similar technologies have also been used to deliver protein therapeutics.  For example, because 

PBAEs are ionized at endosomal pH, electrostatic-mediated swelling is induced which allows 

proteins trapped within the core to escape.179  However, this approach is less applicable for 

anionic proteins, as the positive charge of PBAEs prevents diffusion out of the polymer.180  As 

such, other pH-responsive polymers may be more applicable for these types of proteins.  An 

alternative approach is to make nanocarriers dissociate at endosomal pH, which can be done by 

introducing amine or carboxylate groups within the core of the nanocarrier.  This allows the 

carrier to dissociate by charge repulsion at low pH, thus releasing its payload.  Several groups 

have demonstrated this approach using polypeptide-based polymers,79 polyester-based cores,181 

and polyacrylamide-based polymers.76  pH responsive polymer degradation has also been 

demonstrated by incorporating acid-degradable crosslinkers such as acetals.182  Thus, pH-
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responsive polymers have been demonstrated to enable intracellular release of proteins.  

However, intracellular delivery of proteins has generally been less popular than mRNA delivery, 

because mRNA structure, and therefore encapsulation methods, are less varied than proteins.   

A more prudent use of pH-responsive polymers for protein delivery may be to target various 

areas of the body, or to induce release upon a pH change between the on-shelf formulation and 

physiological pH.  For example, He et al. demonstrated remarkable release of protein antigens 

for vaccines upon administration due to pH switching from 5.1 in the formulation to 7.4 under 

the skin (Figure 1-5A),183 while Deiss-Yehiely et al. demonstrated that pH-responsive polymers 

could selectively penetrate acidic bacterial biofilms.184  Therefore, pH responsive polymers are a 

promising class of polymer for stimulus-responsive targeting and therapeutic release.   

1.5.2.2 Redox-responsive polymers 

In addition to changes in pH, changes in the redox environment have also been a popular cue for 

triggering therapeutic release.  Generally, the cytosol is considered a reducing environment, 

containing high levels of glutathione.  Thus, reduction-sensitive strategies are often considered 

for cytosolic delivery.  The most common reducible linkers are disulfide bridges, which are 

cleaved into two thiols by glutathione.  Carriers containing these linkages therefore enter the 

cytosol intact before being reduced and releasing their payload.  Disulfide bridges have been 

used to deliver both siRNAs185 and DNA plasmids186 into cells, demonstrating the utility of these 

polymers.  Reduction-sensitive and pH sensitive modalities have also been combined within the 

same polymer to release both small molecule drugs and RNA simultaneously.168  However, 

given that reduction occurs in the cytosol instead of within the endosome, this strategy may not 

result in ideal payload release, as it is harder for a polyplex to exit a disrupted endosome instead 

of individual therapeutic molecules.  Thus, it may be more ideal for dissociation to occur in the 

endosome instead of in the cytosol, which partially explains why pH-responsive polymers tend to 

be more popular than reduction-responsive polymers for intracellular delivery.   

Oxidation sensitive polymers can be used to target tissues where oxidative stress is high.  This is 

especially true in the case of solid tumours, where reactive oxygen species (ROS) concentrations 

have been reported to be over 5000 times higher than in healthy tissue.187  While reduction 

sensitive linkers are fairly homogenous in terms of the functionalities used, the library of 

oxidation sensitive linkers is more varied.  Cai et al. used oxidation-sensitive thio-ketal groups to 



25 

 

induce lipid nanoparticle dissociation for intracellular mRNA delivery in vivo,188 demonstrating 

the utility of this approach.  Meanwhile, others have incorporated phenylboronic acids into the 

backbone of PBAEs to induce polymer dissociation from payload protein therapeutics in tumour 

cells (Figure 1-5B).180,189  Oxidation-sensitive linkers have also been used to release therapeutic 

proteins in inflamed tissues, which may be found for diseases such as arthritis and in wounds.  

For example, Martin et al. showed that degradation of thioketal polymer films released BMP2 to 

bones in a bone-defect model.190  Thus, oxidation-based strategies may be a good way to target 

diseased cells for certain indications. 

 

Figure 1-5: Stimulus-responsive polymers for protein delivery.  A) Diblock copolymer 

poly(2-(diisopropylamino) ethyl methacrylate-b-methacrylic acid) was used for pH-responsive 

release of proteins from thin films.  Adapted from reference 183 with permission from American 

Chemical Society.  B) Boronic acid decorated polymers were used for ROS-responsive release of 

proteins after internalization into tumour cells.  Adapted from reference 189 with permission 

from John Wiley & Sons. 
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1.5.2.3 Enzyme-responsive polymers 

For more specific release, cleavable linkers sensitive to specific enzymes can be incorporated 

into polymeric materials for biologic release.  These types of systems are advantageous because 

they allow therapeutic release only under very specific stimuli, thus resulting in a highly targeted 

release.  These types of linkers are often found in hydrogel-based systems used for local release.  

Of the many enzyme-responsive linkers that have been invented for use in hydrogels, one of the 

most common are the matrix metalloproteinase (MMP) sensitive linkers.191ï193  These types of 

hydrogels are especially helpful in diseased tissues such as invasive tumours or inflamed tissues, 

as these tissues excrete higher amounts of MMPs.  As such, hydrogels bearing MMP-degradable 

crosslinks can be used to deliver therapeutic proteins to these tissues while minimizing release to 

off-target sites.  Similarly, other enzyme cleavable crosslinks can be used for different 

applications.  Hydrogels bearing DNA crosslinks have been successfully cleaved by CRISPR-

Cas12 to release DNA-anchored compounds as well as nanoparticles, representing an interesting 

approach to targeting CRISPR-expressing bacteria.194  In addition, cathepsin-cleavable crosslinks 

have also been popular for delivering therapeutic proteins to inflamed tissues, where cathepsin 

content is high.195,196  A disadvantage to enzyme cleavable crosslinks is that their synthesis is 

typically difficult and time-consuming.  Unlike pH or redox responsive linkers, enzyme 

cleavable linkers are typically sequence-specific peptides or oligonucleotides, usually 

necessitating the use of solid-phase techniques.  In addition, the large size of these crosslinks 

often influences the properties of the materials such as solubility, stiffness or viscoelasticity.  

Thus, while enzyme-cleavable hydrogels represent an interesting and highly specific method of 

locally delivering protein therapeutics to target tissues, they are less accessible than other 

techniques. 

Enzyme cleavable materials are also an intriguing method of delivering biologics intracellularly.  

For example, esterases are ubiquitous in cytosol, so strategically incorporating esters into 

polymeric materials may be a useful method for triggering biologic release.  Qiu et al. recently 

developed an esterase-sensitive polymer to deliver anti-cancer RNA intracellularly, 

demonstrating the feasibility of these methods.197  Other studies have demonstrated that mRNA 

could be delivered in vivo and with targeted delivery to the spleen using these esterase-

responsive materials, with higher delivery correlating with more accessible, less sterically 

hindered esters.198,199  These studies again demonstrate that RNA dissociation from its carrier 
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plays a crucial role in RNA transfection efficiency.  However, as esterases are most abundant in 

the cytosol and not in the endosome, the entire nanocarrier must escape the endosome to be 

cleaved.  This is less likely to occur than with individual drug molecules, which can more easily 

diffuse through local perturbations in the endosomal membrane because of their smaller size.  

Thus, while esterase-responsive polymers have produced promising results, a method to induce 

RNA dissociation within the endosome may be preferable.  

1.5.2.4 Light-responsive polymers 

Light-responsive polymers are another highly specific class of linker that have been used to great 

effect.  Typically, biomolecules are conjugated onto a polymer matrix using a photosensitive 

linker, and the release of the biomolecule is triggered by using light to degrade the photosensitive 

linker.  This approach may be desirable because it allows a clinician to trigger biologic release 

precisely when needed by shining a light at the target tissue.  Typical photosensitive linkers 

include o-nitrobenzyl,124,200ï202 porphyrins,203 chlorins,204 cyanine dyes,205 coumarin,206 and 

many more.  Photocleavable linkers have been popular for ex vivo applications due to their 

spatiotemporal precision.  Several groups have demonstrated the ability to photopattern gels with 

various growth factors using laser light, producing intricately designed hydrogels for tissue 

engineering.191,202,207,208  Light-sensitive polymeric materials have been useful for intracellular 

RNA delivery as well, and several groups have demonstrated RNA release and subsequent 

increases in transfection efficiency in vitro.121,122,124,203,209  While these types of photocleavable 

chemistries are attractive for their highly specific on-off release profiles, most of the 

aforementioned photocleavable linkers rely on UV or blue light to trigger release, which do not 

penetrate the body well.  As a result, much research has been focused on developing far-red or 

near-infrared cleavable chemistries210 or using alternative strategies such as two-photon 

cleavage206 or upconverting nanoparticles211 to use lower-energy light to cleave higher-energy 

bonds.   

1.6 Protected zwitterionic polymers for therapeutic release 

A promising class of polymers for both passive and stimulus-responsive release of biologics is 

zwitterionic polymers.  These polymers are unique for their highly non-fouling properties, which 

minimizes interactions between them and their cargo.  This makes them good candidates for 

efficiently releasing their cargo.  In addition, temporarily charging zwitterionic polymers by 
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protecting a charged moiety has opened up many opportunities for stimulus-responsive release in 

recent years.   

1.6.1 Structures and properties of zwitterionic polymers 

Zwitterionic polymers are polymers consisting of equal numbers of positive and negative 

charges, thus resulting in overall neutral charge.  There are two major types of zwitterionic 

polymers (Figure 1-6A).  The first type are polyampholytes, which are polymers which consist 

of both positively and negatively charged monomers.  These monomers often consist of mixtures 

of synthetic carboxylate-containing anions and nitrogen-based cations, but polypeptide-based 

polyampholytes are also popular, consisting of mixtures of charged amino acids such as lysine, 

arginine, glutamate and aspartate.  For further information on these polymers, the reader is 

directed to other excellent reviews.212ï214  The second type of zwitterionic polymers are known 

as polyzwitterions, which are composed of monomers that contain both a positive and a negative 

charge.  The main advantage of polyzwitterions over polyampholytes is that charge neutrality is 

much more easily achieved, as it is difficult to exactly match the number of positive and 

negatively charged residues in a polyampholyte.  The majority of polyzwitterions are synthesized 

by free radical or controlled radical methods such as reversible addition-fragmentation chain-

transfer polymerization (RAFT), atom-transfer radical polymerization (ATRP) and nitroxide-

mediated polymerization (NMP), but ring-opening metathesis polymerization (ROMP) and step-

growth methods have also been developed in more recent years.19  The most commonly used 

zwitterionic polymers used for biomedical applications are poly(sulfobetaines) (PSB), 

poly(carboxybetaines) (PCB) and poly(methacryloyloxy phosphorylcholines) (PMPC) (Figure 

1-6B).   

The appeal of using polyzwitterions in biomedical applications is their highly hydrated nature.  

Having two charges in each monomer, these polymers are very soluble in the high ionic strength 

aqueous environment of the body.  This property makes them very attractive as stealth polymers, 

as this hydration shell makes them unlikely to adsorb proteins or microbes.  Thus, several groups 

have explored their use as anti-fouling polymers in both gels and on surfaces, and have 

demonstrated lower protein adsorption than PEG, the most commonly used stealth polymer.215ï

217  In addition, the use of polyzwitterions avoids clearance by anti-PEG antibodies, the presence 

of which have been demonstrated in humans after injection with PEGylated materials.99,218   
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The enhanced hydration of polyzwitterions over PEG has also led to their adoption for colloidal 

stabilization of nanoparticles.  The Jiang group has suggested that the somewhat amphiphilic 

nature of PEG allows it to disrupt liposomes, leading it to destabilize them over time.219  

Conversely, zwitterionic polymers are superior at stabilization because of their higher 

hydrophilicity.  Though all three of the most commonly used polyzwitterions (PMPC, PCB, 

PSB) have demonstrated superior stabilization to PEG, PSB has been suggested to be slightly 

stealthier than the other two,220 possibly owing to the biomimetic features of PMPC and PCB.  

Zwitterionic polymers have therefore been used to stabilize a diversity of nanoparticles in 

biomedical applications, from polyester NPs215,221 to inorganic NPs222 to lipid-based 

nanoparticles,219,223 and more (Figure 1-6C). 

 

Figure 1-6: Structures and applications of zwitterionic polymers. A) Generalized structures 

of polyampholytes and polyzwitterions.  Adapted from reference 19 with permission from 

MDPI.  B) Structures of commonly used zwitterionic monomers.  C) Applications of zwitterionic 
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polymers in biomedical applications.  Adapted from reference 224 with permission from 

American Chemical Society. 

1.6.2 Zwitterionic polymers in drug delivery systems 

Because of the favourable physical characteristics of zwitterionic polymers, they have been used 

to deliver a variety of proteins and RNA.  The hydrated nature of zwitterions allows them to 

remain colloidally stable and undetected by the immune system for extended periods of time and, 

as such, they are useful for stabilizing nanoparticles for long-acting applications.  Cao et al. 

demonstrated that zwitterionic liposomes have increased half-life in circulation over PEGylated 

liposomes, which are the current standard of care.219  Other groups have also demonstrated that 

zwitterionic polymers result in increased accumulation and tissue penetration in tumours, making 

them potentially useful in cancer nanomedicine.75,225,226  The mechanism for improved tumour 

penetration is unclear; some groups suggest that using betaine derivatives allow for association 

with amino acid transporters and passage through tight junctions,226,227 while others suggest that 

simply increasing circulation half-life increases tumour penetration due to slower elimination 

from the body.75   

Zwitterionic polymers have also been used to coat RNA nanocarriers instead of the typical PEG 

coating.  This has typically been achieved by covalently conjugating zwitterionic polymers to 

lipids before formulation.  Multiple groups have since demonstrated that these zwitterionic drug 

carriers deliver RNA with greater efficacy in vivo than PEG-stabilized systems.228ï230   The 

mechanism appears to be the same as with tumour accumulation; longer circulation half-life and 

less immune recognition allow more RNA to accumulate within the target tissue.  These 

discoveries suggest that future nanocarriers used for systemic administration should consider 

transitioning to zwitterionic stabilization over the traditionally used PEG.   

In addition to using zwitterionic polymers to coat nanocarriers for long circulation times and 

colloidal stability, zwitterionic polymers have also been directly conjugated with proteins to 

modulate their pharmacokinetics without encapsulation.  The Jiang group demonstrated this 

approach with multiple proteins such as Ŭ-chymotrypsin,231 organophosphate hydrolase232 and 

uricase.67,233  This approach resulted in biologics with increased bioactivity, half-life, and better 

accumulation in the target tissue than typical PEGylation strategies.  While PEG-protein 

conjugates are also popular and have had demonstrated success in the clinic, a concern with these 



31 

 

conjugates is that some patients make anti-PEG antibodies with repeated administration, thus 

resulting in quick elimination of these conjugates from the bloodstream.99,218  Conversely, anti-

zwitterionic antibodies were produced to an almost insignificant degree in dose escalation 

studies, suggesting that these are more effective at shielding the biologic from the immune 

system than PEG.234  Therefore, conjugation of proteins to zwitterionic polymers serves as a 

simple yet effective means of improving protein drug delivery.   

Zwitterionic polymers have also been used to deliver proteins by encapsulation in injectable 

zwitterionic hydrogels.  Because zwitterionic polymers are highly non-fouling, these gels may be 

less immunogenic than typical hydrogels after injection.  Kostina et al. demonstrated that by 

incorporating PCB into poly(2-hydroxyethyl methacrylate) hydrogels, fouling from blood plasma 

was greatly decreased, demonstrating that zwitterionic gels may be useful for applications in 

tissue repair and other applications requiring the hydrogel to remain in the body for prolonged 

periods.217  Such examples are in cell delivery, where zwitterionic gels have been successfully 

used to culture cells, and ultimately deliver them to target tissues.89,91,235  Zwitterionic gels also 

show great potential as drug depots for therapeutic protein delivery, because the non-fouling 

nature of these gels prevent the delivered protein from sticking to the gel, potentially allowing 

more complete release from the gel and providing additional opportunities to more easily study 

release behaviour.  As such, zwitterionic gels have been used both for simple diffusion-based 

releases236  as well as for more complex systems such as dissolution-based releases.154 

1.6.3 Active release mechanisms from zwitterionic polymers 

While the highly hydrated nature of polyzwitterions makes them ideal for colloidally stabilizing 

nanoparticles, improving the circulation half-life of biologics, and preventing protein fouling, it 

also makes it difficult for them to directly associate with a delivered biologic.  However, by 

temporarily charging the polymers, they can associate with biologics by electrostatic interactions 

and therefore be useful for stimulus-responsive release.  The advantage of using these protected 

zwitterionic polymers for these purposes is that once the polymers are deprotected to turn the 

polymers neutral, the non-fouling nature of zwitterionic polymers would then have very little 

association with the biologic, allowing complete release from its carrier.  Thus, the fast 

association and dissociation kinetics between protected zwitterionic polymers and therapeutic 

biologics makes the polymers attractive for macromolecule delivery.   
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Zwitterionic polymers have been explored as pH responsive polymers because they often contain 

groups that can ionize and deionize at physiologically relevant pH ranges.  Several groups have 

successfully used this property for protein delivery.  For example, Zhao et al. successfully used a 

PSB-block-polypeptide polyampholyte with both thermo-responsive and pH-responsive 

behaviours (Figure 1-7A).79  This allowed them to associate with proteins at pH 7.4 to protect 

them from aggregation, but release them at low pH inside the cell.  These polymers were used to 

prevent protein aggregation during freezing rather than deliver drugs to live cells, but they show 

the potential of stimulus-responsive zwitterionic polymers to associate and dissociate from 

proteins on demand.  Similar protein release applications were shown with PSB homopolymers16 

as well as polypeptide-based zwitterions.78,237  pH-responsive zwitterionic polymers have also 

been developed for RNA delivery.  Li et al. demonstrated that PCB-lipids could be protonated at 

endosomal pH to help induce endosomal escape without the use of conventional ionizable 

lipids.238  However, these PCB-lipids were not designed to enable RNA release, as the 

introduction of positive charge at acidic pH would increase association with RNA.  Nevertheless, 

as many biologics have been demonstrated to interact with polymers differently under different 

pH, temperature, and ionic strengths, it is feasible that these properties of zwitterionic polymers 

may make them good candidates for stimulus-responsive release.   

While charge can be controlled by ionization at different pH, another strategy has been to 

covalently protect a charged moiety with a protecting group to charge the overall polymer, then 

use a stimulus to deprotect the group to restore zwitterionic character.  This is a common strategy 

for synthesis, as has been demonstrated by multiple groups.90,221,225  However, when this strategy 

is used for drug delivery, these highly charged protected polymers are able to easily complex 

with oppositely charged biologics, then quickly release their payload after deprotecting the 

polymer.  DNA and RNA delivery have served as model therapeutics for demonstrating the use 

of covalently protected polyzwitterions.  As RNA is strongly negatively charged, it associates 

with positively charged polymers.  This is especially advantageous for the use of protected 

zwitterionic polymers, because the three most commonly used polyzwitterions, PCB, PSB and 

PMPC, all carry negative charge on their oxygen atoms and positive charge on quaternary 

ammonium groups.  This means that their negatively charged oxygen atoms can be protected and 

deprotected to change from positive charge to neutral, which correspond to association and 

dissociation from RNA.  Carr and Jiang first demonstrated the utility of this approach by 
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protecting PCB with ethyl esters on its pendant carboxylate groups (Figure 1-7B).17  This 

positively charged PCB was then used to deliver plasmid DNA into cells, where it would then 

hydrolyze to release its payload.  Ethyl ester-protected PCB has since been used by other groups 

for plasmid DNA delivery.20,239  While alkyl esters are good candidates for RNA delivery as they 

are hydrolytically unstable, they may not undergo hydrolysis fast enough at acidic pH to induce 

sufficient RNA dissociation within the endosome.  As such, other protecting groups have been 

explored.  Qiu et al. also used ester-protected polyzwitterions to deliver RNA, but they used an 

ortho-acetylbenzoate ester that was more easily cleaved by intracellular esterases.197  Reduction-

sensitive modalities have also been incorporated into PMPC polymer complexes to facilitate 

nanocarrier dissociation within the cytosol.186  However, both esterase and reduction responsive 

modalities require endosomal escape before cleavage and dissociation can be accomplished.  

Finally, light-responsive modalities, particularly the o-nitrobenzyl group, have been used to 

protect PCB to produce a light-induced cationic to zwitterionic transition.240  While these UV-

sensitive modalities are useful tools in vitro, they are impractical to use in the clinic due to the 

low tissue penetration and potential DNA damage from UV light.  Nevertheless, covalently 

protected zwitterionic polymers represent a promising class of polymers to control association 

and dissociation of biologics from their carriers. 
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Figure 1-7: Protected zwitterionic polymers for protein and RNA delivery.  A) Copolymers 

of polyampholyte polypeptides and polyzwitterions were used for pH-responsive intracellular 

protein delivery.  Adapted from reference 79 with permission from American Chemical Society.  

B) Ethyl-ester protected PCB was used for intracellular delivery of DNA plasmids.  Adapted 

from reference 17 with permission from Elsevier. 

While protected zwitterionic polymers are an exciting class of polymers, the scope of protecting 

groups is limited.  Additionally, protecting groups are typically only used during polymer 

synthesis and deprotected to produce the zwitterionic moiety before application.   Therefore, the 

use of charged, protected zwitterionic polymers during drug delivery is underexplored.  Because 

of the potential association and dissociation properties of these polymers, it is worth exploring 

more applications, as well as the protecting groups that would allow greater control over cargo 

release.  This thesis describes two applications of novel protected zwitterionic polymers.  First, 

the use of various alkyl ester protected PCBs for local sustained release is described in Chapter 

2.  The different hydrolytic stabilities of alkyl ester protected PCBs is leveraged to control the 



35 

 

release of various clinically relevant anionic proteins from a hydrogel depot, thus demonstrating 

an application of protected PCB for sustained release.  Second, the use of acid-sensitive PCB 

polymers for intracellular RNA release is described in Chapter 3.  While transitions of 

zwitterionic to cationic in acid are well-described in literature, transitions from cationic to 

zwitterionic are less explored and can be used to induce RNA release from the nanocarrier.  This 

cationic to zwitterionic transition is accomplished using hemiacetal ester protected PCBs, which 

represent a new class of protecting group for PCB polymers.  Therefore, this thesis expands the 

scope of protecting groups used to protect zwitterionic polymers and demonstrates their utility 

for macromolecule delivery.   
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 Protein release by controlled desorption from 
transiently cationic nanoparticles 

This chapter was published in ACS Applied Materials and Interfaces:  

Cheung, T. H.; Xue, C.; Kurtz, D. A.; Shoichet, M. S. Protein Release by Controlled Desorption 

from Transiently Cationic Nanoparticles. ACS Appl Mater Interfaces 2023, 15 (44), 50560ï

50573. https://doi.org/10.1021/acsami.2c19877. 

2.1 Abstract 

Therapeutic release from hydrogels is traditionally controlled by encapsulation within 

nanoparticles; however, this strategy is limited for the release of proteins due to poor efficiency 

and denaturation.  To overcome this problem, we designed an encapsulation-free release 

platform where negatively charged proteins are adsorbed to the exterior of transiently cationic 

nanoparticles, thus allowing the nanoparticles to be formulated separately from the proteins.  

Release is then governed by the change in nanoparticle surface charge from positive to neutral.  

To achieve this, we synthesized eight zwitterionic poly(lactide-block-carboxybetaine) copolymer 

derivatives and formulated them into nanoparticles with differing surface chemistry.  The 

nanoparticles were colloidally stable and lost positive charge at rates dependent on the hydrolytic 

stability of their surface ester groups.  The nanoparticles (NPs) were dispersed in a physically 

crosslinked hyaluronan-based hydrogel with one of three negatively charged proteins 

(transferrin, panitumumab, or granulocyte-macrophage colony-stimulating factor) to assess their 

ability to control release.  For all three proteins, dispersing NPs within the gels resulted in 

significant attenuation of release, with the extent modulated by the hydrolytic stability of the 

surface groups.  Release was rapid from fast-hydrolyzing ester groups, reduced with slow-

hydrolyzing bulky ester groups, and very slow with non-hydrolyzing amide groups.  When 

positively charged lysozyme was loaded into the nanocomposite gel, there was no significant 

attenuation of release compared to gel alone.  These data demonstrate that electrostatic 

interactions between the protein and NP are the primary driver of protein release from the 

hydrogel.  All released proteins retained bioactivity as determined with in vitro cell assays.  This 

release strategy shows tremendous versatility and provides a promising new platform for 

controlled release of anionic protein therapeutics. 
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2.2 Introduction 

Proteins are potent therapeutic drugs, but their delivery to target tissues remains a 

challenge.  Systemic administration by intravenous or oral routes have been curtailed by 

instability, inability to cross biological membranes, and systemic side effects, which limit their 

utility for proteins.231,241ï243  Local delivery by bolus or intramuscular injection has also been 

extensively explored, but therapeutic effects are short-lived as the protein quickly clears from the 

area, thus requiring repeated injections.244  As a result, controlled release strategies from local 

drug depots have been investigated as an alternative.63,232,245,246  In addition to directly delivering 

the drug to the target site, these approaches are attractive because they provide sustained 

therapeutic concentrations at the affected tissue, often with lower doses than would be required 

with systemic administration.247  This decreases the frequency of administration while increasing 

the timeframe of effectiveness, which is especially critical for tissues isolated by physiological 

barriers such as those in the central nervous system.  One of the most common and versatile 

strategies to achieve controlled release has been encapsulation within nanoparticles (NPs).  

These approaches are attractive as they provide long release times as well as broad applicability 

to a wide range of therapeutics.  Several bioresorbable materials have been explored for this 

purpose: lipid-based nanomaterials, such as liposomes248 and lipid nanoparticles,249 and 

polymers, such as poly(lactic-co-glycolic acid) (PLGA),64,250 poly(Ů-caprolactone),251 and 

heparin252 are among the most commonly used.  However, hydrophilic proteins are generally 

poorly encapsulated or denatured during formulation, which often involves harsh conditions such 

as organic solvents, changes in pH and temperature, shear forces and/or drying.11ï13,64  As a 

result, while the versatility and long release times of NP encapsulation techniques are appealing, 

they are inefficient and exclude proteins that are too fragile to undergo formulation.   

Protein adsorption/desorption equilibria to NP surfaces are an attractive alternative 

strategy as NPs can be formulated independently from the therapeutic, thus reducing the 

possibility of denaturation during processing.79,253  Protein adsorption to NPs has previously been 

studied for nanomedicine, as it plays an important role in mediating cellular uptake and 

influencing biodistribution.254,255  Although some proteins denature upon adsorption to surfaces, 

71,72 others can refold and regain their bioactivity.77
  Some of the major factors driving adsorption 

to NPs include hydrophobicity160,256 and electrostatic interactions,73 the latter of which can be 

leveraged for protein delivery by controlling the surface charge of the NPs.  For example, 
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proteins have been previously absorbed to silica,253 metal oxides,257 clay,157 graphene oxide,77 

liposomes,96 and polypeptide-based NPs258 for controlled release applications. However, while 

these NPs were able to effectively adsorb proteins, temporal control of release remains a 

challenge.  By temporally controlling the surface charge of the NPs, release of adsorbed proteins 

should be tunable.  For example, positively charged proteins have been released from negatively 

charged PLGA NPs dispersed in a hydrogel.80  Release was mediated by bulk degradation of the 

PLGA NPs resulting in a decrease in local pH and subsequent neutralization of the carboxylate 

anion surface charge to carboxylic acid, thereby diminishing electrostatic adsorption of 

positively charged proteins.  While this method of controlling release holds promise, it is limited 

to positively charged proteins. 

We hypothesized that the scope of adsorption/desorption-based methods of controlled 

release could be expanded to negatively charged proteins by temporally controlling their 

interactions to transiently, positively charged NPs.  To achieve this, we synthesized a series of 

poly(lactide-block-carboxybetaine) (PLA-b-PCB) co-polymers that self-assemble into NPs.  

These are particularly compelling because similar block copolymers have been explored for drug 

delivery but primarily in the context of long-circulating NPs with encapsulated drugs due to the 

non-fouling properties of PCB.19,219,221  In order to repurpose PCBs from a non-fouling polymer 

to one that purposefully adsorbs proteins,216,224,255 we chemically modified the pendant 

carboxylate groups to produce esters.90,221  This modification resulted in NPs with an initial 

positive surface charge that neutralized over time as the esters hydrolyzed to carboxylates, 

thereby providing a mechanism for temporally controlled protein desorption based on the 

hydrolysis of the ester groups.  The rate of hydrolysis, and subsequently protein desorption, was 

controlled by changing the accessibility of water to the ester moiety via steric hinderance.  

Moreover, the significant hydration shell of PCBs allowed proteins to desorb easily once the 

charge was neutralized, thereby resulting in protein release.  

 We hypothesized that dispersing our transiently cationic PLA-b-PCB NPs within a well-

characterized hydrogel, such as hyaluronan-methylcellulose (HAMC), would allow us to achieve 

sustained release of a diversity of anionic proteins (Fig 1).  HAMC is shear-thinning, inverse 

thermal gelling, injectable, anti-inflammatory, biocompatible and NPs can be easily dispersed 

within, making it an ideal material for this application.259,260  While controlled release from 

hydrogels can be achieved by adjusting the pore size of the polymer network 81,151,166 or changing 
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the proteinôs affinity to the matrix,4,5,37,81,93 these strategies are synthetically complex and usually 

require a tailored approach for each individual protein.  Thus, we hypothesized that our NPs 

would provide a method to deliver a diversity of proteins from a single material.  We tested our 

hypothesis with the controlled release of net negatively charged proteins - transferrin, 

panitumumab, and granulocyte-macrophage colony-stimulating factor (GM-CSF) - from PLA-b-

PCB NPs dispersed in HAMC, and explored the roles of electrostatic and hydrophobic 

interactions in protein adsorption/desorption.  We demonstrate that the released proteins retained 

bioactivity using cell-based in vitro assays and thereby lay the framework for a novel method to 

deliver negatively charged proteins without encapsulation. 

2.3 Experimental Section 

2.3.1 Materials 

The following were purchased from Sigma-Aldrich (St. Louis, USA) and used as 

received unless otherwise noted: 3,6-Dimethyl-1,4-dioxane-2,5-dione (D,L-lactide), tin (II) 2-

ethylhexanoate, 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CTA-OH), N-[3-

(Dimethylamino)propyl]methacrylamide (DMAPMA), 2,2ǋ-Azobis(2-methylpropionitrile) 

(AIBN), methyl bromoacetate, tert-butyl bromoacetate, phenyl bromoacetate, iodomethane, 

bromoacetyl bromide, tert-butylamine, ethylamine solution (66-72% w/w in H2O), bovine serum 

albumin (BSA), and transferrin (human).  Ethyl bromoacetate and propyl bromoacetate were 

purchased from Alfa Aesar (Tewksbury, USA) and used as received.  Toluene, 1,4-dioxane, 

dimethylformamide (DMF), acetonitrile and methanol were purchased from Caledon 

Laboratories (Halton Hills, Canada).  Chloroform-d, methanol-d4, DMF-d7, D2O, and NaOD 

were purchased from Cambridge Isotope Laboratories (St. Laurent, Canada).  Sodium 

hyaluronate (1.3 MDa) was purchased from Kikkoman Biochemifa Company (Tokyo, Japan).  

Methyl cellulose (300 kDa) was purchased from Shin-Etsu Chemical (Tokyo, Japan).   Alexa 

Fluor 488 succinimidyl ester, Alexa Fluor 647 succinimidyl ester, Hoechst 33342 (20 mM 

solution), and PrestoBlue cell viability reagent were purchased from Thermo Fisher Scientific 

(Waltham, USA).  cOmplete mini EDTA-free protease inhibitor tablets were purchased from 

Roche (Basel, Switzerland).  Lysozyme and sodium carbonate were purchased from Bioshop 

Canada Inc. (Burlington, Canada).  Panitumumab was purchased from Abmole Bioscience Inc 

(Houston, USA).  rhGM-CSF and GM-CSF Quantikine ELISA Kit were purchased from R&D 
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Systems (Minneapolis, USA).  Dulbeccoôs modified essential medium (DMEM), RPMI 1640 

medium, and non-essential amino acids (NEAA) were purchased from Gibco (Waltham, USA).  

Fetal bovine serum (FBS), penicillin-streptomycin and phosphate buffered saline (PBS) were 

purchased from Wisent Bioproducts (Saint-Jean-Baptiste, Canada).  TF-1 and MDA-MB-468 

cells were purchased from ATCC (Manassas, USA).  Caco-2 cells were a generous gift from Dr. 

Brigitte Theriault (Ontario Institute for Cancer Research). 

2.3.2 Polymer synthesis 

2.3.2.1 Synthesis of RAFT-functionalized polylactide (PLA-CTA) by Ring-
Opening Polymerization 

RAFT-functionalized polylactide (PLA-CTA) was synthesized by modifying a previous 

procedure.261  Briefly, D,L-lactide was recrystallized from toluene before use.  A round-bottom 

flask was flame-dried and purged with nitrogen.  Lactide (4.0 g), tin (II) 2-ethylhexanoate (67.4 

ɛL), 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CTA-OH) (115.8 ɛL) and dry 

toluene (28 mL) were added to the flask, and a reflux condenser was attached.  The reaction was 

refluxed at 120 ęC under N2 for 2 h.  The reaction was cooled to room temperature, then purified 

by precipitating twice in ice-cold diethyl ether.  The solvent was blown off with air for 3 d, 

producing a yellow resin (3.55 g).  The polymer was characterized by 1H NMR in CDCl3 (Fig 

S1A).  The number average molar mass (Mn) was determined by comparing the end-group CH3 

signal at 0.9 ppm to the broad -O=CCH- polymer signal at 5.1-5.2 ppm.  Dispersity (Ð) was 

determined by GPC in N-methyl-2-pyrrolidone (NMP) against PMMA standards. 

2.3.2.2 Synthesis of Poly(lactide-block-N-[3-

(Dimethylamino)propyl]methacrylamide) (PLA-b-PDMAPMA) by 

Reversible Addition-Fragmentation Chain Transfer (RAFT) 

Polymerization 

 PLA-CTA (1.5 g) was dissolved in dry 1,4-dioxane at 200 mg/mL and transferred to a 

flame-dried round-bottom flask.  The 4-methoxyphenol inhibitor from N-[3-

(Dimethylamino)propyl]methacrylamide monomer (DMAPMA) was removed by passing 

through a basic alumina plug.  The purified DMAPMA monomer (500 ɛL) and 2,2ǋ-Azobis(2-

methylpropionitrile) (AIBN) (3.3 mg) were added to the flask.  This produced a CTA:initiator 
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mole ratio of 5:1.  The flask was then sealed with a rubber septum and the reaction mixture was 

deoxygenated by bubbling with N2 for 45 min.  The reaction was stirred under N2 at 65 ęC for 16 

h.  The reaction was cooled to room temperature, then purified by precipitating in ice-cold 

diethyl ether twice.  The solvent was removed under reduced pressure overnight, producing an 

off-white amorphous solid (1.075 g).  The polymer was characterized by 1H NMR in DMF-d7 

(Fig S1B).  The degree of polymerization of the PDMAPMA block was determined by 

comparing the -N(CH3)2 signal at 2.3 ppm to the PLA signal at 5.1-5.2 ppm.  Dispersity was 

determined by GPC in NMP against PMMA standards. 

2.3.2.3 Synthesis of PLA-b-PCB derivatives 

 PLA-b-PDMAPMA (100 mg) was dissolved in DMF at 75 mg/mL in 1 dram glass vials.  

To produce each of the following PLA-b-PCB derivatives, the corresponding quantities of 

electrophiles were added to the solutions:  -COOMe:  55.6 ɛL methyl bromoacetate; -COOEt: 

65.1 ɛL ethyl bromoacetate; -COOPr: 76.0 ɛL n-propyl bromoacetate; -COOtBu: 86.7 ɛL tert-

butyl bromoacetate; -COOPh: 126 mg phenyl bromoacetate; -CONHEt: 97 mg 2-bromo-N-

ethylacetamide; -CONHtBu: 114 mg 2-bromo-N-(tert-butyl)acetamide); -Me: 36.6 ɛL 

iodomethane.  These quantities were equal to 3 molar equivalents of reactive amines on the PLA-

b-PDMAPMA polymer.  Synthetic procedures for 2-bromo-N-ethylacetamide and 2-bromo-N-

(tert-butyl)acetamide) are provided in Appendix B.  The vials were sealed and agitated on a 

shaker at room temperature for 2 h.  The reaction mixtures were purified by precipitating twice 

in ice-cold diethyl ether.  The solvent was removed under reduced pressure overnight, producing 

off-white to light yellow amorphous solids.  The polymers were characterized by 1H NMR in 

DMF-d7 (Appendix Figure B-1: 1H NMR of polymers.  Representative 1H NMR spectra of A) 

PLA-CTA, B) PLA-b-PDMAPMA, and C) PLA-b-PCB-COOEt.  A) was acquired in CDCl3 and 

B) and C) were acquired in DMF-d7.).   

2.3.3 Nanoparticle Formulation 

 PLA-b-PCB polymer (75 mg) was dissolved in 4:1 (v/v) acetonitrile:methanol (3 mL) to 

produce a 25 mg/mL solution and filtered through a 0.8 ɛm PES membrane to remove insoluble 

particles.  To a 50 mL centrifuge tube was added 25 mL ddH2O.  While chilling the tube in an 

ice bath, the polymer solution was added dropwise to the ddH2O with sonication using a Sonics 
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Vibra-Cell 130W ultrasonic processor with 3 mm probe (Newtown, USA).  Sonication was 

performed at constant 30% amplitude for a total of 10 min.  The NP suspension was washed 3 

times by filtering through an Amicon Ultra 15 centrifugal filter unit (MWCO = 10 kDa) 

(Millipore Sigma, USA), and resuspended in 10 mL ddH2O after each wash.  After the final 

wash, the NPs were resuspended in 20 mL ddH2O, flash frozen in liquid nitrogen, and 

lyophilized over 3 d to produce a white to off-white hygroscopic powder (~50 mg).  The dried 

NPs were kept under N2 at -20 ęC until use. 

2.3.4 Nanoparticle Characterization 

 NPs (~2 mg) were suspended in PBS at 2 mg/mL and processed in an ultrasonic bath for 

5 min to disperse.  To determine stability, the NP suspension was incubated at room temperature 

for 7 d, removing aliquots at 0, 1, 3, and 7 d for dynamic light scattering and zeta potential 

measurement.  To measure size, 5 ɛL NPs were removed and diluted to 10 ɛg/mL in PBS.  The 

NP suspension was then transferred to a disposable plastic cuvette for size measurement.  For 

zeta potential measurement, 50 ɛL NPs were removed and diluted to 100 ɛg/mL in ddH2O.  The 

NP suspension was transferred to a disposable zeta potential capillary.  All measurements were 

taken using a Malvern Zetasizer Nano ZS. 

2.3.5 Synthesis of Fluorescent Proteins 

 To label each of transferrin, panitumumab, and lysozyme, each was dissolved in PBS at 

5-10 mg/mL while Alexa Fluor 488 NHS ester was dissolved in DMSO at 10 mg/mL.  100 ɛL 

protein solution was transferred to a clean microcentrifuge tube, followed by adding 5 molar 

equivalents of Alexa Fluor 488 solution.  The tube was covered in foil and incubated on a shaker 

for 1 h at room temperature.  The protein solution was purified using a 0.5 mL 7 kDa MWCO 

Zeba desalting column (Thermo-Fisher, USA) according to manufacturer instructions, and the 

protein concentration and degree of labelling were quantified using a Nanodrop ND-1000 

spectrophotometer (Thermo-Fisher, USA).  The labelled proteins were named transferrin-AF488 

(Tf-AF488), panitumumab-AF488 (Pan-AF488) and lysozyme-AF488. 
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2.3.6 Protein adsorption assay 

NPs were suspended in PBS at 10 mg/mL and 100 ɛL was added to an Amicon Ultra 0.5 

(MWCO = 100 kDa).  100 ɛL of either 1 mg/mL BSA solution or 1 mg/mL lysozyme was then 

added to the suspensions.  The NP-protein mixture was incubated at room temperature for 2 h.  

The solutions were then filtered through the membrane by centrifuging at 14000 x g for 10 min.  

The protein content in the filtrate was measured using a Pierce BCA Protein Assay Kit (Thermo-

Fisher) according to manufacturer instructions.       

2.3.7 Nanocomposite Formulation 

 For each 100 ɛL gel, 10 mg NPs were weighed out in to a clean 2 mL centrifuge tube, 

suspended in 100 ɛL PBS, and sonicated for 5 min to disperse.  To the suspension was added 

protein solution (10 ɛg per gel for Tf-AF488, Pan-AF488 and lysozyme AF-488; 100 ng per gel 

for GM-CSF), sodium hyaluronate (1.4 mg) and methylcellulose (3.0 mg).  The gels were mixed 

for 3 min in an asymmetric centrifugal mixer, followed by centrifuging for 5 min at 4 ęC (15000 

x g).  The mix-centrifuge cycle was repeated two more times.  The gels were then left upright 

overnight at 4 ęC to release air bubbles before beginning release studies. 

2.3.8 In Vitro Protein Release Studies 

 Gels were briefly speed mixed or centrifuged to the bottom of their tubes and incubated 

at 37 ęC for 1 h to gel.  The release studies were begun by adding 900 ɛL 37ęC PBS on top of the 

gels.  For transferrin release in high protein conditions, the release medium also included 5 

mg/mL BSA.  For GM-CSF release, the release medium also included 0.1% BSA and 1X 

cOmplete EDTA-free protease inhibitor.  The gels were incubated at 37 ęC for the duration of the 

study with gentle agitation on a shaker.  At 3 h, 1, 3, 5, 7, 10, and 14d, 850 ɛL of release medium 

was removed and replaced with fresh medium.  At the end of the study, the gels were dissociated 

mechanically by pipetting up and down with fresh release medium.  For the GM-CSF release, the 

gels were dissociated on day 7.  The release samples were kept at -20 ęC until protein 

quantification.   

 Release samples were centrifuged at 15000 x g for 5 min before protein quantification.  

AF488-tagged proteins were quantified by direct measurement of fluorescence using a Tecan 



44 

 

infinite TE200 plate reader with excitation/emission wavelengths of 490/525 nm.  GM-CSF was 

quantified using R&D Systems Human GM-CSF Quantikine ELISA Kit (DGM00) according to 

the manufacturerôs instructions.   

To calculate diffusivity, the release curves were linearized by plotting the cumulative 

release of transferrin against the square root of time and constraining the best fit line to pass 

through the origin.  The slope of the best fit line was represented as k.  Diffusivity, D, was then 

calculated by transforming k using the expression derived from the Higuchi equation:87   

ὯЍὸ τ
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The thickness of the gel, ŭ, was taken as 0.004 m (measured empirically). 

2.3.9 Cell Culture 

 All cells were cultured in a humidified 37 ęC incubator with 5% CO2.  Caco-2 cells were 

cultured in Dulbeccoôs Modified Essential Medium (DMEM) supplemented with 10% FBS, 1% 

penicillin/streptomycin and 1% non-essential amino acids.  Caco-2 cells were grown in Corning 

T75 flasks (Corning, USA), replacing the medium 2x per week.  Cells were passaged when they 

reached approximately 75% confluency.  MDA-MB-468 cells were cultured in DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin.  The medium was replaced 3x per 

week and the cells were passaged when they reached approximately 75% confluency.  TF-1 cells 

were cultured in RPMI 1640 supplemented with 10% FBS, 1% penicillin/streptomycin and 2 

ng/mL rhGM-CSF.  MDA-MB-468 and TF-1 cells were grown in T75 flasks and passaged 3x 

per week.  All experiments were performed within 10 passages of thawing. 

2.3.10 In vitro Bioactivity Assays 

2.3.10.1 Flow Cytometry Assay for Transferrin-AF488 uptake 

 Tf-AF488 release samples were thawed and concentrated to <100ɛL volume using 

Amicon Ultra 0.5 centrifugal filter units (MWCO = 10 kDa).  The Tf-AF488 was diluted to 0.5 
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ɛg/mL with DMEM supplemented with 0.25 mg/mL BSA, then sterile filtered through a 0.22 ɛm 

PTFE filter. 

Caco-2 cells removed from culture and seeded on 24-well plates at 5.0 x 104 cells/well.  

Cells were grown to approximately 75% confluency before assaying.  Cells were washed with 

serum-free DMEM, then the cells were incubated with the 0.5 ɛg/mL Tf-AF488 for 4 h in a 37 

ęC incubator.  Afterwards, the cells were washed with serum-free DMEM 3 times before 

collection. Cells were fixed by 4% PFA and followed by permeabilization with Saponin buffer. 

All samples were collected on a BD Fortessa (BD Biosciences) and analyzed with FlowJo 

software (BD Biosciences).  The operator was blinded to each treatment group for data collection 

and analysis.  For each biological replicate, the median fluorescence intensity of the untreated 

control was subtracted from all other wells before analysis.  

2.3.10.2 Confocal Microscopy for Transferrin-AF488 uptake 

 Caco-2 cells were seeded and incubated on 24-well plates as described for flow 

cytometry.  Caco-2 cells were treated with 0.5 ɛg/mL released Tf-AF488 for 4 h, washed 3 times 

with serum-free DMEM, then fixed with 4% PFA.  The nuclei were stained with 1 ɛg/mL 

Hoechst 33342, then the cells were kept protected from light at 4 ęC until imaging. 

 Cells were imaged on an Olympus FV1000 confocal microscope (Tokyo, Japan).  Three 

Z-stacks consisting of 3 images covering 4 ɛm were taken per well.  Images were analyzed using 

ImageJ.  The Z-stack images were averaged, the background was subtracted using rolling ball 

algorithm, then the fluorescence intensity of the 488 nm channel was quantified.  

2.3.10.3 Proliferation assay for GM-CSF bioactivity 

 TF-1 cells were removed from culture and were pelleted by centrifuging 5 min at 200 x g.  

The supernatant was removed and the cells were resuspended in PBS.  The centrifuging and 

resuspension steps were repeated for a total of 3 times to wash away any GM-CSF from the 

growth medium.  After the 3rd pelleting step, the cells were resuspended in complete medium 

without GM-CSF at a density of 2.0 x 105 cells/mL.  100 uL of cell suspension was then added to 

each well of a white-walled 96-well plate.  Release samples were diluted to 400 pg/mL GM-CSF 

in growth medium without GM-CSF and sterile filtered.  100 ɛL of GM-CSF solution was then 
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added to each well of the plate in triplicate.  The cells were then returned to the incubator for 48 

h.  20 ɛL 10X PrestoBlue was added to each well of the plate, and the plate was returned to the 

incubator for 1 h.  The fluorescence was read on a Tecan infinite TE200 plate reader with 

excitation/emission wavelengths of 535/590 nm.  All fluorescence values were normalized to 

cells that were not incubated with GM-CSF.  

2.3.10.4 Anti-proliferation assay for Panitumumab bioactivity 

 Pan-AF488 solutions from release samples were concentrated to <100 ɛL using Amicon 

Ultra 0.5 centrifugal filter units (MWCO = 10 kDa) and rediluted back to 0.5 ɛg/mL using 

complete growth medium for MDA-MB-468 cells.  The solutions were sterile filtered through a 

0.22 ɛm PTFE filter before use.   

MDA-MB-468 cells were seeded on white-walled 96-well plates at 5.0 x 103 cells/well 

and allowed to attach overnight.  The next day, the growth medium was replaced with 100 ɛL 1X 

PrestoBlue and incubated for 1 h at 37 ęC.  The fluorescence was quantified using a Tecan 

Infinite TE200 plate reader using excitation/emission wavelengths of 555/590 nm.  This reading 

was time 0.  The PrestoBlue was then removed and replaced with 100 uL 0.5 ɛg/mL Pan-AF488 

release sample.  The cells were incubated for 5 d at 37ęC.  The metabolic activity was then 

measured using PrestoBlue as before and labelled as the day 5 timepoint.  The proliferation was 

calculated as: 

ὖὶέὰὭὪὩὶὥὸὭέὲ 
    

    
    

2.3.11 Statistical Analysis 

All data are presented as mean ± SD unless otherwise stated.  Statistical analysis was 

performed using GraphPad Prism 9 software.  Where appropriate, a maximum of 1 outlier per 

group was removed using Grubbsô test (Ŭ = 0.05).  Differences between groups were determined 

using one-way ANOVA with Tukeyôs post-hoc test unless otherwise stated.  Statistical 

differences between groups are displayed as: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001, unless otherwise noted. 
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2.4 Results and Discussion 

2.4.1 Polymer design and synthesis 

PLA-b-PCB block copolymer synthesis was achieved in 3 steps (Scheme 1).  First, D,L-

lactide was reacted by tin-catalyzed ring-opening polymerization using a hydroxyl-

functionalized chain-transfer agent (CTA) to produce PLA-CTA.  This resulted in a polymer Mn 

of 14,800 g/mol as calculated by 1H NMR (and Mn = 11,300 g/mol and dispersity, Ð = 1.09 by 

GPC) (Fig S1A).  This was similar to the target Mn of 10,000 g/mol, but slightly higher, likely 

due to the repeated precipitation and centrifugation purification steps where smaller polymer 

chains were removed.  We then used RAFT polymerization of the N-[3-

(dimethylamino)propyl]methacrylamide (DMAPMA) monomer to synthesize PLA-b-

PDMAPMA in 1,4-dioxane, which caused the polymer to precipitate out of solution once the 

degree of polymerization of the PDMAPMA reached about 0.3 times that of the PLA block (Mn 

= 18,500 g/mol, Ð = 1.35 by GPC) (Fig S1B).  This allowed us to add the DMAPMA monomer 

in excess while maintaining a consistent degree of polymerization between batches.  Finally, we 

synthesized PLA-b-PCB derivatives by alkylating the tertiary amines of the PDMAPMA block 

using halogenated electrophiles to produce permanently positive quaternary ammonium ions.  

We performed the quaternization after polymerization to ensure that the degree of 

polymerization remained constant across all derivatives.  The quaternization was complete after 

2 h at ambient conditions, as confirmed by 1H NMR (Fig S1C).  GPC was not performed on 

these derivatives because they were insoluble in the eluent.  A total of 8 derivatives were 

synthesized by changing the identity of the electrophiles.  These included 5 hydrolysable 

derivatives (-COOMe, -COOEt, -COOPr, -COOtBu, -COOPh), and 3 non-hydrolysable 

derivatives (-Me, -CONHEt, -CONHtBu).   
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Scheme 2-1: Synthetic scheme for PLA -b-PCB polymers. 

2.4.2 Nanoparticle formulation and characterization 

The PLA-b-PCB block copolymers were formulated into nanoparticles by 

nanoprecipitation into water.  After washing by repeated centrifugation through a filter unit, the 

nanoparticle suspension was lyophilized from ddH2O without excipients.  The size and zeta 

potential of the NPs were mostly unchanged after lyophilization (Fig S2), which is consistent 

with other studies on PLA-PCB nanoparticles.221  All NPs had monomodal size distributions 

(Figure 2-1A), hydrodynamic diameters of approximately 100 nm, and PDIs of 0.15-0.40 as 

measured by DLS (Table 2-1).  As expected from the chemical structure, the NPs displayed 

significant positive zeta potential up to +31.5 mV (Figure 2-1B).  The morphology of the NPs 

was captured by transmission electron microscopy (TEM) (Figure 2-1C): negative staining by 

uranyl acetate revealed a spherical morphology, as expected of a self-assembled micelle; and 

cryo-TEM confirmed that the micelles had a solid core with no observable internal structure, 

consistent with self-assembled PLA NPs that have amorphous structures.262  Thus, our PLA-b-

PCB copolymers self-assembled into micellar NPs in water.   
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Figure 2-1: Characterization of PLA-b-PCB NPs.  A) Representative size distributions as 

measured by DLS.  B) Representative zeta potential distributions.  C) TEM images of COOEt 

(left column) and CONHEt (right column) NPs, using both uranyl acetate staining (top row) and 

cryo-EM (bottom row).  Scale bar = 100 nm. 

Table 2-1: Initial physical characteristics of NPs with varying surface groups.  Data are 

displayed as mean ± SD, n = 3 formulations 

Surface group Zeta Potential (mV) Diameter (nm) PDI 

COOMe +20.2 ± 4.3 110.9 ± 10.3 0.180 ± 0.022 

COOEt +14.9 ± 2.0 102.0 ± 2.6 0.144 ± 0.046 

COOPr +25.3 ± 8.6 95.1 ± 19.8 0.396 ± 0.018 

COOtBu +19.5 ± 6.2 112.6 ± 20.6 0.186 ± 0.036 

COOPh +8.6 ± 6.8 96.9 ± 4.2 0.158 ± 0.024 
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Me +22.8 ± 3.8 89.1 ± 3.4 0.214 ± 0.010 

CONHEt +31.5 ± 3.1 73.7 ± 11.1 0.303 ± 0.029 

CONHtBu +29.8 ± 2.1 74.2 ± 3.3 0.300 ± 0.059 

 

 

To investigate stability in terms of charge and size, NPs were incubated in PBS at room 

temperature for 7 d.  On the one hand, the zeta potential of four of the hydrolyzing NPs (-

COOMe, -COOEt, -COOPh, -COOtBu) significantly decreased over the course of 7 d (Figure 

2-2A).  On the other hand, the zeta potential of the non-hydrolyzing NPs (-Me, -CONHEt, -

CONHtBu) did not significantly decrease over the same period (Figure 2-2B).  This supported 

our hypothesis that we could tune NP surface charge from positive to neutral over time with 

hydrolytically unstable ester groups.  Moreover, the rate at which the NPs became neutral could 

be controlled, with the smaller ester groups (-COOMe, -COOEt) hydrolyzing (and hence 

neutralizing) faster than the larger ester groups (-COOtBu, -COOPr, -COOPh).  These 

observations are supported by previous studies on the hydrolysis rates of small molecule esters 

bearing the same alkyl substituents used in this study.263,264  The differing rates were attributed to 

the increased steric hindrance and hydrophobicity associated with larger alkyl groups, thereby 

decreasing the accessibility of water to the ester moiety.    Electronic effects also played a 

significant role in ester hydrolysis, as the phenyl ester (-COOPh) NPs hydrolyzed faster than the 

propyl (-COOPr) and tert-butyl (-COOtBu) ones despite being bulkier.  Previous studies on small 

molecule drugs have explored these electronic effects on ester hydrolysis and found that 

electron-donating and -withdrawing groups, such as halogens and conjugated systems, have a 

significant effect on hydrolysis rate.265  We predict that slower neutralization, and subsequently 

longer protein release, may be achieved either by using more sterically hindered esters to 

decrease the accessibility of water to the ester, or by adding electron-donating groups to decrease 

the electrophilicity of the carboxyl carbon.  The change in zeta potential was neither 

accompanied by visible sedimentation nor a change in NP size, which remained unchanged over 

7 d in suspension in PBS at room temperature (Figure 2-2C,D).  Only the -CONHEt NPs 
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displayed a significant difference between day 0 and day 7, but the size decrease was only 13% 

and no clear decreasing trend was observed.  This indicates that the NPs were colloidally stable 

whether positively charged or neutral.  Thus, we designed a facile method to temporally control 

the surface charge on colloidally stable NPs. 

 

Figure 2-2: NP stability.  NPs were characterized over 7 d in aqueous suspension.  The zeta 

potentials of A) hydrolyzing NPs decreased over time, while those of B) non-hydrolyzing NPs 

were constant over 7 d.  The sizes of both C) hydrolyzing and D) non-hydrolyzing NPs were 

stable over 7 d.  Data are presented as mean ± SD (n = 3-4 formulations).  ns - not significant, *p 

< 0.05, **p < 0.01, calculated by two-tailed paired t-test between day 7 and day 0 for each NP.   

To confirm that the zeta potential change is driven by hydrolysis of surface esters, we 

characterized the NPs by 1H NMR.  The NPs were suspended in pH 10, deuterated sodium 

hydroxide (NaOD) to accelerate ester hydrolysis, and analyzed by 1H NMR at 1 h, 1, 3 and 7 d.  

We examined the fast-hydrolyzing ethyl ester (-COOEt) versus the non-hydrolyzing ethyl amide 

(-CONHEt) for these studies.  The small molecule signals of ethanol at 1.2 and 3.6 ppm 

increased over 7 d, accompanied by decreases in polymeric ester signals at 4.4 and 1.4 ppm 

(Figure 2-3, Table 2-2).  This was determined by integrating these peaks relative to the 
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backbone methyl peaks of the PCB block, which is a standard method of determining polymer 

composition.266  These changes are consistent with base-catalyzed ester hydrolysis.  At pH 10, 

we calculated the base hydrolysis constant of the -COOEt NPs to be 6.0 x 10-7 M-1 s-1 by 

measuring the decrease of the ester peak at 4.4 ppm over time.  In contrast, hydrolysis was 

undetected over 7 d for the -CONHEt NPs.  Hydrolysis of -COOEt NPs also increased with pH 

at the 1 h timepoint (Appendix Figure B-3A) whereas that of -CONHEt NPs did not (Appendix 

Figure B-3B), except for small molecule signals of PLA oligomers/monomers.  We observed a 

shift in one of the peaks from 2.9 to 2.5 ppm at pH 11-12; however, since we did not observe any 

expected hydrolysis products, we attributed this to a conformational instead of chemical change.  

These experiments demonstrate that the ester groups on the surface of the NPs were 

hydrolytically unstable and modulated the zeta potential of the NPs over time.   

The 1H NMR studies also supported the hypothesized core-shell structure of the NPs. The 

hydrophobic PLA signals previously observed at 5.2 and 1.6 ppm in DMF-d7 (Appendix Figure 

B-1C) disappeared in NaOD (Figure 2-3), indicating that the PLA block was not well solvated 

in D2O.  In contrast, the peaks from the PCB block were observed in both DMF-d7 and NaOD.  

These findings are consistent with a core-shell structure in which the hydrophobic PLA block 

accumulates in the interior of the NPs while the hydrophilic PCB block interacts with the 

aqueous environment.  Similar observations were made in previous investigations into PLA-PEG 

nanomicelles.267,268 
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Figure 2-3: 1H NMR of NPs in NaOD.  -COOEt (left) and -CONHEt (right) NPs were 

suspended in pH 10 NaOD and monitored by 1H NMR over 7 d.  Hydrolysis of the pendant ester 

groups is observed in -COOEt NPs by a decrease in integration of the polymeric -COOCH2 peak 

(peak b) relative to the backbone methyl peak (peak a). Small molecule hydrolysis products are 

also observed with hydrolysable -COOEt NPs (peaks c and d) but not with non-hydrolysable -

CONHEt NPs. 

Table 2-2: Integration of peaks b (-COOCH2 of polymeric ethyl ester) and c (methyl 

protons of hydrolyzed ethanol) relative to peak a (methyl protons of PCB backbone) in 1H 

NMR spectra of -COOEt NPs (Figure 4) as a function of time. The integrated area decrease 

in b:a and the consequent increase in c:a reflect the increase in hydrolysis of the ethyl ester with 

time. 

Time (d) Integrated area of peaks 

b:a 

Integrated area of peaks c:a 

0 1.37 0.08 

1 1.21 0.10 

3 1.17 0.12 

7 1.12 0.14 
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2.4.3 Release of model proteins from nanocomposite hydrogels 

We hypothesized that negatively charged proteins would adsorb to our positively charged 

NPs.  To test this hypothesis, we first measured the adsorption of bovine serum albumin (BSA), 

which is negatively charged at physiological pH with an isoelectric point (pI) of 4.7, to positively 

charged -COOEt and -Me NPs.  We compared this to the adsorption of lysozyme, which is 

positively charged at physiological pH with a pI of 11. We performed these experiments in 

centrifugal filter units to effectively separate adsorbed from free proteins.  After 2 h incubation 

and spinning through the filters, we measured the protein content in the filtrate by the BCA assay 

as an indirect method of determining protein adsorption.  We observed that the concentration of 

BSA found in the filtrate was lowered by 67% and 42% when incubated with -COOEt and -Me 

NPs, respectively, versus the control without NPs (i.e., NP-free control, Figure 2-4A), indicating 

BSA adsorption.  Conversely, when positively charged lysozyme was used, we found no 

significant differences in the amount of protein detected in the filtrate between the NP-free 

control and incubation with either -COOEt or -Me NP (Figure 2-4B).  This proof-of-concept 

experiment demonstrated that the NPs adsorb negatively charged proteins (BSA), but not 

positively charged ones (lysozyme), supporting the hypothesis that adsorption to our 

nanoparticles is driven by electrostatic interactions. 

We hypothesized that we could control the release of negatively charged proteins from 

our positively charged NPs by controlled hydrolysis of esters to carboxylate anions, thereby 

neutralizing the overall surface charge.  We tested this hypothesis with transferrin (Tf), which 

has a pI of 6, and measured its bioactivity after release with an established in vitro cell uptake 

assay.269  To perform our in vitro release experiments, we dispersed 10 ɛg of fluorescently 

labelled Tf (Tf-AF488) with 10 wt% NPs in 100 ɛL of a hyaluronan-methylcellulose (HAMC) 

physically crosslinked hydrogel.28 

Transferrin release was attenuated from NP-containing hydrogels versus hydrogels 

without NPs (gel only) over 7 d (Figure 2-4C): 86% of transferrin was released after 3 d and 

reached a plateau after 5 d in NP-free hydrogels whereas 29 to 71% transferrin was released at 3 

d from the various NP-containing hydrogels without plateauing at 7 d, demonstrating controlled, 
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sustained release.  There was significantly faster release from hydrolyzing ester (-COOEt and -

COOtBu) compared to non-hydrolyzing amide (-CONHEt and -CONHtBu) NPs.  As the zeta 

potential of hydrolyzing NPs decreased whereas that of the non-hydrolyzing NPs was constant, 

the hydrolysis of the esters from the NP surface, and subsequent neutralization of surface charge, 

drove the release of proteins from the nanocomposite hydrogel.  Release from non-hydrolyzing 

NPs may be attributed to either adsorption-desorption equilibria or the ionic strength of the 

release medium, which can also disrupt electrostatic interactions between proteins and 

surfaces.270  Interestingly, the release of transferrin from -COOtBu NPs (30%) was slower than 

that from -COOEt NPs (42%) over 1 d before catching up at 3 d, matching the slower 

neutralization of zeta potential observed for -COOtBu NPs.  Thus, the release profile of proteins 

was tuned by changing the hydrolytic susceptibility of the ester groups.  To further analyze the 

release of transferrin from our nanocomposites, we calculated the diffusivity of the proteins 

through the gels by using the short-time approximation for drug release (Figure 2-4D,E).87  

Transferrin had slower diffusivity through the -COOtBu and -COOEt than the hydrogel only 

(Figure 2-4E), supporting our hypothesis that protein release was attenuated by electrostatic 

attraction to the NPs.  We also observed significantly slower protein diffusion from non-

hydrolyzing amide NP nanocomposites than their hydrolyzing ester counterparts.  Thus, 

electrostatic interactions between the negatively charged transferrin and the transiently positively 

charged NP surface are the primary driving forces controlling protein release from the 

nanocomposite.   

Because adsorption of proteins onto NPs is a non-specific process, we were concerned 

that serum proteins in biologically relevant media would competitively bind to our NPs, thus 

reducing controlled release.  To determine if this was an issue, we repeated the transferrin release 

experiments with 5 mg/mL BSA in the release medium (Figure 2-4F), which mimics the total 

protein concentration typically found in cell culture medium when supplemented with 10% fetal 

bovine serum.271  Both of the hydrolyzing NPs (-COOEt and -COOtBu) retained their ability to 

control transferrin release at slower rates than the gel only control.  They also exhibited faster 

release rates than their non-hydrolyzing amide counterparts, demonstrating that the hydrolysis-

mediated release mechanism was retained in the presence of serum proteins.  However, 

transferrin release from the amide NPs was notably faster in the presence vs. absence of serum 

proteins, especially during the later time points: 62% and 59% were released by -CONHEt and -
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CONHtBu NPs respectively after 7 days in protein supplemented media versus 41% and 38% in 

PBS alone.  These data are corroborated when analyzing diffusivity using the short-time 

approximation (Figure 2-4G,H).  Unlike release in PBS, where diffusivities between 

hydrolyzing and non-hydrolyzing NPs are significantly different, there are no significant 

differences in diffusivity between any NP groups in 5 mg/mL BSA (Figure 2-4H).  When 

differences between the same NP in different release media were compared by multiple t-tests, 

only the -CONHEt and -CONHtBu NPs showed significant differences (Figure 2-4I ).  These 

data may be attributed to competition for binding sites from exogenous BSA.  Nevertheless, 

release from all NPs were significantly slower than the gel-only control regardless of release 

medium, demonstrating that the electrostatically driven controlled release mechanism remained 

effective in the presence of serum proteins.  

An additional key benefit of this system is the potential for complete release of all the 

protein loaded.  While most of our releases from -COOEt and -COOtBu NPs significantly 

attenuated release over the first 3 d, the total amount of protein released reached close to 100%, 

which contrasts with conventional nanoparticle encapsulation where most of the protein is 

denatured and/or not encapsulated.  Interestingly, a previous study involving adsorption to 

negatively charged PLGA NPs also resulted in complete protein release, implying that this may 

be a feature of adsorption-based release systems in general.80  Thus, these new systems may be 

more materially efficient than those currently available.   

Interestingly, transferrin release from quaternary ammonium (-Me) NPs was faster than 

that from -CONHEt and -CONHtBu NPs, and had a similar profile to that of -COOEt NPs 

despite not having hydrolysable surface groups, yet similar zeta potentials (Appendix Figure B-

4).  We attribute this difference to the surface of the amide NPs being more hydrophobic than 

that of the -Me NPs as computed by ALOGPS simulation (Appendix Table B-1).272  We 

propose that high surface hydrophobicity increases protein adsorption to our -CONHEt and -

CONHtBu NPs, which is consistent with other studies,158,160,256 thereby accounting for this 

difference between amide and -Me NPs.   

To confirm that electrostatic interactions, and not solely hydrophobic interactions, were 

necessary to control protein release, we performed the same in vitro release study with lysozyme, 

which is positively charged at physiological pH.  We compared the release of lysozyme from 
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hydrolyzing -COOtBu and non-hydrolyzing -CONHtBu NPs versus the hydrogel only for these 

experiments, as these showed the slowest transferrin release.  There were no significant 

differences between released samples (Figure 2-4J) nor diffusivity (Figure 2-4K ) at any time 

point from hydrolyzing vs. non-hydrolyzing NPs.  Thus, the primary mechanism of controlling 

release is electrostatic interactions between the protein and the NPs, while hydrophobic 

interactions play a secondary, yet still significant role.60,65,66 

 

Figure 2-4: Release of proteins from hydrogel-NP nanocomposites.  A) 500 ɛg/mL of BSA or 

B) lysozyme were incubated for 2 h with NPs in a centrifugal filter unit with a 100 kDa MWCO 

membrane.  The protein was then spun through the membrane and the protein content in the 

filtrate was measured by BCA assay.  C) Release of transferrin was monitored from HAMC 

hydrogels containing 10 wt% NPs bearing varying surface groups (n = 3 separate releases, mean 

± SD.  Letters represent significant differences (p < 0.05) between NP and gel only release data 

as calculated by one-way ANOVA with Tukeyôs post-hoc test at each timepoint: a: -COOEt; b: -

COOtBu; c: -CONHEt; d: -CONHtBu).  D) The release curves from C) were linearized using the 



58 

 

short-time approximation.  E) The diffusivity of transferrin through the gels was calculated from 

the linearized release curves using the short-time approximation.  F) Transferrin release was 

monitored from HAMC hydrogels containing 10 wt% NPs in release medium containing 5 

mg/mL BSA, mimicking serum-containing cell culture medium.  n = 3 separate releases, mean ± 

standard deviation.  Letters represent significant differences (p < 0.05) between NP and gel only 

release data as calculated by one-way ANOVA with Tukeyôs post-hoc test at each timepoint: a: -

COOEt; b: -COOtBu; c: -CONHEt; d: -CONHtBu.  G,H) The release curves from F) were 

linearized and the diffusivity of transferrin through the gels was calculated using the short-time 

approximation. I) Volcano plot depicting differences in transferrin diffusivity between release 

media containing either BSA or PBS for each NP.  p values were calculated by t-tests between 

release media for each individual NP.  J) Release profile and K)  diffusivity of lysozyme from 

HAMC with 10 wt% NPs (n = 3 separate releases, mean ± SD).  

We measured the bioactivity of released, fluorescently labeled transferrin (Tf-AF488) by 

uptake into Caco-2 cells, which are known to be slow exporters of transferrin.269,273  Specifically, 

released Tf-AF488 samples at 14 d were added into serum-free DMEM supplemented with BSA 

and diluted to 0.5 ɛg/mL.  Confocal microscopy confirmed uptake of transferrin into Caco-2 

cells which was observed as puncta, consistent with transferrin trafficking within endosomes 

(Figure 2-5A).274  To get a more quantitative measurement, we also measured uptake by flow 

cytometry using release samples from the 10 d timepoint.  All tested 10 d release samples had 

similar cell uptake to the positive control (fresh Tf-AF488) and higher uptake than medium and 

heat-denatured transferrin controls, demonstrating that released transferrin retained bioactivity 

(Figure 2-5B).  The lack of cell uptake with heat-denatured transferrin confirmed the importance 

of transferrin structure for receptor recognition and binding.   
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Figure 2-5: Bioactivity of transferrin released from hydrogel-NP nanocomposites.  A) Caco-

2 cells were treated with 0.5 ɛg/mL Tf-AF488 from 14 d release samples for 4 h, then fixed and 

examined by confocal microscopy.  Scale bar = 50 ɛm.  B) Uptake of released transferrin from 

the 10 d timepoint into Caco-2 cells was measured using flow cytometry and compared to a 

positive control of fresh transferrin (pos ctrl) vs. a denatured control and medium alone (n = 3-5 

biological replicates, mean ± SD).  Statistical differences between groups are displayed as: ns ï 

not significant, *p < 0.05, **p < 0.01 as calculated by one-way ANOVA with Tukeyôs post-hoc 

test. 

2.4.4 Release of therapeutically relevant proteins 

Next, we sought to examine whether our engineered NPs were applicable to clinically 

relevant biologics.  To do this, we examined the delivery of two negatively charged, 

therapeutically relevant proteins with vastly different physical properties: GM-CSF and 

panitumumab.  GM-CSF is an immunostimulatory growth factor, currently under investigation 

for various indications such as COVID-19 and Crohnôs disease.6,275 This protein has a pI of 5.0 

and a molecular weight of 14-37 kDa.  Panitumumab is a clinically approved anti-EGFR IgG2 

monoclonal antibody used to treat colorectal cancer.  This protein has a pI of 6.8,276 and a 

molecular weight of 147 kDa.  As both proteins are administered by repeated injections,6,58 a 

controlled release system would improve current methods.  
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The release of GM-CSF was modestly controlled by hydrolyzing NPs and greatly 

attenuated by non-hydrolyzing NPs (Figure 2-6A).  GM-CSF was significantly attenuated by -

COOEt  NPs for 5 d and -COOtBu NPs for 3 d compared to the NP-free gel.  Moreover, GM-

CSF release from non-hydrolyzing amide NPs was significantly slower than their hydrolyzing 

counterparts, suggesting that the hydrolysis of surface groups remained the primary mechanism 

for protein release.  These findings were also reflected in the calculated diffusivities using the 

short-time approximation, where we observed significant decreases between hydrolyzing ester 

NPs and their non-hydrolyzing amide counterparts (Figure 2-6B). 

We assessed the bioactivity of released GM-CSF using TF-1 erythroblasts, which are 

dependent on cytokines such as GM-CSF (among others) in order to proliferate.277  We measured 

the proliferation of TF-1 cells in the presence of 200 pg/mL of released GM-CSF, as it is above 

our observed EC50 (Appendix Figure B-5A) and below the saturating concentration, thus any 

change in bioactivity would be detectable.  TF-1 cells were incubated for 2 d with 200 pg/mL 

released GM-CSF from the 7 d timepoint from nanocomposite gels with either -COOEt, or -

COOtBu nanoparticles, and then the metabolic activity (as a proxy for cell number) was 

measured using the PrestoBlue assay.  There was no significant difference in metabolic activity 

between released, fresh or GM-CSF incubated for 7 d at 37 oC (stability control) (Figure 2-6C), 

and all samples were significantly different from the negative medium-only control with no GM-

CSF.  Thus, the bioactivity of released GM-CSF was maintained.   

 Panitumumab release was modestly controlled by hydrolyzing NPs. Relative to gels 

alone, -COOtBu NPs significantly attenuated release for 3 d whereas -COOEt nanocomposite 

gels did not (Figure 2-6D).  Electrostatic interactions, which we have shown to govern the 

release of negatively charged proteins, are also likely reduced between panitumumab and the NP 

surface due to its higher pI.  This may have resulted in a lower degree of control from 

hydrolyzing NPs, which have primarily an electrostatic-driven release mechanism. In contrast, 

release from the non-hydrolyzing amide nanocomposites, -CONHEt and -CONHtBu, was 

significantly reduced over 7 d versus gels alone, as were their diffusivities, which were reduced 

by 40% and 76% respectively (Figure 2-6E).  Interestingly, the diffusivities from -CONHEt and 

-CONHtBu were significantly different from each other, which was not observed in either of the 

two previous releases.  We attribute this to the larger size and higher isoelectric point of 

panitumumab (versus transferrin and GM-CSF), likely making hydrophobic interactions more 
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significant than electrostatic interactions, and thus accounting for greater adsorption to the more 

hydrophobic -CONHtBu NPs than -CONHEt NPs.   

We demonstrated the bioactivity of released panitumumab using an MDA-MB-468 anti-

proliferation assay.  Panitumumab inhibits proliferation by binding to EGFR, which is 

overexpressed on MDA-MB-468 breast cancer cells.58  Panitumumab released from the 14 d 

timepoint from gel only, -COOEt, and -COOtBu nanocomposite groups were diluted to 0.5 

ɛg/mL in complete growth medium and incubated with cells for 5 d.  As with our GM-CSF 

study, this concentration was chosen to be close to the measured IC50 in order to make 

differences in bioactivity discernable (Appendix Figure B-5B).  Cell proliferation was measured 

by comparing the metabolic activity between days 0 and 5 using the PrestoBlue assay.  Relative 

to medium controls, cell proliferation reduced by 40-60% when incubated with released, fresh or 

stability control panitumumab (incubated 14 d at 37 ęC in release medium with no gel), 

demonstrating that released panitumumab remained bioactive (Figure 2-6F).      

 

Figure 2-6: Release and bioactivity of therapeutically relevant proteins panitumumab and 

GM-CSF.  A) Release profiles of GM-CSF from HAMC hydrogels containing 10 wt% NPs of 
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varying surface chemistries (n = 3 separate releases, mean ° SD).  Letters represent significant 

differences (p < 0.05) between gel only and gels + NPs with a) -COOEt, b) -COOtBu, c) -

CONHEt and d) -CONHtBu as calculated by two-way ANOVA with Tukeyôs post-hoc test.  B) 

Diffusivities of GM-CSF were calculated from the release curves in A.  C) GM-CSF bioactivity 

after release was tested by incubation with TF-1 cells for 2 d, followed by measuring metabolic 

activity by PrestoBlue.  Metabolic activity was normalized to cells incubated with no GM-CSF 

(n = 3 biological replicates, mean ° SD).  D) Release profiles of panitumumab from HAMC 

hydrogels containing 10 wt% NPs of varying surface chemistries (n = 3 separate releases, mean 

° SD).  Letters represent significant differences (p < 0.05) between gel only and gel + NPs with 

a) -COOEt, b) -COOtBu, c) -CONHEt and d) -CONHtBu by two-way ANOVA with Tukeyôs 

post-hoc test.  E) Diffusivities of panitumumab were calculated from the release curves in D.  F) 

Panitumumab bioactivity after release was tested by incubation with MDA-MB-468 cells for 5 d, 

followed by measuring metabolic activity by PrestoBlue.  Proliferation was normalized to cells 

incubated with no panitumumab (n = 3-5 biological replicates, mean ° SD). Statistical 

differences between groups are displayed as: ns ï not significant, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001 as calculated by one-way ANOVA with Tukeyôs post-hoc test.     

We show that the release and bioactivity of transferrin, GM-CSF and panitumumab are 

controlled from our transiently positively charged nanocomposite systems; however, the release 

is not only controlled by the NP surface charge, but also by the isoelectric point and 

hydrophobicity of the protein.  Interestingly, although GM-CSF has a lower isoelectric point than 

transferrin, the release profiles from the hydrolyzing NPs did not show additional attenuation, as 

would be expected from a purely electrostatic release mechanism.  This suggests that, although 

charge is the primary factor governing protein adsorption to the NPs, there are other protein-

specific factors that impact release. Varying properties of the proteins such as isoelectric point, 

charge at physiological pH 7.4, molecular weight, and glycosylation have been shown to impact 

protein adsorption to surfaces,158ï160,278 and thus, it is not surprising that the diversity of proteins 

that we examined have different affinities to our NPs despite all being negatively charged. For 

GM-CSF, the degree of glycosylation is heterogenous and as this has previously been shown to 

affect receptor binding and biological activity,278 it may also affect adsorption/desorption. For 

panitumumab, the higher isoelectric point and greater hydrophobicity diminished the role of 

electrostatic interactions. These studies show that protein adsorption to charged NPs is complex 
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and dependent on various factors.  Notwithstanding, our release system is a promising platform 

and broadly applicable for the controlled delivery of negatively charged, protein therapeutics. 

2.5 Conclusions 

We introduce a new versatile platform to control the release of negatively charged protein 

therapeutics.  We synthesized transiently cationic nanoparticles from PLA-b-PCB block 

copolymers and demonstrated that their surface charge neutralizes at rates dependent on the 

hydrolytic stability of their surface groups.  We then showed that these NPs selectively adsorb 

negatively charged, but not positively charged proteins.  The versatility of the platform was 

demonstrated by releasing three negatively charged proteins with very different properties: 

transferrin, GM-CSF, and panitumumab.  The release was driven primarily by changes in 

electrostatic interactions between the proteins and the NP surface, with hydrophobic interactions 

playing a secondary role.  All released proteins retained bioactivity, and many systems released 

close to 100% of their loaded protein.  Our release system is therefore a promising platform for 

protein therapeutic delivery.  Notwithstanding these exciting results, we recognize the 

importance of testing this system in vivo, where the release conditions are significantly more 

complex than those described herein.  As adsorption-based controlled protein release has 

previously been used successfully in murine models with positively charged proteins from 

negatively charged polymeric nanoparticles,156 we are confident that our release mechanism of 

negatively charged proteins from positively charged polymeric nanoparticles will also be feasible 

in vivo.    
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 Acid-responsive polymer additives increase RNA 
transfection from lipid nanoparticles 

This chapter was published in Advanced Functional Materials: 
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Transfection from Lipid Nanoparticles. Advanced Functional Materials 2024. 
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3.1 Abstract 

Lipid nanoparticles (LNPs) are the most clinically advanced RNA delivery technology, 

but their efficiency is limited by low RNA release after endosome disruption.  To improve RNA 

release, we synthesized an acid-responsive polymer with which to formulate LNPs for RNA 

encapsulation and release. Specifically, we designed and synthesized three acid-responsive 

poly(lactic acid)-block-poly(carboxybetaine) zwitterionic derivatives that were cationic and 

complexed with RNA at pH 7.4, but were neutral following cleavage at endosomal pH, thereby 

having lower affinity to RNA.  The polymers were formulated into each of the clinically 

approved Onpattro, Moderna, or Pfizer LNP formulations to produce hybrid polymer-lipid 

nanoparticles (PLNPs).  With the PLNPs, the IC50 values of multiple siRNAs decreased up to 

5.4-fold compared to parent LNPs in several cell lines.  Moreover, mRNA transfection increased 

up to twofold.  The acid-responsive polymers in PLNPs accounted for the enhanced RNA 

transfection as this phenomenon was lost with acid-inert polymers.  Confocal microscopy 

confirmed that cytosolic RNA concentration increased using the acid-responsive polymers; 

conversely, uptake and endosomal escape were identical to existing LNPs.  This confirmed that 

enhanced RNA transfection was due to increased RNA dissociation from its carrier.  Our novel 

polymer represents a versatile strategy to increase RNA transfection from LNPs.  

3.2 Introduction 

RNA therapeutics are an emerging class of biologics with enormous potential.  In 2018, 

the U.S Food and Drug Administration (FDA) approved the first small interfering RNA (siRNA) 

therapeutic, Onpattro, and only a few years later, Comirnaty and Spikevax were approved as the 

first messenger RNA (mRNA) vaccines.  While the mechanisms and potential of RNA 
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therapeutics are now well-known, the intracellular delivery of these macromolecules remains 

suboptimal.  Most FDA-approved RNA therapeutics currently use lipid nanoparticles (LNPs) for 

intracellular delivery;9,10 however, LNPs are notoriously inefficient.  Several groups have 

demonstrated that only a small percentage (<5%) of RNA endocytosed by a cell escapes from the 

endosome and is available to the cellular machinery.14,15,146  Thus, while LNPs are the most 

clinically-advanced RNA delivery vehicle, their low delivery efficiency necessitates a larger 

dose than necessary, and increases adverse effects such as immunogenicity135,136 and toxicity 

with cationic or ionizable lipids.114  One potential solution to increasing RNA delivery efficiency 

is improving endosomal escape; however, engineering methods to induce endosomal escape are 

often correlated with greater cytotoxicity, which limits the potential of these solutions.279,280  

Thus, we need to develop other methods to increase RNA delivery efficiency without causing 

toxicity.  

We wondered whether RNA dissociation from the LNPs could be manipulated after 

cellular internalisation to make more RNA available to the cellular machinery in the cytosol.  

Several studies have demonstrated that only a small percentage of RNA within a given endosome 

reaches the cytosol,14,15,146 suggesting that a significant amount of RNA remains trapped in the 

LNP even after endosome disruption and are therefore degraded in the lysosome.147,148  Several 

groups have developed nanocarriers that dissociate from RNA to address this problem.  For 

example, Greco et al. used polymeric nanocarriers that disassemble under UV light to increase 

siRNA silencing122 while other groups have designed acid-responsive self-immolating polymers 

which dissociate into monomers under acidic conditions for mRNA delivery.172,175ï177  Such 

polymeric approaches come with their own challenges.  For example, polymeric nanocarriers 

typically require high positive charge to enter cells, but this high charge can also disrupt cell 

membranes and induce cytotoxicity.112,113 Additionally, most polyplexes fuse poorly with the 

endosomal membrane and therefore have poor endosomal escape, meaning that even though the 

RNA is released from its carrier, it is still mostly trapped within the endosome.108  To overcome 

the limitations of polymers, others have proposed small-molecule solutions for RNA 

dissociation, such as lipids sensitive to reactive oxygen species (ROS)188 and acid-responsive 

surfactants.178  However, using these novel molecules would preclude the use of many new lipids 

being discovered with enhanced efficiency over current lipids.137ï139  We therefore sought to 

design a generalizable strategy to improve RNA release from multiple LNPs. 
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We hypothesized that an acid-responsive RNA-releasing polymer could be used in LNP 

formulations to achieve greater RNA release and transfection efficiency.  Polymers have been 

formulated with LNPs previously for various applications. For example, poly(lactide-co-

glycolide) (PLGA) has been incorporated into LNP cores for greater serum stability281ï283 while 

poly(ɓ-aminoester) (PBAE) nanoparticles (NPs) have been coated in lipids to increase both 

uptake into target cells and biocompatibility.126,131,132  Hybrid nanoparticles of cationic peptides 

and lipids have also been shown to increase RNA delivery over peptide or lipid nanoparticles 

alone.284  While these hybrid nanoparticles showed promising results, RNA dissociation from its 

carrier was not a primary consideration.  Thus, we hypothesized that RNA-releasing, acid-

responsive polymers incorporated into LNPs would increase RNA delivery by facilitating RNA 

dissociation from its nanocarrier.   

We report the synthesis of novel amphiphilic poly(lactic acid)-block-

poly(carboxybetaine) (PLA-b-PCB) zwitterionic polymers that are converted from positive to 

neutral in acidic conditions. Specifically, we modified PLA-b-PCB polymers285 with acid-

responsive hemiacetal ester pendant groups (PLA-b-PCB-X).  These groups are most often used 

as acid-labile protecting groups in solid-phase peptide synthesis and were chosen for acid-

responsive RNA release because they are highly labile in mildly acidic conditions.286 The PLA-

b-PCB-X polymers were chosen because their amphiphilicity would allow mixing into LNPs 

thereby creating novel, hybrid polymer-lipid nanoparticles (PLNPs).  Moreover, both PLA and 

PCB are biocompatible and readily excreted from the body, thus reducing the risk of cytotoxicity 

after RNA delivery.221,285,287 We demonstrate that our PLA-b-PCB-X polymers can be used as 

additives in existing LNP formulations to produce stable PLNPs encapsulating either siRNA or 

mRNA with sizes less than 200 nm, which is preferred for endocytosis.288  The PLNP 

formulations were based on the clinically approved Onpattro formulation, which consists of 

DLin-MC3-DMA ionizable lipid (MC3), DSPC, cholesterol and DMG-PEG2000 in mass ratios of 

approximately 50:19:25:6,289 and were formulated using microfluidic mixing, which is the gold 

standard method for siRNA LNP formulation.290,291  We examined the effect of our polymers on 

siRNA and mRNA delivery using multiple LNP formulations including the Onpattro, Pfizer and 

Moderna formulations in multiple cell lines.  We also compared uptake and endosomal escape of 

our PLNPs versus conventional LNPs and determined how acid-responsive RNA release affected 

cytosolic RNA concentration.  We demonstrate the importance of RNA release from its 
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nanocarrier and propose inclusion of our PLA-b-PCB-X polymers in LNPs as a simple and 

versatile method to improve RNA delivery efficiency (Figure 3-1. Concept of PLNP endocytosis 

and endosomal escape of RNA from PLNPs into the cytosol of cells.  Created with 

Biorender.com.).   

 

Figure 3-1. Concept of PLNP endocytosis and endosomal escape of RNA from PLNPs into the 

cytosol of cells.  Created with Biorender.com. 

3.3 Results and Discussion 

3.3.1 Synthesis, formulation and characterization of acid-responsive 

polymers 

To synthesize the acid labile PLA-b-PCB-X, we first synthesized the precursor polymer 

poly(lactic acid)-block-poly(N-[3-(dimethylamino)propyl]methacrylamide) (PLA-b-

PDMAPMA) according to previous methods.285  We then synthesized the hemiacetal ester small 

molecules, tetrahydro-2H-pyran-2-yl 2-bromoacetate (THP-Br), 1-ethoxyethyl 2-bromoacetate 

(EOE-Br) and methoxymethyl 2-bromoacetate (MOM-Br) (see Supporting Information for 

Methods), and then used them to alkylate PLA-b-PDMAPMA (Figure 3-2a).285  Alkylation of 

PLA-b-PDMAPMA by THP-Br, EOE-Br and MOM-Br resulted in amphiphilic, cationic block 



68 

 

co-polymers PLA-b-PCB-THP, PLA-b-PCB-EOE, and PLA-b-PCB-MOM (Appendix Figure 

C-1: Representative 1H NMR spectra of a) PLA-b-PDMAPMA and b) PLA-b-PCB-MOM.  a) 

was taken in DMF-d7 on a 500 MHz spectrometer.  b) was taken in 1:1 CD3CN:D2O on a 400 

MHz spectrometer.): these hemiacetal ester groups impacted hydrolysis due to differences in 

both hydrophobicity and steric hindrance.  

We synthesized NPs by self-assembly of the polymer and characterized their zeta 

potential immediately on formulation and then 24 h later after incubation at 37 ęC in either pH 

7.4 or pH 4.5 citrate buffer.  These pH values were chosen to represent the pH of serum and the 

lysosome, respectively,165 thereby providing some insight into the RNA-releasing capabilities of 

our polymers in acidic conditions. While most escape occurs during from early and late 

endosomes,146 we chose these pH values to most clearly observe differences in this assay.  

Immediately after formulation (Figure 3-2b, 0 h), all 3 nanoparticles had strongly positive zeta 

potentials of approximately +30 mV, which supports the proposed chemical structures.  The zeta 

potential of the NPs decreased to between +20 mV and +10 mV after 24 h incubation in pH 7.4 

buffer, and more consistently to +10 mV, which is often considered close to neutral, in pH 4.5 

buffer (Figure 3-2b).  We attribute this effect to the increased hydrolysis of the pendant 

hemiacetal esters in acid, resulting in the carboxylate group which neutralizes the overall charge 

of the quaternary ammonium group in each monomer (Figure 3-2c).  We attribute the decrease 

of zeta potential at pH 7.4 to hydrolysis of PLA, which leads to degradation and the loss of 

attached PCB blocks. Moreover, hemiacetal groups are unstable at 37 ęC.292 This demonstrates 

that hydrolysis, and consequently charge neutralization, is more complete at lysosomal pH.   

To determine if the reduced zeta potential correlates with RNA release, we examined the 

ability of the hydrolyzed NPs to complex RNA using a gel retardation assay.  The NPs, after 24 h 

incubation in either pH 7.4 or pH 4.5 citrate buffers, were incubated with siRNA at an N:P molar 

ratio of 10 for 30 min at room temperature (RT), and then any free RNA remaining was 

measured by gel electrophoresis.  The NPs incubated at pH 4.5 had less RNA adsorbed to them 

than those at pH 7.4, as demonstrated by brighter and wider RNA bands, which reflect the charge 

neutralization of our NPs (Figure 3-2d, full gel in Appendix Figure C-2).  Specifically, PLA-b-

PCB-EOE and PLA-b-PCB-MOM NPs adsorbed 60-70% less RNA at pH 4.5 than at pH 7.4.  

These data demonstrate that, after incubation at acidic pH, these two polymers have significantly 

reduced affinity to RNA (Figure 3-2e).  Meanwhile, PLA-b-PCB-THP NPs absorbed 
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approximately the same amount of RNA at both pH values. We hypothesize that the larger, more 

hydrophobic pendant groups of THP allow more RNA to complex with the NPs by hydrophobic 

interactions, thus reducing the effect of lowered zeta potential on RNA affinity.  Conversely, for 

smaller EOE and MOM pendant groups, the drop in zeta potential led to lower RNA 

complexation, which suggests that they would be good candidates for acid-responsive RNA 

release.   

 

Figure 3-2.  Synthesis and characterization of acid responsive polymers PLA-b-PCB-

tetrahydropyranyl (THP), -ethoxyethyl (EOE) and -methoxymethyl (MOM).  a) Synthesis of 

PLA-b-PCB-X derivatives -THP, -EOE, and -MOM from poly(lactic acid)-block-poly(N-[3-

(dimethylamino)propyl]methacrylamide) (PLA-b-PDMAPMA).  b) Zeta potential of self-

assembled nanoparticles of PLA-b-PCB-THP, -EOE and -MOM polymers immediately after 

formulation (0 h) and 24 h at 37 ęC at either pH 7.4 or pH 4.5 (n = 5-6 independent 

formulations).  c) Proposed mechanism for acid-responsive hydrolysis and charge neutralization 

of pendant groups of PLA-b-PCB-X polymers.  d) Gel retardation assay performed with 
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polymers incubated at 37 ęC for 24 h at either pH 7.4 or pH 4.5.  siRNA was incubated with 

polymers, then free RNA was imaged in a tris-borate-EDTA (TBE) gel after staining with SYBR 

Safe DNA stain.  Arrows are added to emphasize brighter bands at pH 4.5 compared to those at 

pH 7.4.  e) Quantification of gel retardation assay results, n = 4-5 independent experiments.  For 

(b) and (e), data are presented as mean ± standard deviation (SD), statistics were calculated by 

repeated-measures one-way ANOVA within each polymer group *p < 0.05.  

3.3.2 Formulation and characterization of PLNPs    

To improve RNA complexation efficiency and prevent particle aggregation, we 

formulated our PLA-b-PCB-X polymers with lipids to produce PLNPs.  Without lipids, the PLA-

b-PCB-X NPs aggregated (Appendix Figure C-3) and had poor RNA complexation efficiency, 

with only 30-60% RNA complexed at an N:P ratio of 10 (data not shown).  Our PLNP 

formulations were based on the clinically approved Onpattro formulation, which consists of 

MC3, DSPC, cholesterol and DMG-PEG2000.
289 Initially, we replaced all of the MC3 with 

polymer and modified the proportions of remaining lipids to produce stable PLNPs.  We found 

that all lipid components were necessary, but the relative amounts could be altered without 

significant change in size of the PLNPs in most formulations (Appendix Figures C-4 ï C-7).  We 

therefore maintained the proportion of DSPC, cholesterol and DMG-PEG2000 to 19, 25, and 6 

wt%, respectively, and changed the remaining 50% of MC3 to include varying amounts of PLA-

b-PCB-X polymer.  We rationalized that PLA-b-PCB-X was unlikely to induce endosomal 

escape on its own and thus a mixture of both MC3 and polymer would maximize both endosomal 

escape and RNA release into the cytosol.  All PLNPs had z-average diameters of 100-200 nm 

with PDIs lower than 0.3, indicating relatively monodisperse populations (Figure 3-3a).  The 

sizes were larger than those of conventional MC3 LNPs (65 nm), indicating that the inclusion of 

PLA-b-PCB-X polymer, regardless of amount, increased particle size.  As nanoparticles with 

diameters < 200 nm are taken up by cells,288 we proceeded to test our PLNPs in vitro.  RNA 

encapsulation efficiency was between 62 and 96%, as measured by the RiboGreen assay, with a 

trend of greater RNA encapsulation with increasing PLA-b-PCB-X content (Figure 3-3b).  We 

performed DLS on 50/0 PLA-b-PCB-MOM/MC3 PLNPs at pH 7.4 and 4.5 to confirm that 

PLNPs could undergo rearrangement at acidic pH (Figure S8, Supporting Information).  The 

PLNPs increased in size from pH 7.4 to 4.5, which we attribute to lower affinity between 



71 

 

polymer and RNA and subsequent swelling of the PLNP.  Thus, lipids do not interfere with the 

pH-responsiveness of the polymer. 

Since both the 50% MC3 LNP with no polymer and the 50% polymer PLNPs with no 

MC3 had good encapsulation efficiencies (>82%), we wondered why mixing both polymer and 

MC3 in the same nanoparticle resulted in lower RNA encapsulation.    We hypothesized that 

polymer and MC3 were poorly mixed within these PLNPs, and thus we examined the 

morphology of our PLNPs by cryo-TEM.  The 50/0 MOM/MC3 PLNPs (i.e., no MC3) consisted 

of an amorphous core surrounded by hollow vesicle-like structures (Figure 3-3c, additional 

images in Figure S9, Supporting Information).  As PLA-b-PCB will self-assemble into 

amorphous core-shell structures,75,285 the amorphous core likely consists primarily of the PLA-b-

PCB-MOM polymer.  Additionally, as PLA-b-PCB-MOM is the only cationic species present in 

these PLNPs, the complexed RNA is also likely present in the amorphous area.  Since DSPC, 

DMG-PEG2000 and cholesterol form highly organized bilayer structures, as previously 

determined by small-angle X-ray scattering and cryo-TEM studies of liposomal 

formulations,293,294 we suggest that the hollow vesicle-like structures surrounding the amorphous 

core consist mainly of DSPC, DMG-PEG2000 and cholesterol.  Some of these vesicles that do not 

appear to be associated with the polymer may indicate an excess of lipids in the formulations.  

Similar vesicle-like structures appeared when MC3 was introduced in 25/25 MOM/MC3 PLNPs 

(Figure 3-3d), but some vesicles appeared to be filled in.  We attribute the filled-in vesicles to 

MC3 because unlike the other lipids, MC3 adopts an amorphous morphology at pH 7.4.295 This 

is consistent with our observations for 0/50 MOM/MC3 LNPs (i.e., no PLA-b-PCB-MOM) 

which appear as homogenous amorphous globules (Figure 3-3e).  We also observed darkening 

of the amorphous core in the 25/25 MOM/MC3 formulation compared to that of 50/0 

MOM/MC3, which suggests that some MC3 is also found in the amorphous core.  This supports 

our hypothesis that RNA is found in the amorphous core, as both MC3 and PLA-b-PCB-MOM 

polymer are cationic and can complex RNA.  We also suggest that some RNA may be found in 

the filled-in vesicles of the 25/25 MOM/MC3 formulation, as the MC3 therein would likely 

complex RNA.  Importantly, the conventional morphology of MC3 LNPs (i.e., 0/50 MOM/MC3, 

Figure 3-3e) are absent in the PLNP formulations, indicating that MC3 was successfully mixed 

into these formulations and did not form a separate population of LNPs. These observations led 

to the proposed structure for our PLNPs (Figure 3-3f).   
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Figure 3-3.  Formulation and characterization of hybrid PLA-b-PCB-X polymer/MC3 PLNPs.  

a) Z-average size and PDI of PLNPs as measured by DLS.  Data presented as mean ± SD of 20 

measurements.  b) RNA encapsulation efficiency of PLNPs as measured by RiboGreen assay.  

Data presented as mean ± SD of 3 technical replicates.  Representative cryo-TEM images of c) 

50/0 PLA-b-PCB-MOM/MC3, d) 25/25 PLA-b-PCB-MOM/MC3 and e) 0/50 PLA-b-PCB-

MOM/MC3 PLNPs.  Scale bar = 200 nm.  f) Proposed structure of mixed PLA-b-PCB-X/MC3 

PLNPs.   

To determine whether the PLA or the PCB block were responsible for the dense 

amorphous core, we also synthesized DSPE-PCB-X polymers with a lipid as the hydrophobic 

anchor instead of PLA (Appendix Figures C-10 ï C-13 and Additional Methods for synthesis, 

Appendix C). The DSPE-PCB-X PLNPs had sizes between 100-150 nm (Appendix Figure C-

14a), which were larger than conventional LNPs (65 nm).  This suggests that the large size of the 

PCB block compared to the rest of the lipids contributes to the large size of PLNPs.  In contrast 

to PLA-b-PCB-X PLNPs, DSPE-PCB-X PLNPs had encapsulation efficiencies of almost 100%, 

suggesting that poor mixing between PLA-b-PCB-X polymers and lipids was responsible for 

lower encapsulation efficiency (Appendix Figure C-14b).   Cryo-TEM images of 50/0 DSPE-

PCB-MOM/MC3 PLNPs (i.e. no MC3) consisted entirely of hollow vesicles without an 

amorphous solid core (Appendix Figure C-15), suggesting that the PLA block, and not the PCB, 

is responsible for the solid core in PLA-b-PCB-X PLNPs.  The images also confirm that DSPC, 
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cholesterol and DMG-PEG2000 make bilayer structures, consistent with previous reports.219,296  

The presence of MC3 in 25/25 DSPE-PCB-MOM/MC3 and 12.5/37.5 DSPE-PCB-MOM/MC3 

resulted in filled-in, amorphous NPs with some degree of blebbing, likely resulting from excess 

DSPC and cholesterol, consistent with another system.295 

3.3.3 PLNPs enhance siRNA-mediated knockdown 

To examine the efficacy of our PLNPs in RNA delivery, we used the PLA-b-PCB-X 

PLNPs to encapsulate siRNA against firefly luciferase (siFLuc) and knockdown FLuc expression 

in an SK-OV-3-FLuc reporter cell line.  To find the ratio of RNA-releasing polymer to ionizable 

lipid that would result in the greatest knockdown, we varied the proportion of PLA-b-PCB-

X/MC3 from 50/0 to 0/50. Neither the 50/0 nor 37.5/12.5 PLA-b-PCB-X/MC3 PLNP 

formulations induced significant FLuc knockdown (Appendix Figure C-16).  We suggest that 

because our polymer does not possess an ionizable group to induce endosomal disruption, a 

minimum amount of MC3 is required to escape the endosome and produce knockdown.  

Moreover, simply co-delivering 50/0 PLA-b-PCB-X/MC3 PLNPs containing siFLuc along with 

empty MC3 LNPs (i.e., without siRNA) was also ineffective at knocking down RNA, indicating 

that the endosome disruption of MC3 must be incorporated in the PLNPs for effective RNA 

delivery (Appendix Figure C-16).  Interestingly, the 25/25 and 12.5/37.5 PLA-b-PCB-X/MC3 

PLNPs induced knockdown comparable to, or better than, conventional MC3 LNPs (Figure 3-

4a).  Moreover, at the highest concentrations tested, all PLNPs were less toxic (as measured by 

PrestoBlue metabolic assay, Appendix Figure C-17a) than the 50 MC3 formulation, likely due to 

the lower amount of ionizable lipid.  There were no significant differences between PLA-b-PCB-

THP, -EOE, and -MOM with regards to toxicity or knockdown; however, the 12.5/37.5 PLA-b-

PCB-MOM/MC3 formulation had an IC50 3-fold lower than that of the 25/25 PLA-b-PCB-

MOM/MC3 (p < 0.01, Figure 3-4b). Almost all formulations had significantly lower IC50 

compared to that of 50 MC3, with the 12.5/37.5 PLA-b-PCB-MOM/MC3 formulation having the 

greatest knockdown with an IC50 5.4-fold lower.   

 Since the commercialization of Onpattro, additional ionizable lipids have been used 

clinically.  Of note, Pfizer and Moderna developed ALC-0315 and SM-102, respectively, for 

their COVID-19 mRNA vaccines, both of which have greater potency than MC3.297,298  We 

wondered if our PLA-b-PCB-X PLNPs would also increase the potency of these LNPs.  We used 
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our best-performing polymer (PLA-b-PCB-MOM) to produce 25/25 and 12.5/37.5 PLA-b-PCB-

MOM/ionizable lipid (ALC-0315 or SM-102) PLNPs.  Similar to the MC3 formulations, 

incorporating PLA-b-PCB-MOM into ALC-0315 and SM-102 increased FLuc knockdown 

compared to the ionizable lipid alone (Figure 3-4c,d): all formulations containing PLA-b-PCB-

MOM had similar IC50 values of 0.2-0.3 nM, which were 3-fold and 5-fold less than 

conventional SM-102 and ALC-0315 formulations, respectively (Figure 3-4e).  As with the 

MC3 PLNPs, ALC-0315 and SM-102 PLNPs had no additional toxicity as measured by the 

PrestoBlue assay (Appendix Figure C-17b).  Thus, incorporating our acid-responsive PLA-b-

PCB-MOM in LNPs is efficacious and broadly applicable. 

To validate our results, we targeted an undruggable, clinically relevant gene, cyclin E1 

(CCNE1), which is a cell cycle marker associated with tumour aggressiveness and drug 

resistance in breast cancer.299ï301 We tested our formulations with a palbociclib-resistant T-47D 

breast cancer cell line, which overexpressed CCNE1.302  We chose to use formulations with SM-

102 because they had the lowest IC50 of the three ionizable lipids tested in our SK-OV-3 studies. 

We encapsulated siRNA against CCNE1 (siCCNE1) in 12.5/37.5 PLA-b-PCB-MOM/SM-102 

PLNPs vs. in SM-102 LNP formulations (and a negative control of 12.5/37.5 PLA-b-PCB-

MOM/SM-102 encapsulating siFLuc). We confirmed that our PLNPs were similarly 

cytocompatible compared to the SM-102 formulation, using the PrestoBlue assay as a proxy for 

cell viability (Figure 3-4f).  The expression of CCNE1 mRNA (measured by qRT-PCR) was 

significantly lower using the PLNP vs. SM-102 formulations (Figure 3-4g).  Therefore, siRNA 

delivery is enhanced with the inclusion of our acid-responsive polymer into LNPs and this is 

generalizable across multiple lipid mixtures, gene targets and cell types. 
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Figure 3-4. PLNPs enhance siRNA-mediated gene knockdown.  a) Dose-response curves based 

on luminescence of 25/25 and 12.5/37.5 PLA-b-PCB-X/MC3 PLNPs encapsulating siFLuc in 

SK-OV-3-FLuc reporter cells (n = 4-6 biological replicates).  b) Quantification of IC50 values 

from (a) (n = 4-6 biological replicates, p values calculated by one-way ANOVA with Tukeyôs 

post-hoc test, *p < 0.05, **p < 0.01).  c) Dose-response curves based on luminescence of 25/25 

and 12.5/37.5 PLA-b-PCB-X/ALC-0315 PLNPs encapsulating siFLuc in SK-OV-3-FLuc cells (n 

= 4 biological replicates).  d) Dose-response curves based on luminescence of 25/25 and 
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12.5/37.5 PLA-b-PCB-X /SM-102 PLNPs encapsulating siFLuc in SK-OV-3-FLuc cells (n = 4 

biological replicates).  e) Quantification of IC50 values from (c) and (d) (p values calculated by 

one-way ANOVA with Tukeyôs post-hoc test, *p < 0.05, ***p < 0.001).  f) Metabolic activity of 

CCNE1-overexpressing T-47D cells after dosing for 24 h with specified treatments as measured 

by the PrestoBlue assay (n = 3 biological replicates).  g) Dose-response curves of CCNE1 

knockdown with PLNPs encapsulating siCCNE1 in CCNE1-overexpressing T-47D cells (n = 3 

biological replicates, p values calculated by two-way ANOVA with Tukeyôs post-hoc test.  Data 

are presented as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. siFLuc 

(PLNP), #p < 0.05 vs. siCCNE1 (SM)).  

3.3.4 PLNPs increase siRNA bioavailability in the cytosol 

We wondered whether the RNA-releasing properties of our polymers were responsible 

for the enhanced siRNA delivery.  To answer this question, we repeated the FLuc knockdown 

assay with two new PLNPs: (1) non-hydrolyzing 12.5/37.5 PLA-b-PCB-CONHEt/MC3 and (2) 

slow hydrolyzing 12.5/37.5 PLA-b-PCB-COOEt/MC3 (Figure 3-5a). PLA-b-PCB-CONHEt 

does not hydrolyze under physiological conditions for at least one week whereas PLA-b-PCB-

COOEt hydrolyzes completely over the same period.285  We hypothesized that if the hydrolysis 

of the pendant group led to greater RNA release, then FLuc knockdown would be proportional to 

the rate of hydrolysis of the polymer.  We observed that PLA-b-PCB-CONHEt/MC3 PLNPs had 

similar potency to the conventional MC3 LNPs, and PLA-b-PCB-COOEt/MC3 PLNPs had an 

intermediate potency between that of PLA-b-PCB-MOM/MC3 PLNPs and the MC3 LNPs 

(Figure 3-5b).  PLA-b-PCB-MOM/MC3 was significantly more potent than all other 

formulations and PLA-b-PCB-COOEt/MC3 more potent than MC3 LNPs, as determined by 

lower IC50 values (Figure 3-5c).  Thus, the acid-responsive hydrolysis of the hemiacetal groups 

in our polymers plays a significant role in the mechanism of RNA release from the PLNPs.  

 To visualize RNA in cells after internalization, we delivered Cy3-labelled siRNA and 

used confocal microscopy to measure fluorescence (Figure 3-5d).  If siRNA was being delivered 

to the cytosol, we would see increased diffuse fluorescence and Cy3 area per cell whereas if 

RNA was trapped in endosomes, we would observe more punctate structures.203,303  For all three 

NPs tested, we observed both diffuse and punctate Cy3, indicating siRNA was found both in the 

cytosol and endosomes 3 h after transfection.  However, the Cy3-siRNA signal observed with 
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PLA-b-PCB-MOM/MC3 PLNPs covered 30% more area per cell than the MC3 LNPs (Figure 3-

5e), suggesting that more Cy3-siRNA was released into the cytosol.  This was further confirmed 

with Cy3 pixel intensity per cell (Figure 3-5f), which was greatest when siRNA was delivered 

using the PLA-b-PCB-MOM/MC3 PLNPs.  An increase in fluorescence intensity is often 

observed with both small molecules304 and fluorescent RNA conjugates148,303 after endosomal 

escape.  This observation provides additional evidence for RNA release from the carrier and 

subsequent release into the cytosol.   Importantly, the diffuse signal observed in the cytosol is 

consistent with previously proposed mechanisms where individual RNA molecules leak out from 

disrupted endosomes into the cytosol.14,303  Thus, we hypothesize that more RNA molecules are 

available to diffuse out of disrupted endosomes with the inclusion of PLA-b-PCB-X in our 

PLNPs because they increase RNA dissociation therefrom at the lower endosomal pH. 
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Figure 3-5. Acid-responsive hydrolytic group increases siRNA bioavailability in the cytosol.  a) 

Chemical structures of pendant groups used for experiments.  b) Dose-response curves of 

luminescence vs. siFLuc delivered in PLNPs to SK-OV-3-FLuc cells (n = 4-6 biological 

replicates, data for 50 MC3 and 12.5/37.5 PLA-b-PCB-MOM/MC3 are reproduced from Figure 

4a for comparison). c) IC50 values for data in (b). Data for 50 MC3 and 12.5/37.5 PLA-b-PCB-

MOM/MC3 are reproduced from Figure 4b for comparison. d) Representative images of Cy3-
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siRNA distribution in SK-OV-3 cells.  The right image in each pair is an expansion of the boxed 

region in the left image.  Scale bar = 50 ɛm.  e) Area in pixels of Cy3 signal per cell (n = 8 

biological replicates).  f) Total Cy3 pixel intensity per cell, as calculated by raw integrated 

density function in ImageJ (n = 8 biological replicates, p values calculated using one-way 

ANOVA with Tukeyôs post-hoc test).  Data are presented as mean ± SD, *p < 0.05, ***p < 

0.001.   

3.3.5 Uptake and endosomal escape of PLNPs 

 We examined whether the PLNPs had different uptake and endosomal escape than LNPs 

by confocal microscopy.  To do this, we encapsulated DiD in the PLNPs and delivered them to 

SK-OV-3 cells expressing an mCherry-galectin 9 fusion protein (mChG9).  When endosomal 

disruption occurs, galectin 9 will accumulate on the interior of the disrupted endosome, which 

will be visible as mCherry puncta,305 as we also observed here.  This allowed us to detect PLNP 

uptake and endosomal escape simultaneously. 

SK-OV-3 cells were treated with 25 nM of siFLuc delivered with either 12.5/37.5 PLA-

b-PCB-MOM/MC3 PLNPs, 50/0 PLA-b-PCB-MOM/MC3 PLNPs or 50 MC3 LNPs (Figure 3-

6a).  Strikingly, uptake was observed for both 12.5/37.5 PLA-b-PCB-MOM/MC3 and 50 MC3 

LNPs, but not for the 50/0 PLA-b-PCB-MOM/MC3 PLNPs, indicating that MC3 is essential for 

uptake in our system (Figure 3-6b).  A similar trend was observed with endosomal disruption 

where 12.5/37.5 PLA-b-PCB-MOM/MC3 PLNPs and 50 MC3 LNPs both had elevated amounts 

of galectin 9 puncta (Figure 3-6c).  In both uptake and endosomal escape, there were no 

significant differences between the 12.5/37.5 PLA-b-PCB-MOM/MC3 PLNPs and the 50 MC3 

LNPs and thus these factors do not explain the increased RNA delivery efficiency for the PLNPs 

compared to MC3 LNPs. 

 We then wondered if the PLA hydrophobic block influenced uptake and endosomal 

escape, and thus we repeated the experiments with DSPE-PCB-X PLNPs.  Like 50/0 PLA-b-

PCB-X/MC3 PLNPs, 50/0 DSPE-PCB-MOM/MC3 PLNPs were not taken up significantly, 

demonstrating the importance of having MC3 in the formulation for cell uptake (Appendix 

Figure C-18a).  Interestingly, 12.5/37.5 PLA-b-PCB-MOM/MC3 resulted in higher uptake and 

greater endosomal disruption (as measured by Gal9 puncta) than that for 12.5/37.5 DSPE-PCB-

MOM/MC3 (Appendix Figure C-18a-b).  When endosomal disruption is plotted against NP 
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puncta, the DSPE-PCB-MOM/MC3 PLNPs have a lower slope, which shows that they are less 

efficient than PLA-b-PCB-X/MC3 at disrupting endosomes after uptake (Appendix Figure C-

18c).  Previous studies have shown that the low membrane fluidity of 18:0 saturated lipids such 

as DSPE have lower transfection efficiencies compared to more fluid membranes due to 

decreased fusion with the endosomal membrane.306,307  Therefore, the amorphous morphology of 

the PLA anchor may be more favourable for interaction with the endosomal membrane than the 

lamellar morphology of the DSPE anchor. 

 In addition to PLNP morphology, we wondered whether other factors, such as cell type, 

were responsible for the observed differences in uptake between PLNPs.  To answer this 

question, we tested cell uptake with two additional cell lines: (1) T-47D breast cancer cells as 

used for our CCNE1 knockdown assay and (2) HepG2 liver cancer cells, which were chosen 

because of the liverôs propensity to take up LNPs.308 We hypothesized that because these cells 

are found in fattier tissues than SK-OV-3 cells, they may prefer a lipid hydrophobic anchor over 

a polyester hydrophobic one.  We noticed that while the best and worst performing PLNPs 

remained the same, less NPs in general were taken up by both cell lines (Appendix Figure C-19). 

This finding was unsurprising because different cell lines are known to uptake NPs with varying 

efficiencies.309  Unlike with the SK-OV-3 cells, 12.5/37.5 DSPE-PCB-MOM/MC3 PLNPs 

performed similarly to the 12.5/37.5 PLA-b-PCB-MOM/MC3 PLNPs and the 50 MC3 LNPs.  

Thus, replacing the polymeric PLA with a fatty-acid DSPE may have helped increase uptake in 

these cell types. Though we did not further explore the DSPE-PCB-X PLNPs, this discovery may 

be useful for future iterations of this technology for delivery to these target tissues as it is well 

reported that changing the lipid composition of LNPs can greatly affect their 

biodistribution.140,141   

 To further understand the uptake mechanism of PLA-b-PCB-X PLNPs, we inhibited 

different endocytosis pathways using small molecules: amiloride (a macropinocytosis inhibitor), 

chlorpromazine (a clathrin-mediated endocytosis inhibitor), genistein (a caveolae-dependent and 

clathrin-independent endocytosis inhibitor), hydroxydynasore (a dynamin-mediated endocytosis 

inhibitor), and nystatin (a cholesterol-dependent endocytosis inhibitor).310,311  SK-OV-3 cells 

were pre-treated with one of each of the small molecule inhibitors and then dosed with either 

12.5/37.5 PLA-b-PCB-MOM/MC3 PLNPs or 50 MC3 LNPs.  Of all the inhibitors tested, only 

hydroxydynasore reduced (and in fact, abolished) uptake for both NPs (Figure 3-6d).  This result 



81 

 

was also reproduced using T-47D cells, indicating that the uptake mechanism is consistent across 

different cell types (Appendix Figure C-20).  Previous studies have shown that one of the most 

important proteins for internalization of LNPs is apolipoprotein E, which is recognized by the 

LDL receptor on the cell surface.254,312  Hydroxydynasore is likely an effective inhibitor of LNP 

uptake because endocytosis by LDL receptor is a dynamin-dependent process.313  The lack of 

inhibition by amiloride and chlorpromazine is somewhat surprising, as previous studies have 

demonstrated uptake in HeLa and Raw 264.7 cell lines by the mechanisms inhibited by these 

drugs.14,310  However, endocytic inhibition by small molecules has varying effectiveness across 

cell types,314 and thus it is possible that the SK-OV-3 cells used in our experiment are less 

sensitive to amiloride and chlorpromazine than previously tested cells.  Notwithstanding these 

differences, we demonstrated that our PLA-b-PCB-X PLNPs are taken up by the same 

mechanism as conventional LNPs.  These data, in conjunction with the increased Cy3-siRNA 

area and intensity observed in Figure 5, suggest that the increased RNA transfection displayed by 

PLNPs is caused by greater RNA release from disrupted endosomes into the cytosol. 

 

Figure 3-6.  Uptake and endosomal escape of PLNPs in SK-OV-3-mChG9 cells.  a) 

Representative images of uptake and endosomal escape in SK-OV-3 cells.  Scale bar = 50 ɛm.  

b) Number of NP puncta per cell as visualized using the DiD channel (n = 4 biological replicates, 
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p values calculated using one-way ANOVA with Tukeyôs post-hoc test).  c) Number of disrupted 

endosomes per cell as visualized by Gal9-mCherry foci (n = 4 biological replicates, p values 

calculated using one-way ANOVA with Tukeyôs post-hoc test).  d) NP puncta per cell after pre-

treatment with endocytosis inhibitors (n = 3 biological replicates, p values calculated using two-

way ANOVA with Sidakôs post-hoc test).  Data are presented as mean ± SD, ns = not significant, 

*p < 0.05, ***p < 0.001.   

3.3.6 PLNPs enhance mRNA delivery compared to conventional LNPs 

We were curious whether our PLNPs would also be suitable for mRNA delivery.  mRNA 

delivery is considerably more challenging than siRNA because it is larger and single-stranded, 

making it both more difficult to load into nanoparticles and more prone to degradation.  We 

switched our formulation method from microfluidic mixing (which had low mRNA 

encapsulation efficiency) to pipette mixing, and increased the N:P ratio from 6:1 to 10:1 ï a 

strategy that has been used by other groups to improve mRNA encapsulation in polymeric 

systems.172,175,223  These mRNA encapsulated PLNPs had similar physical characteristics to our 

siRNA PLNPs, with z-average diameters of 120-170 nm and PDIs of 0.2-0.3, as measured by 

DLS (Figure 3-7a).  However, the zeta potential was slightly more negative, ranging between -4 

to -7 mV (Figure 3-7b) in contrast to siRNA, which had slightly positive zeta potentials of +2 to 

+ 6 mV.  By pipette mixing, we achieved mRNA encapsulation efficiencies of 55-69% (Figure 

3-7c), which is admittedly lower than the gold standard (MC3 LNP at 88%), yet acceptable for 

testing in vitro.    

 We compared the delivery of FLuc mRNA to SK-OV-3 cells using the PLNPs vs. MC3 

LNPs alone and found that our 12.5/37.5 PLA-b-PCB-X/MC3 PLNPs retained significantly 

higher metabolic activity at the highest concentration tested of 0.5 ɛg/mL FLuc mRNA 

compared to conventional MC3 LNPs (Figure 3-7d).  We attribute the reduced toxicity of our 

PLNPs to the lower concentration of MC3, which is toxic at high concentrations.  Thus, our 

PLNPs may enable higher dosing of mRNA in future applications.  Additionally, we observed 

that the 12.5/37.5 PLA-b-PCB-MOM/MC3 PLNPs resulted in significantly higher transfection 

than conventional MC3 LNPs at the highest non-toxic dose of 0.1 ɛg/mL, suggesting that the 

release observed for siRNA would also be applicable to mRNA (Figure 3-7e).  The increased 

efficacy of the PLA-b-PCB-MOM polymer over the other two may be attributed to it having the 
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smallest pendant group, which gives it the least steric hinderance to hydrolysis and least 

hydrophobic character.  In contrast, the larger pendant groups of PLA-b-PCB-EOE and -THP 

may have more hydrophobic interactions with mRNA, which could both decrease hydrolysis by 

way of steric hinderance, and prevent full dissociation of mRNA after hydrolysis at acidic pH.  

Thus, our PLNPs (especially the PLA-b-PCB-MOM PLNPs) are advantageous for mRNA 

delivery due to both their RNA-releasing ability and their lower toxicity compared to 

conventional LNPs.  

 

Figure 3-7.  Formulation and delivery of PLNPs encapsulating FLuc mRNA.  a) Size and PDI of 

12.5/37.5 PLA-b-PCB-X/MC3 PLNPs encapsulating FLuc mRNA as measured by DLS (n = 3 

technical replicates).  b) Zeta potential of PLNPs (n = 3 technical replicates).  c) Encapsulation 

efficiency of PLNPs as measured by RiboGreen assay (n = 4 technical replicates).  d) Metabolic 

activity of SK-OV-3 cells after dosing with treatments.  e) Dose-response curves of 

luminescence per microgram total protein content vs. FLuc mRNA in SK-OV-3 cells (n = 4 

biological replicates, data are presented as mean ± SD *p < 0.05, ***p < 0.001, calculated by 

two-way ANOVA with Tukeyôs post-hoc test).  
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3.4 Conclusions 

We successfully synthesized PLA-b-PCB-X polymers where X represents one of three 

acid-responsive hemiacetal pendant groups.  These polymers were formulated with lipids into 

PLNPs that could encapsulate both siRNA and mRNA with high efficiency.  PLNPs delivered 

RNA at higher efficiencies than conventional LNPs in a variety of cell lines.  We demonstrated 

the broad applicability of our approach with three different ionizable lipids, which is especially 

important as more formulations are optimized.  We determined that the PLNPs were internalized 

by the same mechanisms as conventional LNPs and induced endosomal escape to an equal 

degree.  Moreover, we found that acid-responsive release of RNA from the PLNPs was 

necessary for increased efficacy and confirmed that more siRNA was released to the cytosol 

using our PLNPs than traditional LNPs.  Thus, in these mixed NPs, the ionizable MC3 lipid is 

responsible for endosomal escape while our PLA-b-PCB-X polymer for RNA release from the 

nanoparticles. Therefore, we demonstrate the importance of RNA dissociation from its 

nanocarrier after endocytosis and we emphasize this as a primary consideration when designing 

RNA nanocarriers.   

3.5 Experimental Section 

3.5.1 Materials  

The following were purchased from Sigma-Aldrich (St. Louis, USA) and used as received unless 

otherwise noted: 3,6-dimethyl-1,4-dioxane-2,5-dione (D,L-lactide), tin (II) 2-ethylhexanoate, 4-

cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CTA-OH), N-[3-( 

dimethylamino)propyl]methacrylamide (DMAPMA), 2,2ǋ-azobis(2-methylpropionitrile) (AIBN), 

bromoacetic acid, 3,4-dihydro-2H-pyran, cholesterol, 2,2,2-trifluoroethanol, deuterium oxide, 

methanol-d4.  Ethyl vinyl ether and bromomethyl methyl ether were purchased from TCI 

Chemicals (Tokyo, Japan). Genistein, nystatin, chlorpromazine, amiloride, hydroxydynasore and 

DLin-MC3-DMA were purchased from MedChemExpress (Monmouth Junction, USA).  

Toluene, 1,4-dioxane, dimethylformamide (DMF), dichloromethane (DCM), acetonitrile-d3 and 

methanol were purchased from Caledon Laboratories (Halton Hills, Canada).  DSPC and DMG-

PEG2k were purchased from Avanti Polar Lipids.  Ethanol was purchased from Commercial 

Alcohols Inc. (Brampton, Canada).  Chloroform-d and DMSO-d6 were purchased from 

Cambridge Isotope Laboratories (St. Laurent, Canada).  EZ Cap Firefly Luciferase mRNA was 
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purchased from ApexBio (Houston, USA).  siRNA and DNA primers were synthesized by 

Integrated DNA Technologies (Coralville, USA) (sequences can be found in Appendix Table C-

1 ï C-2).  SilencerÊ CyÊ3-labeled Negative Control No. 1 siRNA (Cy3-siRNA), Quant-iT 

RiboGreen RNA reagent, SYBR Safe DNA Gel Stain, RPMI 1640 and DMEM were purchased 

from Thermo Fisher (Waltham, USA).  SK-OV-3, SK-OV-3-FLuc, and HepG2 cells were 

purchased from ATCC (Manassas, USA).  Palbociclib-resistant T-47D cells were a generous gift 

from Prof. David Cescon (University Health Network, Canada) and were generated as previously 

described.302  Fetal bovine serum and penicillin-streptomycin were purchased from Wisent 

Bioproducts (Saint-Jean-Baptiste, Canada).   

3.5.2 Polymer synthesis 

PLA-b-PDMAPMA was synthesized as previously described.285 To synthesize PLA-b-

PCB derivatives, PLA-b-PDMAPMA was dissolved in DMF at 75 mg/mL and cooled in an ice-

water bath.  Then, one of tetrahydro-2H-pyran-2-yl 2-bromoacetate (THP-Br), 1-ethoxyethyl 2-

bromoacetate (EOE-Br) or methoxymethyl 2-bromoacetate (MOM-Br), equal to 3 molar 

equivalents of reactive amines on PLA-b-PDMAPMA, was added to the solution and stirred for 

2 h in an ice-water bath.  The syntheses of THP-Br, EOE-Br and MOM-Br are described in 

Appendix C.  The reaction mixture turned cloudy as the reaction progressed.  The polymer was 

then precipitated in ice-cold diethyl ether and the precipitate was pelleted by centrifugation at 4 

ęC (4500 x g, 5 min).  The pellet was then redissolved in minimal trifluoroethanol (TFE), and the 

precipitation and pelleting procedure was repeated twice more.  The pellet was dried overnight in 

vacuo to produce an off-white to light brown solid.  The product was characterized by 1H NMR.  

PLA-b-PCB-THP: 1H NMR (500 MHz, DMSO-d6): ŭ 7.61 (br, 1H), 6.04 (br, 1H), 5.17 (m, 1H 

PLA), 4.81 (br, 2H), 4.20 (br, 2H), 3.10 (br, 2H), 2.81 (br, 6H), 2.01-1.67 (br, 6H), 1.46 (br, 3H 

PLA), 1.05-0.71 (br, 5H). 1H NMR (500 MHz, CD3CN:D2O = 2:1): ŭ 7.70 (br, 1H), 6.06 (br, 

1H), 5.07 (br, 1H PLA), 3.75 (br, 2H), 3.51 (br, 2H), 3.23 (br, 2H), 3.11 (br, 6H), 3.05 (br, 2H), 

2.79 (br, 2H), 1.84 (br, 4H), 1.42 (br, 3H PLA), 1.31-1.21 (br, 6H), 1.05-0.71 (br, 5H). 

PLA-b-PCB-EOE: 1H NMR (500 MHz, DMSO-d6): ŭ 7.57 (br, 1H), 6.05 (br, 1H), 5.18 (br, 1H 

PLA), 4.64 (br, 2H), 3.87 (br, 2H), 2.79 (br, 6H), 1.84 (br, 4H), 1.46 (br, 3H PLA), 1.31-1.21 (br, 

6H), 1.05-0.71 (br, 5H).  1H NMR (500 MHz, CD3CN:D2O = 2:1): ŭ 7.70 (br, 1H), 6.06 (br, 1H), 
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5.07 (br, 1H PLA), 3.75 (br, 2H), 3.51 (br, 2H), 3.23 (br, 2H), 3.11 (br, 6H), 3.05 (br, 2H), 2.79 

(br, 2H), 1.84 (br, 4H), 1.42 (br, 3H PLA), 1.31-1.21 (br, 6H), 1.05-0.71 (br, 5H). 

PLA-b-PCB-MOM: 1H NMR (500 MHz, DMF-d7): 6.23 (br, 2H), 5.27 (br, 1H PLA), 4.78-4.56 

(br, 2H), 3.28 (br, 6H), 3.11 (br, 6H), 1.97 (br, 2H), 1.56 (br, 3H PLA), 1.45-0.83 (br, 5H). 1H 

NMR (500 MHz, CD3CN:D2O = 1:1): ŭ 7.70 (br, 1H), 5.07 (br, 1H PLA), 3.75 (br, 2H), 3.51 (br, 

2H), 3.23 (br, 2H), 3.11 (br, 6H), 3.05 (br, 2H), 2.79 (br, 2H), 1.84 (br, 4H), 1.42 (br, 3H PLA), 

1.31-1.21 (br, 6H), 1.05-0.71 (br, 5H). 

3.5.3 Polymer nanoparticle formulation 

To produce polymer-only nanoparticles for gel retardation assay and zeta potential 

measurement, the PLA-b-PCB polymers were dissolved in TFE at 4 mg/mL.  125 ɛL polymer 

solution was then added to 375 ɛL PBS and mixed thoroughly by pipette.  The solution was 

transferred to an Amicon Ultra 4 centrifugal filter unit (MWCO = 10 kDa) (Millipore Sigma, 

Burlington, USA) and diluted further with 4 mL PBS.  The NP suspension was concentrated by 

centrifugation (3500 x g, 20 min, room temperature, RT) and resuspended in 500 uL PBS to 

produce a ~1 mg/mL suspension. 

3.5.4 Gel retardation assay 

Polymer NPs were concentrated using Amicon Ultra 0.5 centrifugal filter units (MWCO = 10 

kDa) and re-diluted to 2 mg/mL in PBS.  Separately, siFLuc was diluted to 0.2 mg/mL in TBE 

buffer (90 mM Tris, 90 mM borate and 2 mM EDTA, pH 8.3).  In a microcentrifuge tube, 10 ɛL 

NP suspension, 1.26 ɛL siRNA solution, and 3.74 ɛL TBE buffer were mixed to give an N:P 

ratio of 10.  The mixtures were incubated 30 min at RT to allow for RNA complexation with 

NPs.  3 ɛL 6X loading dye was added to each mixture then loaded onto separate wells of 6% 

TBE SDS-PAGE gels (Thermo-Fisher, Waltham, USA).  Electrophoresis was run in TBE buffer 

for 1 h at 100 V.  Gels were stained in 2X SYBR Safe stain (Thermo-Fisher, Waltham, USA) in 

TBE buffer, then imaged under blue light using a E-Gel Imager system (Thermo-Fisher, 

Waltham, USA).  Band intensities were calculated using ImageJ software and RNA was 

quantified against a calibration curve of free siFLuc.   
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3.5.5 PLNP formulation 

Appropriate amounts of DSPC, cholesterol, and DMG-PEG2k were dissolved in ethanol 

such that they would compose 19, 25, and 6 wt% respectively of the PLNP.  Amounts of PLA-b-

PCB-X polymer and DLin-MC3-DMA varied between 0-50 wt% depending on the formulation.  

To aid solubility of the PLA-b-PCB-X polymer, a 10 mg/mL stock solution of polymer in TFE 

was produced first, then the appropriate amount was added to the lipid solution in ethanol.  The 

total mass of lipids and polymer in the organic phase was 0.5 mg.  Additional ethanol was added 

to give a total volume of 200 ɛL for the organic phase.  Separately, the appropriate amount of 

RNA was dissolved in 25 mM acetate buffer (pH 4.0) to give the desired N:P ratio of 6 for 

siRNA or 10 for mRNA.  The aqueous phase was brought to 600 ɛL in volume by adding acetate 

buffer. 

For siRNA containing PLNPs, the organic and aqueous phases were mixed using a 

NanoAssemblr Benchtop microfluidic mixer (Precision Nanosystems, Vancouver, Canada).  The 

phases were mixed at 3:1 aqueous:organic ratio with total flow rate 9 mL/min.  For mRNA-

containing PLNPs, the phases were mixed by pipetting up and down at least 15 times, then 

letting incubate at RT for 5 min.  After mixing, the PLNPs were immediately diluted to 4.5 mL 

in PBS to prevent hemiacetal hydrolysis in acid, then transferred to Amicon Ultra 4 centrifugal 

filter units (MWCO = 10 kDa).  The PLNPs were concentrated by centrifugation (3500 x g, 20 

min, RT) then diluted back to 0.5 mL in PBS.  The PLNPs were then sterilized by filtering 

through Millex GV 0.22 ɛm PDVF syringe filters, then stored at 4 ęC until use.   

3.5.6 PLNP Characterization 

PLNP size was determined by dynamic light scattering on either a Dynapro Plate Reader 

II (Wyatt Technology, Santa Barbara, CA) or Zetasizer Nano ZS (Malvern Panalytical, Malvern, 

United Kingdom).  PLNP samples were diluted to 50 ɛg/mL in PBS and measured for at least 20 

runs in duplicate measurements.  Sizes are reported as intensity-weighted Z-averages. 

Zeta potential was determined using a Zetasizer Nano ZS.  PLNP samples ~1 mg/mL in 

PBS were diluted 20x in ddH2O, then transferred to a disposable zeta potential cell for 

measurement.  Zeta potentials are reported as the mean of triplicate measurements. 
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RNA encapsulation was determined by RiboGreen assay, which measures free RNA in 

solution.  Free RNA content was measured before and after disrupting PLNPs with 2% Triton X-

100 and 2 mg/mL heparin in TE buffer, and % encapsulation was determined as: 

Ϸ ὩὲὧὥὴίόὰὥὸὭέὲ ȟ

ȟ
ρzππϷ                                      (1) 

where cRNA,free and cRNA, disrupted represent the amounts of RNA detected before and after 

PLNP disruption by Triton and heparin. 

For cryo-TEM, PLNPs were concentrated to at least 10 mg/mL in PBS using Amicon 

Ultra 0.5 centrifugal filter units (MWCO = 10 kDa).  6 ɛL of this suspension was transferred to 

charged lacey formcar/carbon TEM grids (Ted Pella Inc., Redding, USA), and vitrified in liquid 

ethane using a Vitrobot system (Thermo Fisher, Waltham, USA).  Grids were kept frozen in 

liquid nitrogen until imaging.  Imaging was performed using a Talos L120C Transmission 

Elecron Microscope (Thermo Fisher, Waltham, USA).     

3.5.7 Cell culture 

All cells were maintained in a humidified incubator at 37 ęC and 5% CO2.  SK-OV-3, 

SK-OV-3-FLuc, SK-OV-3-mChG9, and T-47D cell lines were cultured in Corning T75 flasks in 

RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin.  

HepG2 cells were maintained in Corning T75 flasks in DMEM supplemented with 10% fetal 

bovine serum and 1% penicillin/streptomycin. The medium was replaced twice per week and 

cells were passaged when they reached 75% confluency.   

3.5.8 FLuc knockdown assay 

SK-OV-3-FLuc cells were seeded in white-walled, clear bottom 96-well plates at 5 x 103 

cells/well and allowed to adhere overnight.  The culture medium was then removed and was 

replaced by 100 ɛL/well PLNP treatments in complete medium.  Cells were incubated with 

treatments 24 h, then the treatments were removed, replaced with complete medium and 

incubated an additional 24 h.  The medium was then replaced with 1X PrestoBlue (Thermo 

Fisher, Waltham, USA) in complete medium and the cells were returned to the incubator for 1 h.  

Fluorescence was read on a Tecan infinite TE200 plate reader (Männedorf, Switzerland) with 

excitation/emission 535/590 nm.   
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SteadyGlo reagent (Promega, Madison, USA) was reconstituted according to the 

manufacturerôs instructions then diluted with an equal volume of HBSS.  The PrestoBlue reagent 

was removed from cells and replaced with 50 ɛL/well diluted SteadyGlo reagent.  Cells were 

incubated 5 min at RT to allow for complete cell lysis, then luminescence was measured using 

the Tecan plate reader with 1 s integration time.   

Metabolic activity was calculated by subtracting cell-free controls from all fluorescence 

measurements, then normalizing to untreated controls (Eqn. 2).  FLuc knockdown was calculated 

by first dividing the luminescence measurements by the blank-subtracted fluorescence 

measurement from the same well.  The normalized luminescence measurements were then 

normalized to untreated controls (Eqn. 3).     

 Ϸ ὓὩὸὥὦέὰὭὧ ὥὧὸὭὺὭὸώ                       (2) 

 Ϸ ὒόάὭὲὩίὧὩὲὧὩ                              (3)  

3.5.9 FLuc mRNA transfection assay 

SK-OV-3 cells were seeded in white-walled, clear-bottom 96-well plates at 1 x 104 

cells/well and allowed to adhere overnight.  The medium was removed and replaced with 100 

ɛL/well PLNP treatments in complete medium.  The cells were incubated 24 h with treatments, 

then the treatments were replaced with complete medium and incubated another 24 h.   

Metabolic activity was measured with PrestoBlue as described in the previous section.  

The PrestoBlue was then removed and the cells were washed once with PBS.  The cells were 

then lysed with 55 ɛL Glo Lysis Buffer (Promega, Madison, USA).  30 ɛL cell lysate was then 

transferred to a clear 96-well plate and the total protein content was measured using Pierce BCA 

Protein Assay Kit (Thermo Fisher, Waltham, USA) according to the manufacturerôs instructions.  

To the remaining 25 ɛL cell lysate was added 25 ɛL reconstituted SteadyGlo reagent.  After 5 

min incubation at RT, luminescence was measured on a plate reader with 1 s integration time.  

Luminescence (in RLU) was normalized to total protein content.   
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3.5.10 CCNE1 knockdown assay 

Palbociclib-resistant T-47D cells were seeded in 24-well plates at 1 x 105 cells/well and 

allowed to adhere overnight.  The medium was removed and replaced with 500 ɛL/well PLNP 

treatments in complete medium.  The cells were incubated 24 h with treatments, then replaced 

with 500 ɛL/well complete medium, and incubated another 24 h.  The cells were then detached 

using trypsin-EDTA, pelleted and resuspended in PBS.  The cells were then pelleted once more, 

flash-frozen in liquid nitrogen and stored at -80 ęC until RNA extraction.   

Total RNA was extracted from cell pellets using NucleoSpin RNA II kit (Macherey-

Nagel, D¿ren, Germany) according to the manufacturerôs instructions.  RNA was quantified 

using the RNA-40 module on a Nanodrop UV-Vis spectrometer (Thermo Fisher, Waltham, 

USA).  cDNA was synthesized immediately after RNA extraction using Superscript VILO kit 

(Thermo Fisher, Waltham, USA) according to the manufacturerôs instructions.  cDNA was 

stored at -80 ęC until qPCR. 

DNA primers for CCNE1 and ACTB (50 ɛM) were diluted in Power UP SYBR Green 

Master Mix (Thermo Fisher, Waltham, USA) at a 1:10 ratio.  5.5 ɛL of this master mix was then 

mixed with 4.5 ɛL cDNA solution in each well of a 384-well qPCR plate.  qPCR was performed 

using a QuantStudio 6 Real-Time PCR System (Thermo Fisher, Waltham, USA), with 40 cycles 

of 15 s denaturation at 95 ęC and 1 min annealing/extension at 60 ęC.  CCNE1 knockdown was 

quantified using the ȹȹCT method with ACTB as the reference gene.   

3.5.11 Cy3 siRNA localization studies 

Cy3-siRNA was encapsulated in PLNPs using the protocol described above.  SK-OV-3 

cells were seeded in black 96-well plates at 2.5 x 104 cells/well and allowed to adhere overnight.  

The medium was aspirated, then the cells were dosed with 50 ɛL/well of 25 nM Cy3-siRNA in 

complete medium.  The cells were incubated with treatments for 3 h in a humidified 37 ęC 

incubator.  The cells were washed once with complete medium, then stained with 5 ɛg/mL 

Hoechst 33342 in complete medium 10 min at 37 ęC.  The stain was replaced with complete 

medium, then immediately imaged using a Zeiss Apotome Live Cell AxioObserver inverted 

fluorescent microscope (Oberkochen, Germany).  Cells were imaged live and maintained in a 

humidified 37 ęC incubator with 5% CO2 during imaging.  A 20x Plan Neofluor objective (NA 
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0.4) (Carl Zeiss Canada) was used, and 4 images were taken in a 2x2 pattern and stitched 

together to produce a wide-angle composite image.  Image acquisition was automated by setting 

the focal plane to the nuclei channel (Hoechst).  The channels used were Hoechst (Ex/Em = 359-

371/>397 nm) and Cy3 (540-580 593-668).  Typically, 100% laser power was used with 

exposure times ranging from 500 ï 1500 ms.  Exposure times and illumination were kept 

constant across all wells of a plate.   

Cell counting and Cy3 intensity analysis were performed using ImageJ.  In the Hoechst 

channel, a threshold was automatically applied to eliminate background signal, then the image 

was binarized and a watershed algorithm applied to separate touching cells.  Particles >20 ɛm2 

were counted as cell nuclei.  In the Cy3 channel, a threshold was automatically applied to 

eliminate background signal, then total Cy3 signal across the entire image was quantified using 

the RawIntDen function.  

3.5.12 Uptake and endosomal escape determination by confocal 
microscopy 

SK-OV-3 cells were transduced with mCherry-Galectin9 (mChG9) plasmids according to 

a previous protocol to produce the SK-OV-3-mChG9 cell line.311
  Separately, PLNPs were 

stained by modifying the earlier procedure to include 0.1 wt% DiD (Thermo Fisher, Waltham, 

USA) in the organic phase during formulation.  SK-OV-3-mChG9 cells were seeded in black-

walled clear-bottom 96-well plates at 2.5 x 104 cells/well and allowed to adhere overnight.  The 

medium was removed and replaced with 50 ɛL of 10 nM siRNA in DiD-stained PLNPs.  The 

cells were incubated with treatments for 3 h, then washed once with PBS and fixed with 4% 

paraformaldehyde in PBS for 15 min at RT.  The fixative was removed, then the cells were 

stained with 5 ɛg/mL Hoechst 33342 in PBS for 15 min at RT.  Cells were washed twice with 

PBS, and then replaced with 100 ɛL PBS and stored at 4 ęC in the dark until imaging.  

Cells were imaged on a Zeiss Apotome Live Cell AxioObserver inverted fluorescent 

microscope (Oberkochen, Germany) with a long working distance 40x Plan Neofluor objective 

(NA 0.6) (Carl Zeiss Canada), an X-Cite 120 LED fluorescent lamp (Lumen Dynamics), and an 

Axiocam 506 mono camera (Carl Zeiss Canada).  Zen Blue 2.3 was used to acquire images.  

Image acquisition was automated by setting the focal plane to the nuclei channel (Hoechst).  9 

images were taken in a 3x3 pattern and stitched together to produce a wide-angle composite 
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image.  The channels used were Hoechst (Ex/Em = 359-371/>397 nm), mCherry (540-552/575-

640 nm) and DiD (625-655/665-715 nm).  Typically, 100% laser power was used with exposure 

times ranging from 500 ï 3000 ms.  Exposure times and illumination were kept constant across 

all wells of a plate.   

NP and Gal9 foci were quantified using a MATLAB script modified from Kilchrist et 

al.315 which is available at: https://github.com/kaislaughter/mChG8_image_processing.  The 

script first applied a threshold to eliminate background signal, then performed a top hat 

transform to identify cell nuclei, NP puncta, and Gal9 puncta.  The images were then binarized 

and a watershed algorithm applied to separate touching features.  Cell features were then 

automatically counted and tabulated.  At least 100 cells were counted per image, and the average 

counts across 3-6 wells were considered as one biological replicate. 

3.5.13 Uptake studies with endocytosis inhibitors 

SK-OV-3-mChG9 or T-47D cells were seeded in black 96-well plates at 2.5 x 104 

cells/well and allowed to adhere overnight. Genistein, nystatin, chlorpromazine, amiloride, and 

hydroxydynasore stock solutions were prepared in sterile DMSO.  Immediately before dosing 

with cells, inhibitor solutions were prepared in complete medium using the stock solutions.  The 

concentrations used to dose cells were 200 ɛM genistein, 25 ɛg/mL nystatin, 10 ɛg/mL 

chlorpromazine, 2.5 mM amiloride and 100 ɛM hydroxydynasore, in keeping with previously 

established protocols.310,311 The cells were incubated with 50 ɛL/well inhibitor solution for 30 

min, then 50 ɛL 20 nM siRNA in PLNPs were added without removing the inhibitor solutions 

for a final concentration of 10 nM siRNA.  The cells were incubated with the PLNPs and 

inhibitors for 3 h.  Fixation, staining, image acquisition and image processing proceeded as 

described in the previous section.   

3.5.14 Statistical analysis 

All data are displayed as mean ± standard deviation unless otherwise noted.  Statistical 

analysis was performed using GraphPad Prism 8 software (San Diego, CA).  Differences 

between two groups were tested for statistical significance using Studentôs t-test, while 

differences between more than two groups were tested using either one-way or two-way 

https://github.com/kaislaughter/mChG8_image_processing


93 

 

ANOVA with Tukeyôs post-hoc test unless otherwise noted.  Where appropriate, a maximum of 

1 outlier per group was removed using Grubbsô test (Ŭ = 0.05).   
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 Thesis Discussion 

This thesis sought to expand the repertoire of protected zwitterionic polymers used for the 

controlled release of macromolecular therapeutics.  This was accomplished first by using 8 

different protecting groups - 5 hydrolyzing esters, 2 non-hydrolyzing amides, and 1 non-

zwitterionic group - to temporally control the release of proteins from a hydrogel depot.  These 

zwitterionic polymers were used to modulate the release profile of several protein drugs from a 

local hydrogel depot.  Secondly, protected zwitterionic polymers were used for stimulus-

responsive release using 3 different hemiacetal ester protecting groups.  These polymers had 

never been reported in the literature and demonstrate the cationic to neutral charge transition at 

acidic pH.  The polymers were used to promote RNA release from LNPs after endocytosis, 

thereby increasing RNA transfection efficiency.  The polymers were useful for multiple lipid 

formulations, and multiple cell lines, thus making them useful as an additive for RNA delivery.  

Thus, I demonstrate in this thesis that protected zwitterionic polymers are useful tools for the 

controlled release of biologics from nanoparticle delivery vehicles.   

 

4.1 Chemistry of protected zwitterionic polymers 

As discussed in section 1.6, zwitterionic polymers and protected zwitterionic polymers are not 

novel concepts, and numerous examples of both polymers have been reported in the literature.  

Zwitterionic polymers are widely used for surface functionalization, nanoparticle stabilization, 

hydrogels, protein stabilization, and many other uses in the biomedical space.  Meanwhile, while 

less used, protected zwitterionic polymers have seen some use in stimulus responsive release 

vehicles, albeit with limited chemical diversity.  Protected zwitterionic polymers are most 

commonly found as an intermediate towards synthesizing zwitterionic polymers.  For example, 

PCB directly synthesized from polymerization of CB monomers typically occurs using protected 

tert-butyl protected CB, which deprotects easily under acidic conditions.90,221  However, the 

deprotection of these polymers for delivery of biologics has not been deeply explored, and it is 

this aspect on which the thesis focuses. 
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4.1.1 Design and synthesis of protected zwitterionic polymers 

The synthetic pathway to PLA-b-PCB polymers described in Chapter 2 was chosen because it 

would allow a library of polymers with different protecting groups to be synthesized from the 

same precursor polymer, PLA-b-PDMAPMA.  This was important because if the protected 

monomers were to be polymerized onto PLA-CTA directly, they would likely have differing 

molecular weights due to differences in solubility, kinetics, etc.  Thus, performing the protecting 

step after synthesis of PLA-b-PDMAPMA ensured that all PLA-b-PCB derivatives had the same 

molecular weight, removing this as a variable when comparing the effects of the differing 

protecting groups.  Our synthetic method is therefore a useful tool when screening multiple 

protecting groups for a specific application. 

Nevertheless, using this pathway has a few potential drawbacks.  Firstly, the introduction of 

zwitterionic groups via alkylation of tertiary amines is typically difficult due to solubility 

concerns.  Whenever polymers begin charged and then are turned zwitterionic post-

polymerization, there is always the risk of incomplete conversion leading to an excess of positive 

charge.  This concern may be exacerbated by changes in solubility as the reaction proceeds.  We 

did not observe these issues in Chapter 2, as observed by the lack of PDMAPMA peaks in our 1H 

NMR spectra as well as the zeta potential of our nanoparticles dropping close to neutral. 

However, incomplete conversion may be a concern in Chapter 3 with the addition of hemiacetal 

groups, as the low solubility of the product may have produced incomplete conversion of tertiary 

amines.  While the hemiacetal peak was observed by 1H NMR, it was smaller than expected, 

meaning that there may have been partial hydrolysis to the carboxylate.  Finding solvents to 

improve solubility during this step could be an option, but choices are limited because SN2 

reactions such as these only proceed reliably in aprotic solvents.  Thus, other methods such as the 

addition of surfactants or exploring direct polymerization of protected CB monomers onto PLA-

CTA could lead to improvements in the solubility of our polymer and higher yields.  

Nevertheless, even an incomplete conversion was able to produce a significant +30 to +10 mV 

change in zeta potential under acidic conditions.  Another drawback of our method of producing 

protected zwitterionic polymers is that alkylation of tertiary amines to produce protected PLA-b-

PCB resulted in a shortening of the PLA block, as observed by comparing PLA peak integration 

to PCB peak integration in 1H NMR before and after alkylation.  This was most likely the result 

of PLA block degradation during synthesis, which could potentially be prevented in future 
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reactions by using water-free conditions or keeping the reaction cooler.   Should the above 

disadvantages be a problem in future work, a potential workaround could be direct 

polymerization of protected CB monomers with PLA-CTA as previously demonstrated by Cao et 

al.221  This method could also be used to produce larger batches of a single derivative.  However, 

to screen multiple derivatives, as was done in this thesis, multiple polymerizations would be time 

consuming to troubleshoot or optimize and thus our method of alkylating pendant amines was 

preferable.    

While our synthesis of PLA-b-PDMAPMA led to favourable PLA-b-PCB derivatives for our 

applications, the synthesis of PLA-b-PDMAPMA also proved to be difficult to control.  PLA-b-

PDMAPMA crashed out of solution in dioxane when Xn,PDMAPMA:Xn,PLA exceeded approximately 

1:10, thus limiting the versatility of our polymerization method.   This could be improved by 

methods such as emulsion polymerization or by exploring more solvents.  Another element to be 

improved upon could be the choice of polymerization method: RAFT polymerization is known 

for  rate retardation at high monomer conversion,316ï318 leading to cross-termination and 

uncontrolled polymer lengths at later timepoints.  More concerning for our application is that 

RAFT is relatively slow and requires prolonged exposure to high temperatures (24 h at 65 ęC in 

our protocol), which could lead to degradation of our PLA block.  Other groups have used 

methods such as ATRP221  and ROMP226 to produce similar zwitterionic polymers, both of which 

can be performed under milder conditions and in less time than the method used in this work, 

and future work could potentially utilize these methods.  Polymers produced using these methods 

could have potentially different properties than the ones I produced.  ATRP is best performed 

using methacrylates instead of the methacrylamides I chose to use,319,320 which could lead to 

higher solubility and potential additional hydrolysis of esters near the backbone.  Meanwhile, 

ROMP typically produces a more hydrophobic and rigid norbornene backbone.  All these factors 

could lead to differing interactions with proteins and nucleic acids, which would be important 

factors to consider when using these polymers for drug delivery.  

4.1.2 Hydrolysis of protecting groups 

The three-step synthesis I proposed in Chapter 2 and modified in Chapter 3 is a facile method to 

produce a large library of protected zwitterionic polymers.  Using this method, the hydrolysis 

behaviours of several protecting groups could be studied, and I propose that this platform could 
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be used in the future to study other protecting groups such as enzyme-responsive197,198 and light-

responsive groups.209  Perhaps more importantly than the synthesis of these polymers, the focus 

of this thesis has been on the characterization of the hydrolysis behaviour of various protected 

zwitterionic polymers.  This is particularly important for their use in biomedical applications, as 

such hydrolysis and changes in charge will lead to changes in therapeutic encapsulation and 

release as well as interactions with biological systems.   

In Chapter 2, we describe the hydrolysis behaviours of several ester-protected polymers and 

demonstrate a zeta potential decrease from positive to neutral, with the rate dependent on the 

hydrolytic stability of the ester protecting group.  Several of these polymers are rarely studied in 

the literature, such as the n-propyl and phenyl protected PCB polymers, and therefore my study 

of their synthesis as well as their deprotection kinetics are novel.  While the relative stability of 

the esters to each other are not necessarily novel, it is important to establish that these trends hold 

true in physiologically relevant conditions, and that the time scale is on the order of days to 

weeks.  This timescale may not be universally true; for example, it is well known that the 

hydrolysis of PLA produces acidic byproducts that can affect local pH and therefore hydrolysis 

rate.  Additionally, the in vivo environment contains esterases that could speed up the hydrolysis 

process.  However, we demonstrated that this class of polymers could be useful for delivery 

applications on the timescale of days, and perhaps more importantly, demonstrate that protein 

adsorption and desorption is correlated with hydrolysis rate.   

In Chapter 3, we demonstrate an acid-responsive hydrolysis that converts a cationic polymer to 

neutral under acidic conditions.  This transition is unusual because a decrease in pH, and 

therefore increased proton concentration, is typically associated with neutral to positive 

transitions (in the case of ionizable amines) or negative to neutral transitions (for protonation of 

carboxylates).  The three hemiacetal protected polymers used have never been described in the 

literature, and here we demonstrated that they could be used to induce a cationic to zwitterionic 

change at endosomal pH. In addition to hydrolysis in the endosome, this transition could be 

useful for other applications in acidic environments such as bacterial infections321 or in the 

digestive tract.322,323  Therefore, we introduce these polymers as a potential tool for drug delivery 

in acidic environments. 
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4.2 Electrostatic delivery method for proteins 

Chapter 2 describes a method of sustained release from a hydrogel that uses adsorption to 

charged nanoparticles to attenuate the release of oppositely charged nanoparticles.  These 

findings are significant because this mechanism represents an improvement over the gold 

standard of nanoparticle encapsulation in several ways.  While PLGA is biocompatible and 

useful for the delivery of small molecule drugs, the use of organic solvents and high shear forces 

during encapsulation makes maintaining the tertiary structure of proteins difficult.  Alternatively, 

release methods such as affinity-based releases have demonstrated highly controllable release 

profiles, but the specificity of interactions means that new materials must be made for each 

protein being released.  This requires designing and synthesizing specific binding partners for 

each protein, which is difficult and time-consuming.  Electrostatic release mechanisms are 

attractive because they serve as a middle ground between the specificity of affinity-based 

releases and the wide applicability, yet low bioactivity of encapsulation-based releases.   

4.2.1 Control of NP surface charge as a method of controlling protein 
release 

Electrostatic-based releases have been previously explored.  Charged nanoparticles such as 

laponite,157 liposomes96, graphene oxide77 and charged silica253 have been used to adsorb and 

deliver proteins to target tissues, however, mechanisms for release have not been thoroughly 

explored.  Thus, methods to control protein adsorption and desorption from nanoparticles are 

desirable to modify the release profile.  Previously, electrostatic adsorption to the exterior of 

PLGA NPs was observed, resulting in the release of cationic proteins for over a month.80  The 

release profile could be modulated by various methods such as buffering the pH using 

encapsulated salts, changing the molecular weight and end groups of PLGA, and varying the size 

of the NPs.80,156  However, while promising, this system only worked for cationic proteins 

because PLGA NPs are negatively charged.  Thus, the system described in chapter 2 expands 

upon current knowledge by reversing the charge of PLGA NPs to positive using a protected PCB 

block.  Like the previous PLGA NPs, we demonstrated that release profile of proteins was 

tunable by modulating the surface of the NPs.  This was done using the differential hydrolytic 

stabilities of the surface protecting groups.  Therefore, this thesis supports the finding that tuning 

surface charge of NPs in situ can lead to tunable release profiles for adsorbed proteins.  An 

additional benefit of our system is that our polymers turned zwitterionic after deprotection of the 
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esters.  Zwitterionic polymers are known to resist protein adsorption, so using these polymers 

allowed for complete release of the adsorbed protein.  This is a great improvement over systems 

such as affinity based releases which often have trouble releasing all of their proteins.37,39  This 

problem can also be observed in certain electrostatic systems involving a charged to neutral (but 

not zwitterionic) transition,324 which could be resolved with more dramatic transition such as 

negative to positive transition.183  Thus, we also emphasize that the surface that the protein is 

adsorbed to must become unfavourable to protein adsorption by electrostatic repulsion or 

superhydrophilicity in order to ensure complete and controlled release. 

4.2.2 Investigation of protein adsorption to charged NPs 

Though our system is promising for local delivery of anionic proteins, it is not as universal as 

originally hoped.  While we demonstrated the release of 3 different proteins using the same NPs, 

we were also unsuccessful at controlling the release of erythropoietin, which is also an anionic 

protein.  Additionally, the proteins that did exhibit controlled release behaviour did so with 

varying degrees: panitumumab, an IgG antibody, was highly attenuated using the CONHtBu NPs 

but significantly less so with the other NPs.  Meanwhile, transferrin was highly attenuated using 

the hydrolyzing NPs, and even showed differences between the COOtBu and COOEt NPs at the 

early time points.  Our findings therefore show that protein adsorption to our NPs is dependent 

on more factors than simply isoelectric point.  Hydrophobicity seems to be important for larger 

proteins,256 as differences between CONHtBu and CONHEt were only observed for 

panitumumab, the largest protein tested.  Other factors such as nanoparticle size, protein stability 

and distribution of charged residues have also been demonstrated to affect protein adsorption to 

nanoparticles.325ï327  Thus, a more detailed study into which proteins are good candidates for 

release from our system is warranted and is further discussed in section 6.1.1. 

A concerning observation from our release curves was that all proteins released from 

CONHtBu/CONHEt NPs despite not displaying any change in charge over the release period.  

This meant that the controlled release of proteins from our NPs from a charge-based mechanism 

was convoluted by uncontrolled release by other mechanisms.  This problem is not universal 

across all charged NPs; proteins did not release from PLGA NPs for the first few days in 

previous studies.80,156  Thus, to further improve upon our electrostatic release system, the protein 

must be more completely adsorbed to our NPs.  A possible method to increase protein adsorption 
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could be to increase the hydrophobicity of the surface.  Hydrophobicity could explain why 

proteins adsorb more strongly to PLGA, which is highly hydrophobic and less strongly charged, 

than my PLA-b-PCB-ester derivatives, which are highly charged and more hydrophilic.  

Increasing hydrophobicity of charged coatings has been previously used to increase the 

adsorption of oppositely charged proteins.158,256  Therefore, coating the NPs in a more 

hydrophobic, yet colloidally stable layer (such as poly(vinyl alcohol)) could ameliorate the 

problem.  However, more hydrophobic nanoparticles are likelier to induce cytotoxicity328,329 or 

cause immunogenicity.160  Therefore, increasing hydrophobicity may not be a desirable option 

for a long-acting implant like the one presented in Chapter 2.  Alternatively, engineering proteins 

with additional polyanionic tails could help increase electrostatic interactions to the NP surface.  

This strategy was previously used to help encapsulate proteins within cationic lipid 

nanoparticles,48 and could also be useful for our system.  This may also allow overall cationic 

proteins (pI > 7.4) to use our electrostatic release system by having a region of high negative 

charge that can adsorb to the nanoparticles.  Therefore, while we demonstrate the utility of 

electrostatic release for a wide variety of proteins, and demonstrate that controlling the surface 

charge of NPs is vital for the release mechanism, many steps can be taken to better control 

adsorption and release of proteins.  These potential steps are further detailed in section 6.1.2. 

4.3 PLNPs for RNA delivery 

Chapter 3 describes the invention of a polymer that could be incorporated into lipid nanoparticles 

to induce RNA release from nanocarriers at acidic pH, thus improving RNA escape from the 

endosome into the cytosol where it can exert its biological activity.  This was accomplished by 

using novel hemiacetal protected PLA-b-PCB polymers, which induce a positive to neutral 

transition at acidic pH to encourage RNA dissociation from the nanocarrier.  This charge 

transition at acidic pH is unusual, as an increase in H+ concentration is typically associated with 

increase in positive charge.  This section discusses various observations, shortcomings and 

comparisons to other works regarding this system. 

4.3.1 Interplay between endosomal escape and RNA dissociation 

Many in the RNA delivery field assert that endosomal escape remains the major bottleneck in 

RNA transfection.  While it is true that only a small percentage of endosomes are disrupted,303 it 

is also worth considering how RNA will reach the cytosol given what we currently know about 
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endosome disruption mechanisms.  In the case of ionizable lipids, local transient membrane 

disruption by interaction with charged ionizable lipids is the prevailing theory for endosomal 

escape.330,331  Thus, it is unlikely that entire nanocarriers are released into the cytosol, but rather 

individual RNA molecules dissociating from their carrier and passing through the disrupted 

membrane.14  In the case of polyplexes, endosomal rupture due to the ñproton spongeò effect is 

another popular theory; however, even after endosomal rupture, only small molecules are able to 

escape into the cytosol while large RNA molecules remain associated with the polyplex.303  In 

both lipoplexes and polyplexes, therefore, the dissociation of RNA from its carrier must be 

considered in order for the RNA to reach the cytosol and exert its biological effect.  Our PLNPs, 

consisting of both ionizable lipid and acid-responsive PLA-b-PCB-X polymers, are significant 

because they use the acidic endosomal environment to induce both endosomal disruption using 

charged ionizable lipids and RNA release by the switching of the PLA-b-PCB-X polymer from 

positive to zwitterionic.  This allows more RNA to enter the cytosol from disrupted endosomes.  

Our imaging experiments also support literature that endosomal disruption by lipoplexes is 

primarily local membrane disruption instead of endosomal rupture, as our images show both 

diffuse siRNA within the cytosol and punctate siRNA in endosomes (Figure 3-5d).  We also 

demonstrate that endosomal disruption is necessary for RNA transfection, as without MC3 (and 

therefore no cationic species to induce proton sponge or local membrane disruption), no 

transfection was observed (Appendix Figure C-16).  Therefore, we demonstrated that both 

endosomal escape and RNA release are important for transfection, and that our PLNPs allow us 

to achieve both of these objectives.  

4.3.2 Methods for inducing RNA dissociation from nanocarriers 

Several groups have recognized the importance of RNA dissociation from its carrier and 

endeavoured to incorporate it into their nanocarrier designs.  Greco et al. determined that 

weakening interactions between polymers and RNA by adding polyacrylic acid as a competitive 

binder increased RNA transfection efficiency.123  While this approach was undoubtedly 

effective, the major drawback is that significantly less RNA can be encapsulated within the NPs.  

Additionally, because interactions between RNA and the polymer are weakened due to 

competition from polyacrylic acid, these polyplexes might be less stable.  Therefore, a method to 

weaken interactions between RNA and its carrier only once it is inside the cell is valuable.  This 

has previously been demonstrated using light responsive polymers,200,203 acid-sensitive self-
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immolating materials172,173,175,178,332 and ROS-responsive lipids.188  Given that few functionalities 

exist for tissue-penetrating near-infrared light, and ROS-responsive materials only work in 

tissues with high ROS concentration such as tumours and inflamed tissues, acid-sensitive 

functionality remains the most universal stimulus for RNA delivery.  Therefore, a pH-responsive 

polymer such as the one described in Chapter 3 is valuable for increasing RNA transfection 

efficiency.   

The positive to neutral/zwitterionic charge transition was made possible using the acetal 

functionality.  While acetals are known for their easy removal at mildly acidic conditions,286,292 

their use as acid-responsive functional groups is somewhat underrepresented.  Roise et al. have 

used an acetal-based surfactant to complex and release RNA after endocytosis,178 while Sirianni 

et al. have proposed the use of polycations with acetal-based backbones to allow the polymer to 

dissociate into monomers under acidic conditions.332  Thus, the field has noticed in recent years 

that the acetal functionality is useful for inducing RNA escape from its nanocarrier, and this 

thesis adds to the literature by using it to induce charge neutralization. 

While we observed an increase in RNA released into the cytosol by confocal microscopy, we did 

not directly measure the actual amount of RNA released after endocytosis.  Stem-loop RT-PCR 

could be a potential method of doing this in future studies, which will be described in section 

6.2.4.  Based on confocal microscopy area measurements, we estimated an increase of 30% more 

siRNA released into the cytosol compared to conventional LNPs.  However, given that only 3% 

of RNA is released into the cytosol from conventional LNPs, our PLNPs likely only increase that 

number by 1-2 percentage points.  Thus, there is still a lot of RNA left to be released, and our 

PLNPs clearly remain mostly intact after endocytosis.  This is likely because we only replaced a 

quarter of the ionizable lipid with our RNA-releasing polymer, meaning that there is still 

significant electrostatic interaction with RNA at acidic pH.  Unfortunately, the amount of 

ionizable lipid could not be decreased further without decreasing the potency of PLNPs 

(Appendix Figure C-16).  Ideally endosomal escape can be achieved without the induction of 

positive charge, or this positive charge can occur separately from the RNA to avoid 

complexation and increase RNA release.  Endosomal escape has been achieved using cell 

penetrating peptides53,333,334 and bacterial toxins,54 which could represent future directions for 

this system.  Alternatively, other groups have suggested that the endosome disrupting component 
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could also degrade when needed, which was observed using ROS- and acid-degradable lipids 

and surfactants.178,188  

4.3.3 Uptake, endosomal escape and potential in vivo behaviour 

A somewhat surprising aspect of our PLNPs was that uptake and endosomal escape were 

identical to conventional LNPs.  It is well known that LNPs are typically taken up by adsorbing 

apolipoproteins to their exterior and subsequently being recognized by LDL receptors on cell 

surfaces.312  Conversely, cationic polyplexes typically associate with cell membranes by 

interaction with oppositely charged glycoproteins on the cell membrane.107,108  Thus, by 

combining the two approaches in our PLNPs, we would have expected to observe different 

uptake and endosomal escape behaviours.  However, it appears that our PLNPs are taken up by 

the same mechanism as LNPs and disrupt endosomes with the same efficiency (Figure 3-6, 

Appendix Figure C-18).  This is an interesting observation especially considering the unusual 

morphology of our PLNPs, where the lipids appear to be concentrated on the exterior in small 

vesicles (Figure 3-3c-e).  Moreover, when PLA-b-PCB was replaced with DSPE-PCB, both 

uptake and endosomal escape were decreased (Appendix Figure C-18), and overall knockdown 

was also decreased (Appendix Figure C-21).  These observations raise questions about the 

composition of the protein corona allowing uptake into cells, and how the presence of PLA 

affects delivery.  Several groups assert that it is chiefly the protein corona that affects the 

behaviour of nanoparticles within the body.335ï338  This protein corona appears to vary greatly 

based on characteristics such as surface charge, surface curvature, hydrophobicity, surface 

chemistry and more.158ï160,325,326,339  As our PLNPs vary greatly from LNPs in terms of size and 

surface morphology, we can expect them to differ in terms of protein corona and in vivo 

behaviour.  Examining the composition of the protein corona and further elucidating the 

mechanisms of uptake and endosomal escape are logical next steps, which will be discussed in 

further detail in sections 6.2.2 and 6.2.3. 

While increasing RNA transfection efficiency is a promising first step, the main challenge in the 

RNA delivery field currently is nanoparticle targeting.  Most LNPs and polyplexes accumulate in 

the liver shortly after systemic administration,308 thus targeting to other organs is a critical step 

towards clinical translation.  While we have not tested our PLNPs in vivo, we would predict that 

our PLNPs would also likely accumulate in the liver, spleen, and other filtering organs.  This 
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tendency would likely be compounded by the relatively large size of our PLNPs, which could 

lead to complement activation.33,340,341  Thus, modifications such as decreasing the size of our 

PLNPs or changing the lipid composition to modulate the protein corona would be useful next 

steps in the investigation of our system, and will be discussed further in sections 6.2.1 and 6.2.2.   

Regardless of the discussed potential issues, several groups have already demonstrated promising 

results from incorporating PLGA into their lipid nanoparticles.250,282,283,342  Similarly, other 

groups have also improved the biological performance of polyplexes by coating them with 

lipids.131,132  Therefore, there is a growing body of evidence that combining both polymers and 

lipids has benefits over using each one individually.  While lipids are biomimetic, their lower 

charge density than polymers gives them lower RNA loading, and they tend be less stable which 

excludes them from applications such as nebulized or spray-dried formulations.  Conversely, 

while polymers have superior RNA encapsulation, more consideration needs to be put into 

increasing their biocompatibility, as polymers such as PEI and free radical polymers tend to be 

highly membrane-disrupting and are not biodegradable. Thus, we have designed our polymers to 

be biodegradable and have a cationic to zwitterionic transition which aids in RNA release in the 

endosome.  Meanwhile, the lipids help with internalization, endosomal escape and stability.  

Therefore, we have demonstrated that using both polymers and lipids simultaneously allows us 

to combine the advantages of both types of RNA delivery vehicles. 
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 Thesis Conclusions 

5.1 Completion of objectives 

This research was motivated by the following hypothesis: 

Protected zwitterionic polymers will enable the controlled release of negatively charged 

biologics from nanoparticle delivery vehicles. 

To investigate this hypothesis, I completed the following two objectives: 

1. Temporally control the release of anionic proteins from a transiently cationic nanocomposite 

hydrogel. 

The following were completed and described in Chapter 2: 

¶ PLA-b-PCB polymers were synthesized and protected with a variety of hydrolyzing 

and non-hydrolyzing pendant groups. 

¶ The polymers self-assembled into nanoparticles and lost positive surface charge at 

varying rates according to the hydrolytic stability of the pendant groups. 

¶ The nanoparticles were embedded within a hyaluronan-methylcellulose hydrogel and 

controlled release of three anionic proteins of varying sizes was achieved.  The rate 

of release correlated with the loss of positive surface charge of the NPs. 

¶ Bioactivity of the released proteins was confirmed using various in vitro cell assays. 

These data were presented in Chapter 2 and published in ACS Applied Materials and Interfaces:  

Cheung, T. H., Xue, C., Kurtz, D. A., & Shoichet, M. S. (2023). Protein Release by Controlled 

Desorption from Transiently Cationic Nanoparticles. ACS Applied Materials & Interfaces, 

15(44), 50560ï50573. https://doi.org/10.1021/acsami.2c19877 

 

 

2. Adapt the transiently cationic polymer for intracellular RNA delivery. 

The following were completed and described in Chapter 3: 

https://doi.org/10.1021/acsami.2c19877
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¶ PLA-b-PCB-X polymers were synthesized with acid-responsive hemiacetal ester 

pendant groups. 

¶ Polymers showed decreased zeta potential and RNA adsorption after incubation in 

acidic buffer. 

¶ The polymers were formulated with lipids to produce stable PLNPs with high RNA 

encapsulation and diameters < 200 nm.  

¶ siRNA-loaded PLNPs have increased FLuc knockdown in a reporter cell line as well 

as in a breast cancer cell line compared to parent LNPs.  This effect was observed 

using multiple ionizable lipids. 

¶ Acid-responsive release was determined to be essential for increased efficacy and 

resulted in increased cytosolic siRNA concentration. 

¶ NP uptake, endosomal escape, and uptake mechanism were determined to be the 

same between PLNPs and LNPs. 

¶ mRNA delivery was also increased using PLNPs over LNPs due to lower toxicity. 

These data were described in Chapter 3 and published in Advanced Functional Materials: 

Cheung, T. H.; Fuchs, A.; Shoichet, M. S. Acid Responsive Polymer Additives Increase RNA 

Transfection from Lipid Nanoparticles. Advanced Functional Materials 2024. 

https://doi.org/10.1002/adfm.202413220. 
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 Recommendations for future work 

6.1 Protein delivery by electrostatic adsorption 

Ultimately, new drug delivery systems such as the one described in Chapter 2 are designed so 

that future iterations of the technology will eventually be used in the clinic.  While the described 

system demonstrates the potential utility of an electrostatic-based protein release gel, many steps 

remain before clinical translation can be considered.  Sections 6.1.1 - 6.1.2 describe steps 

towards deeper understanding of the release system and its potential applications, while sections 

6.1.3 - 6.1.4 describe steps towards demonstrating feasibility in vivo and potential additional 

applications in drug delivery.   

6.1.1 Determination of suitable release candidates by computation/machine 
learning 

While the data presented in Chapter 2 represents a method of releasing multiple anionic proteins 

from a hydrogel depot, it is not as universal as originally thought.  For example, the release of 

erythropoietin was attempted, but did not display significant attenuation of release versus the gel 

only.  Alkaline peroxidase was also released, but in vitro stability testing showed that it was not 

stable enough to produce reliable results.  While our data shows that isoelectric point can predict 

whether some proteins display controlled release behaviour (e.g. lysozyme, pI = 10.7, was not 

attenuated by the system), it is not the only factor.  For example, GM-CSF (pI = 4.2) and 

panitumumab (pI = 6.8) both displayed controlled release, but erythropoietin (pI = 3.7-4.7) did 

not.  We also noticed that higher molecular weight, associated with more potential hydrophobic 

interactions, also played a role in release behaviour.  Isoelectric point and hydrophobicity as well 

as variables such as local charge distribution and extent of glycosylation, could form the 

foundation of a machine learning model to predict which proteins would be good candidates for 

release from our system.  Thus, I suggest that the next major step for this project should be to 

further investigate the factors that affect protein adsorption and release rate from our 

nanocomposite gel, and to use this information to determine which proteins are good candidates 

for release from this system.  Machine learning could be a great tool to use for this objective.  

A few preliminary efforts were made to understand the release kinetics and mechanisms of this 

system.  A Freundlich isotherm model was produced by incubating NPs with increasing 
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concentrations of transferrin and separating bound vs. free proteins by centrifugation (Appendix 

Figure B-6).  The Freundlich constants were then calculated by non-linear fitting.   I suggest that 

the Freundlich isotherm model can be used as the basis for a machine learning model.  Isotherms 

can be calculated for many proteins using the method described above, and the calculated 

Freundlich constants can be plotted against protein characteristics such as isoelectric point, 

molecular weight, degree of glycosylation, number of charged surface residues, number of 

protein subunits, etc.  Alternatively, physical thermodynamic data can be directly measured 

using methods such as isothermal titration calorimetry and surface plasmon resonance.  Plotting 

descriptors of dozens of proteins vs. their adsorption behaviour could serve as the training set for 

a machine learning model that can tell us which characteristics of proteins best predict adsorption 

to the NPs.  This information could then be used to search for new proteins to release.  

Additionally, the Freundlich constants calculated could be used in a COMSOL model to simulate 

release behaviour to obviate the need to perform dozens of release experiments.156,343  Thus, 

machine learning could be a useful tool to determine the protein properties that determine 

adsorption to our NPs as well as find proteins that could be released from our nanocomposite gel. 

In addition to these machine learning models, I suggest taking a closer look at the mechanisms 

by which proteins adsorb to the nanoparticles.  For example, is the protein interacting with 

specific functional groups on the NPs by induced fit, or are there specific amino acid residues 

that are especially favourable for adsorption?  Does partial protein unfolding occur to allow 

hydrophobic interaction with the NP surface, or is it a purely electrostatic interaction?  These 

questions are difficult to answer by the proposed machine learning model, but physics-based 

models such as molecular dynamics have previously been used to study protein adsorption to 

nanoparticles.344,345  While simulating a large library of proteins such as the data set used for the 

machine learning model would not be feasible, perhaps the modeling of a smaller number of 

representative proteins could be used to glean useful information.  The data gained from such 

studies, such as the importance of specific amino acid residues or whether specific NP functional 

groups are more favourable, could be used in conjunction with the above machine learning 

model to determine which proteins are suitable for release from our system.  These discoveries 

may also help us optimize the design of our nanoparticles (e.g. size/curvature, surface groups, 

etc.) for various therapeutics.  Thus, to expand the scope of applicable proteins for release, we 



109 

 

need to study the adsorption of more proteins and further understand the molecular mechanisms 

for adsorption and release.  

6.1.2 Extension of release profile 

In our current system, the COOtBu NPs had the longest rate of release of all the hydrolyzing 

NPs.  These NPs showed the most attenuation of release within the first three days, and released 

most of its payload within the first week.  While the non-hydrolyzing NPs had longer release 

times up to a few weeks and beyond, these NPs exhibited cytotoxicity in vitro and would 

therefore be unfeasible for drug delivery.  Thus, another major direction for this system would be 

to find methods to extend the release of hydrolyzing NPs beyond one week.      

The most obvious route towards accomplishing this objective would be to change the ester group 

protecting the carboxylates.  We demonstrated from our zeta potential studies that both the 

bulkiness/hydrophobicity of the protecting group as well as electronic effects from substituents, 

such as phenyl groups, affect the rate of hydrolysis.  Thus, a good place to start could potentially 

be to look at n-butyl groups instead of t-butyl groups, as we already saw that the n-propyl group 

had a slower hydrolysis than the t-butyl group despite the greater steric hindrance imposed by the 

t-butyl group.  Thus, seeing longer hydrolysis time from the n-butyl group over the t-butyl group 

would further emphasize electronic effects on the hydrolysis rate of the esters.  While continuing 

to explore the effect of larger and more hydrophobic groups such as n-pentyl, n-hexyl, and 

beyond is an option to extend release time, the overall hydrophobicity of the NP may eventually 

be too high to be colloidally stable.  Thus, I recommend exploring electronic effects to extend the 

release time.  For example, halogenated alkyl esters and conjugated esters have electron donating 

and withdrawing effects that can extend the hydrolysis time of our NPs and thus extend the 

release profile beyond one week. 

An alternative route to changing the esters could be to alter the release environment to make it 

less favourable to hydrolysis.  An example of this is by changing the local pH around the 

nanoparticles.  In our 1H NMR hydrolysis experiments, we noticed that hydrolysis was 

unfavorable under acidic environments while it was highly favoured in basic environments 

(Appendix Figure B-3).  Thus, a slight decrease in local pH may be enough to extend the 

release profile for a few days.  It has been well documented that PLA and PLGA produce acidic 

degradation products, and it is in fact these acidic degradation products that allowed desorption 
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of proteins from PLGA nanoparticles.80  Thus, one method to decrease local pH could be to 

incorporate additional PLGA or PGA into the NPs such that their degradation produces enough 

acidic byproducts to decrease local pH.  Alternatively, acidic salts such as citric acids could be 

encapsulated within the NPs.  Encapsulation of basic salts within PLGA NPs were demonstrated 

to extend release profile in a degradation-based model,80 thus the reverse could be possible with 

this system.  

6.1.3 Protein release in biomimetic environments and in vivo 

After the above two objectives have been completed, the next objective would be to work 

towards translating the system to the clinic.  The following two objectives work towards that 

goal by demonstrating efficacy in vivo, then by expanding the system to include multiple drugs.   

All the work presented in this thesis about protein release were performed in vitro in the absence 

of cells.  While this work is useful for fundamental and mechanistic understanding of the release 

system, it is less useful for determining the translatability of our system.  Thus, a priority for this 

system should be to demonstrate controlled release in vivo.  As a bridge towards this objective, I 

suggest several smaller experiments. 

A first step could be to perform protein release studies in cell culture medium.  Cell culture 

medium contains higher protein content than our release medium of PBS + 0.1% BSA and 

protease inhibitors as well as enzymes such as esterases which could hydrolyze the esters on our 

NPs, as well as peptidases which could degrade proteins and thus test whether our NPs help 

stabilize proteins.  While we did test our release system in 5% BSA to mimic the protein content 

in a cell culture medium containing 10% FBS and did not find significant differences in release 

rate (Figure 2-4I ), cell culture medium with its greater mix of proteins and small molecules 

would help us determine the suitability of our system in more biomimetic environments. 

A possible extension of a release experiment in cell culture medium would be a transwell 

experiment where released proteins can be delivered directly to cells.  This is a more realistic 

approach to delivery than our bioactivity assays where we delivered release samples that were 

frozen, sterile filtered and diluted to an ideal concentration before dosing with cells.  This 

approach would also allow us to determine whether sustained delivery is beneficial for our 

purposes.  For example, our Caco-2 transferrin uptake assay could be modified to monitor 
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transferrin signal inside the cells over time as proteins are delivered to them to see a sustained 

biological effect.  This could also be extended to our panitumumab release to see if breast cancer 

proliferation is inhibited for an extended period compared to an uncontrolled release.  Using 

transwells also allows for cell-secreted proteins to reach the nanocomposite, which would help 

determine whether these secreted proteins result in changes to the release profile due to 

competition or enzymatic reactions such as esterases cleaving the esters of the NPs.  Thus, 

transwell assays serve as a good bridge between our preliminary experiments in PBS and in vivo 

release.   

An interesting additional application that could be explored is cell transplantation, which 

involves cell encapsulation within hydrogels.  In addition to proteins, cells could be encapsulated 

within the hydrogel such that the cells inside the hydrogel can receive the therapeutic from the 

NPs, or the target tissue could receive both the cells and the therapeutic proteins simultaneously.  

However, this approach may be less feasible as it is very possible that cells within the gel would 

endocytose the NPs, thus making release of adsorbed proteins irrelevant. 

Finally, our system could undergo in vivo testing for eventual clinical translation.  As all the 

components of our nanocomposite system (HA, MC, PLA, PCB) are non-toxic, biocompatibility 

should not be a significant factor.  However, in vivo represents the most challenging release 

environment, containing high concentrations of proteins and possible environmental factors such 

as changes in pH or oxidation environment.  Thus, it is possible that only the most adsorbing 

NPs, such as our COOtBu NPs, would result in sustained release for our proteins.  Once the 

system is optimized using the suggestions in sections 6.1.1 - 6.1.2, our system could be quite 

useful for in vivo delivery of therapeutic proteins.   

6.1.4 Co-delivery with other proteins and/or small molecule drugs 

One of the advantages of our electrostatic release system is that it should be applicable for most 

anionic proteins.  Thus, it makes sense that multiple proteins should be deliverable 

simultaneously from our system.  Co-delivery of multiple proteins has several applications in 

regenerative medicine,346,347 thus our technology should be investigated for this purpose.  

Because our different NPs have varying release rates, they could be used to control the rates of 

multiple proteins.  For example, if hypothetical protein A needs to be released quickly while 

protein B needs to be released slowly, then protein A could be adsorbed to COOEt NPs while 
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protein B could be adsorbed to COOtBu NPs before encapsulation in a gel for co-delivery.  This 

would allow protein A to be quickly released from the fast-hydrolyzing COOEt NPs while 

protein B is slowly released from the COOtBu NPs.  This technology would be impactful 

because few technologies currently exist for simultaneous sustained delivery of multiple 

proteins, and those that do often require multiple affinity binding partners or separate release 

mechanisms for each protein.96,346  Simultaneous delivery of proteins has previously been 

demonstrated to have enhanced effects; for example, delivering basic fibroblast growth factor 

(FGF-2) and vascular endothelial growth factor simultaneously has been shown to improve 

vascularization in a chicken embryo model over each protein alone.348  Thus, our electrostatic 

release mechanism offers immense promise for co-delivery and should be explored for such 

applications.  

Another advantage of our system is that small molecule drugs can be easily encapsulated within 

the PLA core of our NPs, thus allowing co-delivery of proteins and small molecules.  This could 

be very useful for applications such as central nervous system repair, where both growth factors 

and small molecules are useful.260  While adjusting the release rate of proteins would likely be 

accomplished by changing the ester protecting groups on the NPs, the release rate of the small 

molecules could be accomplished by changing the polyester core.  It has been well established 

that changing the composition of PLA, PLGA and PCL in nanoparticles can greatly affect the 

release profile of encapsulated small molecule drugs,349,350 and this can be used to adjust release 

rate of small molecules.  Thus, the ability of our nanocomposite gel to co-deliver both small 

molecules and proteins should be explored in future work. 

6.2 RNA delivery with PLNPs 

Chapter 3 describes a novel PLNP system for RNA delivery with enhanced transfection 

efficiency over current LNPs.  While the increased efficiency was well-established in vitro, it is 

still unknown how this will translate to in vivo efficacy and biodistribution.  As the 

biodistribution of LNPs remains one of the most studied topics in RNA delivery, I suggest that 

the next major step in the study of our PLNPs should be to examine biodistribution as well as 

methods to modulate it.  Sections 6.2.1 and 6.2.2 describe possible experiments to study in vivo 

behaviour.  At the same time, several questions remain about how the PLNPs enhance RNA 

transfection after endocytosis, such as the role that PLA plays in the efficacy of our PLNPs, and 
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at which part of the endolysosomal pathway the RNA dissociates from the PLNP.  Some 

suggested experiments to answer these questions are detailed in sections 6.2.3 and 6.2.4.  

6.2.1 In vivo biodistribution 

One of the major questions in LNP research is how to target them to the correct organs.  Like 

most systemically administered NPs, LNPs predominantly end up in the liver shortly after 

administration, limiting their utility to liver diseases such as hereditary transthyretin-mediated 

amyloidosis (in the case of Onpattro) or for local or intramuscular injection (in the case of 

vaccines).  Therefore, investigating the in vivo distribution and pharmacokinetics of our PLNPs 

should be the next major step.   

Considering that our PLNPs are similar to conventional LNPs in terms of lipid composition, it is 

likely that PLNPs will also primarily be found in the liver and spleen shortly after systemic 

administration.  This might be compounded by their considerably larger size than LNPs.  Given 

that larger nanoparticles tend to be eliminated faster than smaller ones,351 it may be worth trying 

to reduce the size of the PLNPs as well.  This could be done by decreasing the size of the PLA 

block, or by changing the formulation procedure to have a faster flow rate352 or a different mix of 

lipids.  In vivo biodistribution can be easily determined by encapsulating FLuc mRNA within 

PLNPs to examine which tissues uptake them. The PLNPs can also carry a fluorescent dye such 

as DiD to see if there are differences in PLNP distribution and tissues of greatest uptake. 

A promising method to modulate the biodistribution of LNPs has been to change the structural 

lipids from zwitterionic to positive or negative.  This technique has been shown by multiple 

groups to significantly shift the accumulation of LNPs from the liver to other organs; positively 

charged lipids are effective at targeting LNPs towards the lungs141,353,354 while negatively 

charged lipids target LNPs towards the reticuloendothelial system and spleen.140,353,354  Thus, as 

we have already demonstrated that the helper lipid can be changed in PLNPs without affecting 

their stability (Appendix Figure C-7), it is worth exploring this idea in PLNPs to see if their 

distribution can be shifted towards different organs.  Small molecules can also be used to target 

specific organs; polysorbate 80 coated nanoparticles increase uptake through the blood-brain 

barrier355,356 while glutamate-urea-lysine conjugates are well known to target prostate cancer 

cells.60,181  Other groups have also explored using targeting antibodies to direct LNPs towards 

specific tissues.  Examples include conjugating anti-PECAM antibodies to the exterior of NPs to 
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target the lungs357 and anti-CD3 antibodies to target T cells.358  While these NPs are still 

eliminated by the liver to a significant degree, they increased mRNA transfection in the target 

tissue several fold and are thus worthy of further investigation.  It therefore stands to reason that 

if PLNPs could also be actively targeted to these tissues, the increased transfection efficiency of 

PLNPs over LNPs would help deliver even more RNA to these tissues.   

6.2.2 Evaluation of protein corona 

After investigating the pharmacokinetics of our PLNPs, a greater mechanistic understanding of 

uptake and biodistribution could be obtained by examining the protein corona.  The protein 

corona is a layer of proteins on injected nanoparticles which are spontaneously adsorbed from 

their biological environment.  Over recent years, the composition of this corona has risen in 

prominence as more researchers have recognized the importance of the corona for determining 

elimination from the blood stream, targeting to various organs and uptake into cells. It is widely 

accepted that the mechanism of uptake for LNPs is displacement of PEG lipids on LNPs by 

ApoE.312,359,360  Adsorption of ApoE to LNPs then allows recognition by LDL receptors on target 

cells to induce endocytosis.  Thus, parameters such as PEG surface density, NP core density and 

lipid membrane fluidity that affect ApoE adsorption have profound effects on 

pharmacokinetics.312,351  Though our PLNPs are made of many of the same components as 

conventional LNPs, they differ in several ways.  They are bigger, which affects their surface 

curvature, and they appear to consist of a solid core with associated bilayer vesicles.  All these 

factors likely affect the composition of their protein corona, and this should therefore be 

investigated.  This can be done in several ways.  First, protein depletion assays can be performed 

to determine if removing common proteins such as ApoE and ApoB361 from culture medium 

affects the uptake into cells.  Platelet factor 4362 and vitronectin363,364 have also been shown to be 

important for uptake and should therefore be investigated as well.  For a more detailed 

investigation, mass spectrometry driven approach can be used to directly determine the proteins 

adsorbed to the exterior of PLNPs.361  Identifying the components of the PLNP protein corona 

will give a deeper understanding of cellular uptake and organ targeting, and how changing the 

formulation and physical characteristics of PLNPs can change their biological behaviour. 
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6.2.3 Elucidation of the role of PLA vs. DSPE in PLNP morphology and 
delivery mechanism 

In addition to investigating the in vivo behaviour of our PLNPs, several questions remain about 

the mechanisms of enhanced delivery after endocytosis.  Uncovering these mechanisms could 

lead to greater understanding of interactions between polymers, lipids, and biological 

membranes, and therefore lead to improved RNA carrier designs.  An interesting observation 

about the PLNPs is that PLA is important for its increased efficacy over conventional LNPs, as 

this enhanced efficacy was lost when PLA-b-PCB was replaced with DSPE-PCB (Appendix 

Figure C-21).  This remained true despite the unusual morphology of the PLA-b-PCB PLNPs 

compared to the more conventional morphology of the DSPE-PCB PLNPs.  Despite our 

experiments, it is still unknown why this is true, and I propose several experiments that may help 

answer these questions. 

The first thing that can be further explored is the morphology of the PLNPs.  While we proposed 

a structure for the PLNPs by cryo-TEM imaging, there is still more characterization that can be 

performed.  For instance, the lamellarity of the PLNPs can be examined by small angle X-ray 

scattering,281 which may further elucidate the location of the RNA within the nanostructure.  This 

is important because RNA closer to the surface of the particle may be more likely to escape from 

the PLNP.  The Foged group have produced several excellent studies examining the 

nanostructure and delivery mechanisms of PLGA-lipid hybrid nanosystems,281ï283 and similar 

studies with our PLNPs may help further elucidate the morphology of our PLNPs and give hints 

about how they increase RNA transfection. 

Once the physical morphology of the PLNPs is elucidated, the next step could be to determine 

how they interact with membranes.  For example, it has been established that replacing DSPC 

with the more fluid DOPC can increase RNA transfection due to increased interaction with the 

endosomal membrane.330  Membrane disruption assays such as benchtop dye leakage assays365 or 

confocal microscopy studies with labelled endosomes303 could also be used to see how the 

different PLNPs interact with membranes.  These studies may help explain why DSPE-PCB-X 

had lower endosomal disruption efficiency than PLA-b-PCB-X.  Additionally, the protein corona 

characterization as described in section 6.2.2 could be employed to see if there are differences in 

uptake behaviour.  Different types of PCB-X polymers with differing hydrophobic regions could 

be synthesized to draw trends.  For example, if DOPC outperforms DSPC as a helper lipid, 
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perhaps DOPE-PCB-X PLNPs could be better than DSPE-PCB-X PLNPs.  Or, if hydrophobicity 

is the main reason that PLA-b-PCB-X works better than DSPE-PCB-X, then PCL-b-PCB PLNPs 

and PLGA-b-PCB PLNPs should perform differently than PLA-b-PCB.  Though the acid-

responsiveness of the PCB block was necessary for improved efficacy, the hydrophobic anchor 

was also shown to be important and should be further investigated.   

6.2.4 Elucidation of endosomal escape/release timeline 

Much of the work in the field in RNA delivery has focused on the mechanisms of endosomal 

escape, and future work on these PLNPs should be no exception.  In this thesis, only one 

timepoint was examined: 3 hours after initial treatment, at which point cells were fixed or 

imaged immediately.  While this was a convenient timepoint for study and elucidated some 

differences in uptake and endosomal escape between different nanoparticles, this timepoint 

mainly recapitulates the early to late endosome.  While most endosomal escape is believed to 

occur during this period,14 the pH of the endosome continues to decrease down to pH 4.5 in the 

lysosome.  Because both hemiacetal ester hydrolysis and MC3 ionization are predicted to 

increase with decreasing pH, our assay conditions likely do not capitulate this potential period of 

RNA dissociation or endosomal escape.  Thus, future studies should seek to gain a fuller 

understanding of the mechanisms and timings of endosomal escape for our PLNPs.  Early 

endosomes, late endosomes, endolysosomes and lysosomes are characterized by different 

membrane proteins;165,366 when combined with our mChG9 endosomal disruption assay, we will 

be able to tell at which stage endosomal disruption occurs by observing colocalization of mChG9 

with these proteins.  By also performing the assay at different time points after treatment, we will 

be able to track the PLNPs as they go through the entire system and potentially compare their 

escape efficiency with LNPs.   

In addition to endosomal escape, the RNA release kinetics and efficiency after endocytosis could 

also be further studied.  Our study examined total Cy3-siRNA area per cell as a proxy for escape 

from the endosome into the cytosol, but this is nonetheless an indirect measurement of escape 

and does not provide reliable quantitative information.  For a more quantitative measure, stem-

loop RT-PCR could be used to measure intracellular siRNA concentration.283,367  Additionally, 

several groups have employed FRET imaging as a method to study therapeutic release from 

carriers,368,369 and similar studies could be performed for our PLNPs.  These studies combined 
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with the endosome disruption assay could provide valuable insight for the timing of RNA release 

from the PLNPs and entry into the cytosol.   
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