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Abstract

Polymeric carriers are ubiquitous in biomedical engineering, especially for the delivingef
proteins andibonucleic acids (RNA Boththe encapsulation dfiomacromolecules within
polymeric drug carrierandther controlled releastherefrom areequally important.

Zwitterionic polymers are a promising class of polymersémtrolled adsorption and desorption
of macromolecules becaugeir overallcharge can be manipulatedth transientprotecting
groups allowing them tacomplex oppositely charged therapeutithese zwitterionic polymers
can then be deprotected to release the therapeutics. In this thiesis,d varietpf protecting
groups to control the release of both proteinsRN@ for biomedicalapplications. First, | used
alkyl ester protecting groups to protect the pendant carboxylate gvoinybsck copolymer
poly(lactic acid)blockpoly(carboxybetaine)PLA-b-PCB) to producesel-assembledationic
nanoparticles (N§. 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, dndr release ratevascontrolled basegrimarily on the
hydrolysis of theester protecting groups. This demonstrated that protected zwitterionic
polymers could be used for temporal control of protein releldset, | modified the PLAb-

PCB polymer to bear acigesponsive hemiacetal esteog@cting groups such that the cationic to



zwitterionic charge transition occurréaster inacidic conditions.These polymers were
designedo induce RNA dissociation frorthe polymeric carrier in the acidic endosome after
endocytosis.The polymers were mixed with lipids psoduce hybrid polymer lipid
nanoparticles (PLN$) thatencapsuladboth siRNAand mRNAwith high efficiency The
PLNPsincreased RNA transfection efficiency ox@mventional lipid nanoparticles vitro.
The increased efficiency was lost when the -@iegponsive polymers were replaced veitid
inert polymers, demonstrating that the a@dponsivenessas necessary for the effedhus,
the synthesis of novel protected zwitterionic polymers and their applications itebyibral

and stimulugresponsive controlled release of therapeutic macromolecules was demonstrated.
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= 4 biological replicates). d) Dosesponse curves based on luminescence of 25/25 and

12.5/37.5 PLAb-PCB-X /SM-102 PLNPs encapsulating siFLuc in-®X/-3-FLuc cells (n =4

biological replicates). e) Quantification ofsiisalues from (c) and (d) (p values calculated by
oneway ANOVA wi t FocTestke<y0®5, **p ¢ 8.001). f) Metabolic activity of
CCNEZXoverexpressing -B7D cells after dosing for 24 h with specified treatments as measured

by the PrestoBlue aay (n = 3 biological replicates). g) Dassponse curves of CCNE1

knockdown with PLNPs encapsulating sSiCCNE1 in CCNiz&rexpressig T-47D cells (n = 3
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Figure 35. Acid-responsive hydrolytic group increases siRNA bioavailability in the cytosol. a)
Chemicalstructures of pendant groups used for experiments. b)i@epense curves of

luminescence vs. siFLuc delivered in PLNPs toc@¥-3-FLuc cells (n = 46 biological

replicates, data for 50 MC3 and 12.5/37.5 Ph-RCB-MOM/MC3 are reproduced from Figure

4a for comparison). c) Kgvalues for data in (b). Data for 50 MC3 and 12.5/37.5 PLRACB-

MOM/MC3 are reproduced from Figure 4b for comparison. d) Representative images of Cy3
siRNA distribution in SKOV-3 cells. The right image in each pair is an expansidghe boxed
region in the | eft i mage. Scale bar = 50 ¢€n
biological replicates). f) Total Cy3 pixel intensity per cell, as calculated by raw integrated

density function in ImageJ (n = 8 biological reples p values calculated using emay
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ANOVA wi t h Thackesty ©ata apepresented as mean £ SD, *p < 0.05, ***p <
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Figure 36. Uptake and endosomal escape of PLNPs HOSK3-mChG9 cells. a)

Representative images of uptake and endosomal escape@vsSK cel | s. Scal e
b) Number of NP puncta per cell as visualized using the DID channel (n = 4 biolegibehtes,

p values calculated usingemeay A NOV A wi t kocTestk e) Wadnber of disrupted
endosomes per cell as visualized by GalBherry foci (n = 4 biological replicates, p values
calculated usingonay ANOVA wi t kFocTestkdd NPopanctp perscell after pre
treatment with endocytosis inhibitors (n = 3 biological replicates, p values calculated using two
way ANOVA wi t-hoctest)dBataars prgsented as mean + SD, ns = not significant,
*P < 0.05, ***D < 0.001. ...t e— e e e e e a e e e e annneanrraees 81

Figure 37. Formulation and delivery of PLNPs encapsulating FLuc mRNA. a) Size and PDI of
12.5/37.5 PLAb-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
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activity of SK-OV-3 cells after dosing with treatments. e) Dosgponse curves of

luminescence per microgram total protein content vs. FLuc mRNA @8k cells (n =4

biological replicates, da are presented as mean + SD *p < 0.05, ***p < 0.001, calculated by
twoway ANOVA wi t FhocTegtk..e.y..0..8....p.0.S.teeerriiiiiiiiiiiiiiiiieee 83
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1 |l ntroducti on

1.1 Rati onal e

Proteins and RNA are powerful therapeutic biologiesotein therapeutics includatibodies for
applications such as cancer treatniehiyhile emerging proteins such as growth factors have
applications in regenerative medicine and tissue engine&fingt.the same time, RNA
therapeutics found widespread recognition with the advent of mMRNA vaccines during the
COVID-19 pandemic, and siRNA therapeutics have also been &iptoved ad usedto treat
various diseases® While the efficacy and mechanisms of these biologic drugs are well known,
their delivery to target tissues remains the main barrier to transtht®tochallengesvith

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 caedplath polycationic
polymers or cationic lipids to enable uptake into target cells. These strategies halaedsden
successful, as they have allowed biologics to enter the nfarkdinical use However,

polymeric carriers still face several chalies that reduce their efficacy. For example, most
proteins are incompatible with polymeric encapsulation due to denaturation as well as low
encapsulation efficiency# 13 Furthermore, whild®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 maéhifery.
Therefore, polymers that can both associate with and dissociate from fragile biologics in a

controllablemanner 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 tridgstbarged. These

charged zwitterionic polymeisan beused for the complexation of oppositely charged

biologicsi®’ By deprotecting the charged moiety, neutral charge can be restored and the

biologic can be released. Zwitterionic polymers are especially appealidglifcgry of



biologicsbecause their highly hydrated nature allowsefificient dissociationt®*® While

several groups have taken advantage of these polymers for protein and RNA détiiey,

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 biologresyangrates has not been

well explored.

In this thesis, | 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, | synthesized poly(lactic acidlock-poly(carboxybetaine) (PLA-PCB)with a

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

block. |then demonstrated the utility of these polymers in two areas. First, | demonstrated that
negatively charged proteins could lmsarbed then released from charged nanoparticles by
varying the rate of hydrolysis on pendant ester groups. To do this, | explored a variety of alkyl
ester and MNalkyl amide(northydrolysing)protecting groups to allow for varying temporal

release profiles from a local hydrogel depot. Second, | used acid responsive protecting groups to
enable RNA release from lipid nanopatrticles in the endosome. In this way, the-PCB

polymers were changed to promote a@@dponsive release for RNA. Thus, in thiedis, novel
protected zwitterionic polymers were synthesized and their utility in various drug delivery

applications was demonstrated.

1.2 Hypot hesi s

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 subbjectives:

Objective 1: Temporally control the release of anionic proteins from a transiently cationic
nanoparticlecomposite hydrogel.
1 Synthesize transiently cationic amphiphilic polymers and formulate them into

nanoparticles



1 Demonstrate that nanoparticle charge can be temporally controlled by varying NP
surface chemistry
1 Use the NP surface chemistry to control release of various proteins from a hydrogel

1 Demonstrate that released proteins retain bioactivity

Objective 2 Adapt the transiently cationjgolymer for acidresponsive intracellular RNA
delivery.

1 Synthesize acidesponsive zwitterionic block copolymers

1 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 therapeutimomacromolecules. These differ from typical small molecule drugs in
not only their size, but also in théiilgh specificity and potencyHowever their physical
characteristics such as large size, high charge, and instability make delivery to target tissues the
main barrier to translationTwo common types of biologgare 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 peptidamnsisting of a few amino acids (e.g. leuprofitle,
insulin?? semaglutid&), to large, multiunit assemblies over 1000 residues (e.g. panitumumab,
trastuzumatf). 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 drugherefore maintaining this tertiary structure is a priority

when formulatingoroteins

One of the most developed classes of protein therapeutics are monoclonal antibodies, especially
immunoglobin G (Igg. Antibodies are highly specific, higdffinity binders of specific

endogenous proteins. When binding occurs, the endogenous protein is typically rendered



ineffective and thus antibodies are often used in diseases where a certain protein is
overexpressed, such as in cancer. Severatantier antibodies have been approved for clinical

use such as trastuzumab (Hercepgfippnitumumab (Vectibixj,and bevacizumab (Avastid)
Othersmall 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 ateduktabolism by

binding to extracellular receptors to induce signaling cascadesatingblood glucose.

Another emerging class of protein therapeutics are growth factors and cytokines for regenerative
medicine. These proteins are useful famoting tissue growthndthus they are often useful

for overcomingdegenerative conditiorisy promoting theepairof damaged tissue. Recent

examples of growth factors include erythropoiétinsulin-like growth factor 2 bone

morphogenic proteirfs?and granulocytenacrophage colongtimulating factor® As proteins

have a diversity ofmolecular weighd, hydrophobiciiesand isoelectric poisttheyrequire 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 netditiary 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 treepade®

A promising class of RNA therapeutisssmall interfering RNA (siRNA). These RNAs take
advantage of the <cel | 0s)systenttauselectivelysieAce target er f e r
genes. In this system, an intracellular endonuclease known as Dicer cleavessttandied

RNA into ~20 nucleotide fragment$.These fragments then associate with the Rihiced

silencing complex (RISY; which uses the antisense strand of the RNA to selectively degrade
messenger RNA (mMRNA) complementary to it, preventing its translation into proteins. RNAI is
typically achieved using siRNA, a synthetic doubleanded RNA20-24 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 dag/sTherefore, siRNAs are useful

therapeutics for short term downregulation of genes and are significantly lower risk compared to



gene therapies that can change the genome, such asédiested method®and gene editing®
The first ever siRNA therapeutic was patisiran, an-tatisthyretin sSIRNA developed by
Alnylam Pharmaceuticals for the treatment of polyneuropathy in patients with hereditary
transthyretinmediated amyloidsi®:*! Since its approval in 2018, only 5 other siRNA drugs
have been approvédnaking this class of therapeutics a young but promising treatment

modality.

Contrary to siRNA, messenger RNA (mRNA) is used for stearh 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 exogetiédAsnto 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 dgically, this will be for a few days. This makes

MRNA a good candidate for applications suslvaccines, 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 andcandéo, date, the

only two mRNA therapeutics approved for use are Comirnaty and Spikevax, the €OVID
MRNA vaccines from PfizeBioNTech and Modernaespectively. mRNA islsoa good

candidate for gene replacement therapy, where mRNA can be delivered to cells to produce
proteins thaareerroneously downregulatent nonfunctional Like with sSiRNA, thetransient
expression of these proteins as well as the fact that the genome is not affietEesimMRNA a

safer alternativeverviral-mediated delivery and gemeediting.

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. Becaugatbenacromoleculethey face

unigue challenges with instability within the body, crossing cellular membrameétgrgeting.

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 shalifédalfthin the body.
This can be partially attributed toetinnate immune systemwhichis responsible for elimination



of many exogenous protefisis well as the degradation of RNAs in sedinMany exogenous
proteins activate various antigpnesenting cells in serum, marking them for elimination, or

even triggering anaphylactic reactions in severe cdskesmunogenicity is exacerbated by

protein instability and aggregation, meaning the physical stability both within the body and on
the shelf must also be carefully considete®ther proteins such as glucagiike peptide 1

(GLP-1) are directly degraded by serum peptida€és.addition to the immune system, many
physical factors prevent prolonged circulatiomm@cromolecules. Many proteins from ron
human sources denature or aggr33oadaraggegatep hy s i
with other proteins in the bod{. 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 coeplianc
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 theinnate immune systeft,as well as spontaneous hydrolysis. These problems can be
somewhat mitigated by chemical modification. One of the most common modifications to

s i R N A-Oimsthyl2atidn, which decreases degradation by nucleophilic attack by neighbouring
2 ®H residues!*? Other modifications such as phosphothiodiester link3gesl locked

nucleic acid® have also been explored to prevent degradation by both spontaneous hydrolysis of
phosphodiester linkages and degradation by RNAses. For mR&#Aacement of uridine

residues with pseudouridine is usually required to avoid immune cledfaAcklitionally,

modi fication of the normal 506 cap to a synth
degradation from RNAs€&8:*® While chemical modification has increased resistance to

enzymatic and thermal degradation, other barriers estetiedto 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 deliva@otagfics in several ways.



First, oral administration for most biologics is impossible not only due to the harsh conditions of
the stomach, but also because the digestive systefi@rentiallyabsorbs amino acids, small
peptides and nucleotide precursors over entire proteins and RNA molecules. Thus, most
biologicsmustbe administered by either systemic or local injecti@econd, if the site of action

is inside target cells, a method to indeedl uptakes neededbecause diffusion through the cell
membrane is not possiblés a result, the majority of approved protein therapeutics are those
that actextracellularly, such as antibodies, ardiagulants, and hormon&sProteins whose

targets are inside the cell are generally less well represented, but can be delivered by viral
methods or by encapsulation in nanocarriEigure 1-1A).*34° 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 beenifousthg various RNA
conjugates to induce receptmediated endocytosis. Specifically, GaINAc conjugates have seen
much success in inducing RNA endocytd§i including 4 FDAapproved therapeutics

(Figure 1-1B).° Others have used various protein conjugates suckllgsenetrating peptidé$

or bacterial toxin conjugaté$. Nevertheless, while such conjugates enable cellular

internalization, these RNASs are still vulnerable to RNAsbk#e in circulationand 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 byengineering them with polyanionic tails so that they caermapsulated
in cationic lipidcarriers Figure adapted from refererd®with permission from American
Chemical Society B) siRNA-GalNAc conjugates have been successfully trafficked into the
cytosol by interaction with ASGPR receptofigure adapted from referens2 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 administerecesystally,theyare delivered through the



entire body before eventually being excreted renally or being processed by macréptfages.

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 YEGFRor HER2which allow antibodies

targeting these markers to accumulate at the target &5%tR8.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® and glutamatairealysine analogues are documented to target PSMA
overexpressing prostate cancer c8I®assive targeting in cancer is also frequently achieved by
theso-calledenhanced permeation and retention (EEfRect, where blood vessels around
tumours tend to be fileakyo and allow for par
accumulate at the tumbt.However, the existence of the EPR effect is controversial and has

fallen out of favour within the past few yeass it has been suggested thetve transport by
endothelial cells isesponsible fothe majority of transport into tumout$ Targeting can also be
achieved by local injection. This is especially advantageous for applications in fReete

central nervous systéfif®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 pesfeg afew
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 peritiadis minimizing the amount of injections needed

There have been several approaches to accomplistatdimg dosing. First, several groups

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

or elimination via the kidneysThis is often done by chemical conjugation of PEG or other
polymers to the biologi%” 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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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 usechtapsulate 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 covdjeobnjugated 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 mosbmmonclass of polymers in the field of biomedical engineering are

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

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

polymers are hydrophohiamorphousandmouldableat a macro scal@)lowing them to form
hydrophobic aggregatgsanoparticlegnd implantghat can encapsulate drugs. 3égolymers

differ primarily based on their hydrolytic stability: thegher hydrophobicity of PCL makés

more resistant to hydrolysis than PLGAhese polymers are favourable for biomedical
applications due to their biodegradability and their biocompatil§flitdydrophobic small

molecules such as doxorubitimnd small peptidés?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 allovisr the drug to be slowly releaséd’® 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 neededdncapsulation, such as shear forces and organic
solventst 1364 However, larger proteins and hydrophilic protedins more difficulto

encapsulate, often having Ideadingsor losingbioactivity after encapsulatiof:®® While using
various excipients and changing formulation parameters can help offset some of the$é issues,

othermethods 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 hydrophobicAy alternative method of encapsulating
soluble proteinss based orelectrostatianteractions Most soluble proteins contain charged

amino acids on their exteridior exampleglutamate and aspartate are negatively charged amino
acids while lysine, arginine and histidine are positively charged. As such, they can interact with
oppositely charged carrefor encapsulation and subsequent drug delivery. Electrostatic
interactions are considered a gentler approach than hydrophobic interbetanse
hydrophobicsurfaces interact with hydrophobic amino acids on the interior of a protein, thus
risking denaturatioft’? whereasharged surfaces interact more with exterior amino acids and

are therefore less likely to damage the profgiBeveral electrostatiadsorption approaches to
polymers have been proposed. Many natural polymers such as chitosan and heparin are strongly
charged anthave thus been used to strongly complex with oppositely charged proteins. This has
allowed them to be used in applications such as pulmonary défieey bone regeneratidn.

Fully synthetic polymers have also been designed with strongly charged regions to bind and
encapsulate proteins for delive®’® 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 ir
the absence of protein, thus minimizing the exposure of theiptotbarsh formulation

conditions. For examplebothgraphene oxidé’ and synthetic polypeptidé$’®have been used

to adsorb proteinand deliver thenintracellularly’%%° 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 extgfagure 1-2).8° 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
polymerscan bescreened bgounterions such as saltesulting 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
effecs.® Thus, while electrostatic interactions are an attractive option for polymeric protein

delivery,more methods must bevestigated to control adsorption and desorption kinetics



12

° (+]
o

4 (%]
A P
e v
et/ o
Versus | N8/ . La L
:'é ™ ° * °°n o = - E
| ) b N
X - Y -
o q °° [-] E
00( =
i PLGA np 3

o Protein
Hydrogel

Time

Figure 1-2: Electrostatic adsorption to PLGA nanopatrticles 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 refer80e@th permission from Thé&merican

Association for the Advancement of ScieldéAAS).

1.4.1.3 Hydrogels

Hydrophilic proteins may reefit from encapsulatiom hydrophilic nanocarriersver

hydrophobic polyestersThus, polymeric hydrogels, consisting of crosslinked polymer matrices
swollen in water, have been widely used as delivery vehicles for protein therapeutics. Hydrogels
areparticularly 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) (PE®Y 8 hyaluronic acid® 8¢ cellulose derivatived’7:8
polyzwitterions?% ! and peptide¥°3are among the most common. Release rate can be
controlled by a variety of methodsut modulaing hydrogel pore size control the diffusion of
proteins out of the gel is the most commadrhis can be done byangingcrosslinking density,
either by increasing chemical crosslinks or physical/hydrophobic crosslinks. While these
methods are simel they still generally result in fast relegb®urs to daysand changing
crosslinking density will also affect the mechanical properties of gels, making tfieultdto

inject or become less biocompatilolee todifferences between native tissue and the biomaterial
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Therefore, other groups have controlled release by more psgeaific methods. For example,
incorporating heparin into a hydrogel will decrease the release rate of Riejpaliimg

proteins*®* As such, many groups have used various binding partners such as sulfated
polysaccharide® or specific binding peptidé$3°-%to increase the affinity of proteins for the
hydrogel matrix. Hydrogels may also be combined with charged nanoparticles sucl{®as clay
charged liposomé&&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 retsase iydrogel 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} by far the most common polymer to be conjugated pruateins

As PEG is a hydrophilic and neutral polymer, it acta ateric barrier to prevent interactions

with other proteins, thus reducing immunogenieity preventing aggregation. Several PEG
conjugates have been FEsproved, demonstrating the efficacy of PEGylafioHowever,

there are several drawbacks to PEGylation. First, conjugation of PEG to the charged residues of
a protein may affect binding to its tard&6econd, some patients develop 4G antibodies

which cause rapid clearance of PEGylated proteins upon subsequent inf€cfid s, new
polymers such as polyzwitterions are being explored to improve upon PEGylated Sfdteitls.
These nexgeneration polymerare more hydrophilic than PEG, endowing them with superior
nonfouling properties and greater colloidal stabilifihis will potentially allow them to have

longer circulation halfife andtherefore highebioavailability.

1.4.1.5 Lipid carriers

Thoughlipid nanoparticlesre populafor 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 malksng them potentiallyseful
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for intracellular trafficking of proteins. Unfortunately, like encapsulation in PLGA
nanoparticles, encapsulation within lipid nanoparticles for most proteins is diffexduse
hydrophilic, soluble proteins are unlikely favour encapsulation within a hydrophobic lipid
matrix. Thus, charge interactions are often usaddmeaseproteinloading Yaroslavov et al.
usedhighly chargedationic peptides to encapsulate anionic prot&ifwhile Chan et al.
engineered proteins with additional anionic polypeptide tails to encourage loading into ionizable
cationic solid lipid nanoparticl€$. Thus, while the encapsulation of proteins into lipid
nanoparticles is challenging and not well exploteére is potential in the technology
However,with the emergence of mMRNA delivery and gene editing tioalscent yeargjirect
protein deliveryhas somewhateclined in popularity in favour of allowing cells to manufacture
the needed protein themselvégevertheless, protein delivery still has advantages such as
having an immediate effect insteadrefjuiringa rampup periodwhile the proteins

synthesized. Additionally, delivery pfe-assembled protein units can have additional benefits
over delivery of single unit transcript®® 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 biologicaffect. Thus, the goal of most RNA carriers i®t@ble

uptake into target cells as well as to protect them from degradadiorRNAses While stable
synthetic oligonucleotides have been successfully translated and commefdiadiéngreased
interest in mMRNA delivery and gene editing toolsecent yearbave necessitated encapsulation
solutions, as thiargesize of these RNAs makes stable analogues difficult to synthesize by
chemical methods. There are two major types of nanocarriers for RNA: lipid nanopatrticles
(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 usggplioations such as
pulmonary deliverywhere the processes of nebulization or spray drying can destroy lipid
carrierst®¥1% Second, the chemical diversity of polymaray potentially allow for more tuning
for thedesired 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 makeit 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 oppositejgaicatl surface
proteoglycans to induce endocyto¥is!% One of the classical polymers used for RNA

transfection is polgethyleniming (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 psitive 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 morphologiesteareexplored for

DNA and RNA delivery(Figure 1-3A).10619111 Generally, hyperbranched, large molecular

weight PElresults in the most RNA transfectidout the advantage is offset by higher

cytotoxicity. The mechanism of cytotoxicity is speculated to be disruption of the plasma
membrane leading to apoptotic signal cascatféd?® Additionally, strongpositive charge has

also been linketb high immune clearance, which limits bioavailability.Several approaches

have been taken to reduce the cytotoxicity of PEI, such as conjugation & BEpids!® In

spite of the relative success of these approachekigheytotoxicity of PEIhascaused ito fall

out of favour in recent years.

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

Though PEl itself is no longer widely used, the concept of using cationic polymers to complex
RNA for cellular internalization is stifpopular As an alternative to PEI, many polyacrylate and
polyacrylamide systems have been proposed. One of the advantages of these systems over PEI i
a lower charge density. While 1/3 of the Agrdrogen atoms on PEI is an ionizable nitrogen

atom, typically amly one atom of a 225 atom acrylate or acrylamide monomer is an ionizable
nitrogen. These ionizable atoms angically found on the pendant groupsmbnomers, which

allows chemical diversity around the ionizable group without greatly affecting the polymerizable
handles.Thereduction in charge densigpmpared to PHias 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 homopolyfiétblock co
polymerst!¥124and other morphologié® that all encapsulate RN@igure 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 argegpadable, which may

lead to bioaccumulation over time. Thus, the majorlehges 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 P o | ar(irfo 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 promi si ng -aronb gstars)(PBAEs) EBBARswmteyg(owth polymers

that are formed by the Michael condensations of primary or secondary amines with diacrylates
(Figure 1-3C). These polymers have comparable charge dersityetpolyacrylates 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 mRNAL?6siRNA?” and small molecule delivery®12°

However, encapsulation of siRNA using PBAEs has historically been challenging, requiring high
ratios of polymer to siRNA for efficient encapsulatidh.These polymers can be considered

among the statef-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 recemptdiated
uptake!?613L132Thys, research into this class of polymers is a promising step towards the first

ever clinicallyapproved RNAdelivering 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) Structureationic multiblockpolyacrylateused to deliver
MRNA intracellularly. Figure adapted from refered@®with permission from ElsevierC)
Typical stepgrowth 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 frpanogels. 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 allfav 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 direadttetaexcellent

reviews!33134



18

1.4.2.5 Lipid carriers

The gold standard for intracellular RNA delivery is undoubtedly the ionizable lipid nanopatrticle
(LNP). LNPs consist of an ionizable lipid with pKa approximately at endosom#d jpiduce
endosomal escape, natural structural lipids (often phosphatidyl cholines) and cholesterol to
endow structural stability, and a PEGylated lifmdcolloidal stability. LNPs are popular for

RNA delivery primarily because of their high biocompatibility. While LNPs tend to be
immunogenic®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 ayaihonly
positive charge within the acidic endosome. This minimizes cell membrane disruption and
subsequent apoptotic cascatfés?!® Typically, advances in LNPs in recent years have come
from the discovery of more potent ionizable liptd$13° or changing the composition of the
structural components to change their tissue accumutétidhanduptake/endosomal escape
capabilitiest*?> While a full review of the field of lipid nanoparticles is outside the scope of this
review, the reader is directed to other reviéf¥$* Despite all the advances in lipid

nanoparticles in recent years, especially since the CaIlNRNA 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 pertage of RNA within an endosome is released to the
cytosol*15146yjith the rest being degraded in the lysosdfié*® Therefore, a future research
direction is improving RNA release from nanocarriers such that more RNA is available to the

cellular machinery.

15 Mechanisms of payload release

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 ispatractions 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 ribgsome
respectively. As these interactions requirafoamational 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

(stimulusresponsive).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 releadéfusion-based release, where biologics are
released from their nanocarridrg Brownian motiorout of the system. Diffusichased release

is a property of all polymeric delivesystems buis primarily studied in the context of local
release applications. One of the systems where diffimasad release is extensively studied is
polymeric hydrogelsas hydrogels are often used as local drug depots, the release rate of
encapsulated biologics is greatly important. In many cases, because hydrogejslare hi

swollen in water, their mesh sizes are larger than the hydrodynamic diameter of encapsulated
biologics, and the biologic is quickly released from the hydréy@herefore, 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 swelliaged release, where the swelling of the

hydrogel in water causes an increase o$imsze, allowing the encapsulated protein to
escape?®10 Similar to diffusionbased release, the mesh size of the hydrogel is the main factor
determining the rate of protein release. However, swetlorgrolled release is typically

controlled by degradation of crosslinksaoslow 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 agairft imemesh

size can be decreased by methods such as increasing polymer concentration in the fofthulation
or by increasing crosslinking densfput these methods also change the mechanical properties
of the gel, which may change how these gels interact with%€éi& 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 heparifi® collagent®® or other natural binding partners into the hydrogel matrix
to slow down the release of proteins from the hydrogel dé&pgtre 1-4B). However, as the

pool of usable natural polymerotein 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 streptavitinjugated protein$? but is typically a specific
binding partner such as an SHBding peptide to release proteins containing SH3 dorffains
fibre-forming peptide$® A disadvantage of these types of affinttyntrolled 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 affecadsvity,

stability or immunogenicity. As such, engineering new small binding partners such as
affibodies® or synthetic peptidéémay be a more practical soluticas these do not require
modification of the released proteifowever, engineering unique binding partners for each

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

more desirable.
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Figure 1-4: Mechanisms of passive release from hydrogel depot$) Degradation and
swelling-basedelease 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 og si#ienpolymer

matrix. Adapted from referend&1with permission from John Wiley and SonB) Affinity -

based releases use specific interactions between the polymer matrix and the therapeutic to slow
release from the drug depot. Adapted from refer&d&asvith permission fronAAAS.

While less specific, electrostatic adsorption to embedded nanopakrialéscile 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 PLG®;'*¢liposomes’® and clay*>’ 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, dnaturation of proteins by adsorption to surfaces is asuailied

phenomenon which also applies to nanoparti&¥° Additionally, the unspecific nature of
electrostatic interactions means that other endogenous proteins may compete for binding, leading
to faster release than predicted and potentially immunogeificitynplement proteins can bind

to the nanopatrticlesFinally, the high ionic strength of the physiological environment may also
shield electrostatic interactiorisetween the nanoparticle and the protein, thus leading to faster
release than desired’herefore, while promising, more research needs to beinldinis 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 swellidgased systems, the pore size of these systems is small
enough to prevent release of the biologic. Thus, the biologic is elelysed once the polymer
matrix itself is degraded. The most commonly used polymers for this purpgsa\asters,
namelyPLGA. Polyester polymers in nanoparticles, microparticles, and macroscale implants
typically degrade bgithersurface erosioor bulk erosion, with the latter being more important

for drug releasé® it is believed thathe scission of ester linkages within the bulk phase creates
channels for biologic diffusion. For proteins that can be encapsulated within polyester polymers,
degradatiorbased release offers biocompatible, kbasting releasé& 5570 While less popular,

RNA has been encapsulated into stable PLGA nanoparticles for intracellular delivery 83 well.
164 However, PLGA may not be an ideal polymer for intracellular delivery as the sh@eks
degradation of PLGA may be too slow for release when the-lgsdeomal pathway typically
recycles NPs within 24 hout& 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 IiiRekpart from polyestersyther

materials such adegradablsilica have also been explor¥d. 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 passiverelease systems are ideal for sustained release applications, stiesplossive
systems are ideal for maximizing release within a target tissue while minintizisgwhere.

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

1.5.2.1 pH-responsive polymers

pH responsivearriershave 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 endosomesidolysosomes and lysosom&s Many

groups have used this pH change to induce endosomal disruption by introducing an ionizable
moiety into their nanocarriers. This would introduce positive chamngle nanocarriethus

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 membr&aeeral pHresponsive

polymers have been used for this applicatibhese are usually polymers of tertiary amines such
as poly((diisopropyl)amino ethyl acrylaté&®)and poly((dimethylamino)ethyl acrylates), which
have pKas of ~¥%° PBAEs can also be considered pH responsive polymers, with reported pKas
about 7.5 8.0194126 However, because the pKa is close to 7.4 for all of these polymers, they
will neverthelesgarrysome positive charge at serum pH digtuptplasma membrase

Despite thisshortcoming, 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 pkesponsive polymers is that their positive chargecatic pH

attracts negatively charg&NA and reducegs accessibility to the cellular machinery. Indeed,
while most pH responsive polymers for RNA delivery have focused on endosomal escape, few
have focused on payload relea3® solve the problems with low RNA release upon

endocytosis, several groups have explored the use eflagiddable polymers. PBAEs are a

step in this direction. While they were developed for thpgee of reducing toxicity by being
biodegradable, their partial degradation at cytosolic pH may contribute to their hogtc\eff

Kuenen et al. showed that at pH 7, the-itdfof PBAES is about 24 h, but is significantly
extended at acidic pH? 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 meiibrames, it may

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

because most nitrogarontaining polymers become more positive at acidi@ap#itherefore

increase their complexation with RNAs RNA is most resistant to hydrolysis at {6,
decomplexation within the endosomees not significantly increase the risk of RNA

degradation.In response to this, several groups have inventedrseiblative polymers that

dissociate into monomers in acidic environments. A promising class ofrsellating

polymers are chargaltering reversible transporters (CART?'> Thes e a-aminopol y ( U
ester) polymers, and the position of the nit
catalyze the hydrolysis of the ester at acidic conditions, speeding up degradation at acidic pH.
These polymers have shown great prorbisinin vitro andin vivofor mRNA delivery. More

recently, polyglyoxylamidgs with acetal backbones have been proposed as-&dNisery

vehiclest’®17" 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 aeidsponsive PE®ased surfactants for RNA deliver$f. As such, great

progress has been made in the past few years in usindeggiddable polymers to promote

intracellular RNA release and subsequent availability to the cytosol.

While most pHresponsive polymers for intracellular delivery have focused on RNA delivery,
similar technologies have also been used to deliver protein therapeutics. For example, because
PBAESs are ionized at endosomal pH, electrostatdiated swelling ismduced which allows

proteins trapped within the core to escaffeHowever, this approach is less applicable for

anionic proteins, as the positive charge of PBAEs prevents diffusion out of the p&iymer.

such, other pHesponsive 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 thecanier. This allows the

carrier to dissociate by charge repulsion at low fhids releasing its payloa&everal groups

have demonstrated this approach using polypeigded polymer8 polyesterbased core¥!

and polyacrylamidéased polymer® pH responsive polymer degradation has also been

demonstrated by incorporating acldgradablerossinkers such as acetaf® 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,

becausenRNA structure, and therefore encapsulation methodsessevaried than proteins

A more prudent use of pkesponsive polymers for protein delivery may be to targabus

areas of the body, or to induce release upon a pH change betweersttedf dormulation and
physiological pH. For example, He et al. demonstrated remarkable release of protein antigens
for vaccines upon administration due to pH switching from 5.1drfdhmulation to 7.4 under

the skin(Figure 1-5A),'83while DeissYehiely et al. demonstrated that pelsponsive polymers
could selectively penetrate acidic bacterial biofiff¥fsTherefore, pH responsive polymers are a

promising class of polymer for stimuhugsponsive 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, reducBensitivestrategies 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 reducadd releasing their payloa@isulfide bridges have been

used to deliver both sSIRNA® and DNA plasmid$8into cells, demonstrating the utility of these
polymers. Reductiogensitive and pH sensitive modalities have also been combined within the
same polymer to release both small molecule drugs and RNA simultan&8usdiywever,

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 moleculesThus, it may be more ideal for dissociation to occur in the
endosome instead of in the cytosol, which partially explains whyegshonsive polymers tend to

be more popular than reductioesponsive polymers for intracellular delivery.

Oxidationsensitive polymers can be used to target tissues where oxidative stress iBisgh.
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'fissMbile reduction

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

oxidationsensitive linkers is more varied. Cai et al. used oxidatensitive thieketal groups to
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induce lipid nanoparticle dissociatior intracellular mRNA deliveryn vivo,*® demonstrating

the utility of this approach. Meanwhile, others have incorporated phenylboronic acitteinto
backbone oPBAEs to induce polymer dissociation from payload protein therapeutics in tumour
cells(Figure 1-5B).18%.18 Oxidationsensitive 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 exampleMatrtin et al. showed thategradation of thioketal polymer films released BM&2
bones in a bondefect modet®® Thus, oxidatiorbased strategies may be a good way to target

diseased cells for certain indications.
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Figure 1-5: Stimulus-responsive polymers for protein delivery.A) Diblock copolymer
poly(2-(diisopropylamino) ethyl methacrylatemethacrylic acid) was used for pidsponsive
release of proteins from thin films. Adapted from referei&2with permission from American
Chemical Society B) Boronic acid decorated polymers were used for R€&ponsive release of
proteins after internalization into tumour cells. Adapted from referg88wvith 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 enzymies iceorporated

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 oftamd in hydrogebased systems used for local release.

Of the many enzymeesponsive linkers that have been invented for use in hydrogels, one of the
most common are the matrix metalloproteinase (Nsthsitive linkerd??1% 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 bearirdeltisidable
crosslinks can be used to deliver therapeutitgins 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 ERISPR
Casl2o release DNAanchored compounds as well as nanoparticles, representing an interesting
approach to targeting CRISR&pressing bacterfd? In addition, cathepsigleavable crosslinks
have also been popular for delivering therapeutic proteins to inflamed tissues, where cathepsin
content is hight?>1% A disadvantage to enzyme cleavable crosslinkisastheir synthesis is

typically difficult and timeconsuming Unlike pH or redox responsive linkers, enzyme

cleavable linkers are typically sequersgeecific peptides or oligonucleotides, usually

necessitating the use of sofhiase techniques. In addition, the large size of these crosslinks
often influences thproperties of the materials such as solubility, stiffness or viscoelasticity.
Thus, while enzymeleavable hydrogels represent an interestimg) 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 ubiquitousytosol so strategically incorporating esters into
polymeric materials may be a useful method for triggering biologic release. Qiu et al. recently
developed an esterasensitive polymer to deliver antancer RNA intracellularly,

demonstrating the feasibilityf these method$.! Other studies have demonstrated that mMRNA
could be delivereth vivoand with targeted delivery to the spleen using these esterase
responsive materials, with higher delivery correlating with more accessible, less sterically

hindered ester$®1°° 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,ghgére nanocarrier must escape the endosome to be
cleaved This is less likely to occur thawmith individual drug moleculesvhich can more easily
diffuse through local perturbations in the endosomal memlraceuse of their smaller size

Thus, whileesterase@esponsive polymers hapeoduced promising resujta 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 Uiginigto degrade the photosensitive
linker. This approach may be desirable because it allows a clinician to trigger biologic release
precisely when needed by shining a lighthe target tissuelypical photosensitive linkers

include enitrobenzyl124:290202 horphyrins2®3 chlorins2% cyanine dye$®® coumarin?®® and

many more. Photocleavable linkers havertqpular forex vivoapplications 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?1:292.207.208_jght-sensitivepolymeric materials have been useful for intracellular

RNA delivery as well, and several groups have demonstrated RNA release and subsequent
increases in transfection efficienicyvitro.121:122.124.203.209\y/hjle these types of photocleavable
chemistries are attractive for their highly specifieaffirelease profiles, mosif the
aforementioneghhotocleavable linkers rely on UM blue light to trigger release, which do not
penetrate the body well. As a result, much research has been focused on developihgrfar
nearinfrared cleavable chemistrié8or using alternative strategies such as-photon

cleavagé®® or upconverting nanoparticféto use loweenergy light to cleave high@nergy

bonds.

16 Protected zwitterionic pol ymer s

A promising class of polymers for both passive and stimrdaponsive release of biologiss
zwitterionic polymers. These polymers are unique for their highlyfooimg properties, which
minimizes interactions between them and their cargo. This makes them good candidates for

efficiently releasing their cargo. In addition, temporarily chaygwitterionic polymers by
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protecting a charged moiety has opened up many opportunities for stiresfsive 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 syntheticcarboxylatecontaininganions anchitrogenbasecdcations, but polypeptidbased
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 revie#/€.1* 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 eali 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 radicabr controlled radical methods suchrasersible additioffragmertation chain
transferpolymerization RAFT), atomtransfer radical polymerizatiodTRP) andnitroxide-

mediated polymerizatiolNMP), butring-opening metathesis polymerizatidR@MP) andstep

growth methodave also been developedmore recent yearS. The most commonly used
zwitterionic polymers used for biomedical applications are poly(sulfobetaines),(PSB
poly(carboxybetaines) (PCB) apdly(methacryloyloxy phosphorylcholines) (PMPEigure

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
agueous environment of the bodhis property makes them very attractive as stealth polymers,
as this hydration shell makes them unlikely to adsorb proteins or micrébas, veral groups

have explored their use as afauling polymers in both gels and on surfacey] have

demonstrated lower protein adsorpttbanPEG, the most commonly used stealth polyfher,

217 In addition, the use of polyzwitterions avoids clearance byRBG antibodies, the presence

of which have been demonstrated in humans after injection with PEGylated matétfals.
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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 dditathem over timé!®

Conversely, zwitterionic polymers are superior at stabilization because of their higher
hydrophilicity. Thoughall threeof themost commonly usepolyzwitterions (PMPC, PCB,

PSB) have demonstrated superior stabilization to PEG, PSB has been suggested to be slightly
stealthier than the other tvi&, possibly owing to the biomimetic features of PMPC and PCB.
Zwitterionic polymers have therefore been used to stalaldieersity ofnanoparticles in

biomedical applications, from polyester NP<£2!to inorganic NP2 to lipid-based

nanoparticleg!®?22and morgFigure 1-6C).
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Figure 1-6: Structures and applications of zwitterionic polymers.A) Generalized structures
of polyampholytes and polyzwitterions. Adapted from referd®osgith permission from

MDPI. B) Structures of commonly used zwitterionic monomers. C) Applications of zwitterionic
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polymers in biomedical applications. Adapted from refer@2zewith permission from

American Chemical Society

1.6.2 Zwitterionic polymers in drug delivery systems

Becaus®f 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 edtpadeds of time and

as such, they are useful for stabilizing nanoparticles forémting applications. Cao et al.
demonstrated that zwitterionic liposomes have increasedifeath circulationover PEGylated
liposomesyhich arethe current standdrof care?!® Othergroups have alsdemonstratethat
zwitterionic polymers result in increased accumulation and tissue penetration in tumours, making
them potentially useful in cancer nanomedicim&>22° 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 junétftitéwhile others suggest that
simply increasing circulation halife increases tumour penetration due to slower elimination

from the body?

Zwitterionic polymers have also been used to coat RNA nanocarriers instead of the typical PEG
coating. This has typically been achievedbyalently conjugating zwitterionic polymers to

lipids before formulation Multiple groups have sinaemonstrated that thegeitterionic drug
carriersdeliver RNAwith greater efficacyn vivothan PEGstabilized system&82%0 The

mechanism appears to be the same astwitiour accumulation; longer circulation kéfé and

less immune recognition allow more RNA to accumulate within the target tisfiese

discoveries suggest that future nanocarmsesd for systemic administratishould 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 Jraog demonstrated this
approach with mul -thynpotrypsir'organoptiosplsate siydroldézarmds U
uricase’233 This approach resulted in biologics with increased bioactivitylifalfand better
accumulation in the target tissue than typical PEGylation strategies. Whilg@eEh

conjugates are also popular and have had demonstrated success in the clinicnanctimtese
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conjugates is that some patients make-BEi antibodies with repeatadministrationthus
resulting in quick elimination of these conjugates from the bloodstfe&fhConversely, 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 PE&* 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 polymershagély nonfouling, these gels may be
less immunogenic than typical hydrogels after injection. Kostina et al. demonstrated that by
incorporating PCB into poly(aydroxyethyl methacrylate) hydrogels, fouling from blood plasma
was greatly decreased, demonstrativeg zwitterionic gels may be useful for applications in
tissue repair and other applicationsuieing the hydrogel to remain in the body for prolonged
periods?!’ Such examples are in cell delivery, where zwitterionic gels have been successfully
used to culture cells, and ultimately deliver them to target ti$83&&® Zwitterionic gels also
show great potential as drug depots for therapeutic protein delivery, because-tbelingn

nature of these gels prevent the delivered protein from sticking to the gel, potentially allowing
more complete release from the gel @anaviding additional opportunities to more easily study
release behaviour. As such, zwitterionic gels have been used both for simple diffasgoin

release¥® as well as for more complex systems such as dissolbtiead releases?

1.6.3 Active release mechanisms from zwitterionic polymers

While the highly hydrated nature of polyzwitterions makes them ideabftmidally stabilizing
nanoparticles, improving the circulation kafé of biologics, and preventingroteinfouling, it
also makes it difficult for them to directly associate with a delivered biologic. Howmsyer,
temporarily charging the polymeiheycanassociate with biologicby electrostatic interactions
and thereforde useful for stimulugesponsive releasé.he alvantageof using thes@rotected
zwitterionic polymers fothese purposes is that once plaédymers are deprotectedtian the
polymers neutralthe norfouling nature of zwitterionic polymers would then have very little
association with the biologic, allowing complete release from its carrier. Thuasthe
association and dissociati&@metics betweeprotected zwitterionic polymers and therapeutic

biologics makes the polymers attractive for macromolecule delivery.
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Zwitterionic polymers have been explored as pH responsive polymeasi$ggheyoften contain
groups that can ionize and deionize at physiologically relevant pH raSgesral groups have
successfully usethis propertyfor protein delivery.For exampleZhao et al. successfully used a
PSBblockpolypeptide polyampholyteith both thermeresponsive and pirfesponsive
behaviourgFigure 1-7A).”® This allowed them to associate with proteins af7p#o protect

them from aggregation, brglease them at low pH inside the cdlhese polymers were used to
prevent protein aggregation during freezing rather than deliver drugs to live cells, but they show
the potential of stimulusesponsive zwitterionic polymers &gsociate and dissociate from

proteins on demandSimilarprotein releasapplications were shown with PSB homopolyriers

as well as polypeptideased zwitterion&23" pH-responsive zwitterionic polymers have also
beendeveloped for RNA delivery. Li et al. demonstrated that Hi@ils could be protonated at
endosomal pH to help induce endosomal escape without the use of conventional ionizable
lipids.2®® However, these PGBRpids were not designed to enable RNA releasethe

introduction of positive charge at acidic pH would increase association with Ri¥ertheless

as manybiologics 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 candidatesgtmulusresponsive 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 cearddtis is a common strategy
for synthesis, as has been demonstrated by multiple gt6tid$2?° However, when this strategy

is used for drug delivery, these highly charged protected polyameable 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 associate
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 esteon its pendant carboxylate grou@sgure 1-7B).1” This

positively charged PCB was then used to deliver plasmid DNA intq edikre it would then
hydrolyze to release its paylaaé&thyl estetprotected PCB has since been used by other groups
for plasmid DNA delivery?%23® 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 espeotected polyzwitterions to deliver RNA, but thesedan
ortho-acetylbenzoate ester that was more easily cleaved by intracellular est€rdeduction
sensitive modalities have also been incorporated into PMPC polymer complexes to facilitate
nanocarrier dissociation within the cyto$®$l However, both esterase and reduction responsive
modalities require endosomal escape before cleavage and dissociation can be accomplished.
Finally, light-responsive modalities, particularly thenidrobenzyl group, have been used to
protect PCB to produce a lightduced cationic to zwitterionic trarisin.2*® While these UV
sensitive modalities are useful toatsvitro, 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 dissociationf 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 fargskHonsive intracellular
proteindelivery. Adapted from referen@® with permission from American Chemical Society
B) Ethyl-ester protected PCB was used for intracellular delivery of DNA plasmids. Adapted

from referencel 7 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 ksgdpheation. Therefore, the

use of charged, protected zwitterionic polymausingdrug deliveryis underexploredBecause

of the potential association and dissociation properties of these polymers, it is worth exploring
more applications, as well astprotecting groups that would allow greater control caego
release.This thesis describes two applicationsof/elprotected zwitterionic polymers. First,

the use of various alkyl ester protected PCBs for local sustained release is déscieguter

2. The different hydrolytic stabilities of alkyl ester protected PCBs is leveraged to control the
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release of various clinically relevant anionic proteins from a hydrogel depot, thus demonstrating
an application of protected PCB faustainedelease. Second, the use of asgsitive PCB

polymers for intracellular RNA release is describe@hapter 3 While transitions of

zwitterionic to cationic in acid are wedlescribed 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 @sccomplished using hemiacetal ester protected PCBs, which
represent a new class of protecting group for PCB polynidrerefore, his thesis exparsdthe

scope of protecting groups used to protect zwitterionic polyaretsiemonstrates their utility

for macromolecule delivery.
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2 Protein release by controll
transiently cationic nanopa

This chapter was published in A@®plied Materials and Interfaces:

Cheung, T. H.; Xue, C.; Kurtz, D. A.; Shoichet, M. S. Protein Release by Controlled Desorption
from Transiently Cationic Nanoparticles. A@Bpl Mater Interfaces 2023, 15 (44), 50560
50573. https://doi.org/10.1021/acsami.2c19877.

21 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 entapduée release

platform where negativelgharged 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 reatiole surface charge from positive to neutral.
To achieve this, we synthesized eight zwitterionic poly(lagtidek-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 groupBhe nanoparticles (NPs) were dispersed in a physically
crosslinked hyaluronabased hydrogel with one of three negativeiprged prains

(transferrin, panitumumab, or granulocytecrophage colongtimulating 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 moddlay the hydrolytic stability of the
surface groups. Release was rapid fromigsirolyzing ester groups, reduced with slow
hydrolyzing bulky ester groups, and very slow with +igarolyzing amide groups. When
positivelycharged lysozyme was loadedadrthe 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 pteins retained bioactivity as determined witlvitro 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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22 Il ntroducti on

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 tocross biological membranes, and systemic side effects, which limit their
utility for proteins?31:241243 | gcal delivery by bolus or intramuscular injection has also been
extensively explored, but therapeutic effects are dhad as the protein quickly clears from the
area, thus requiring repeated injectiéffsAs a result, controlled release strategies from local
drug depots have been investigated as an alterfafi¥e*>24%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 administratioff’ 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 matesiat been explored for this
purpose: lipidbased nanomaterials, such as liposéfiesd lipid nanoparticle¥® and
polymers, such as poly(lacta-glycolic acid) (PLGA)®*?*%p o | -gaprdlactone§®* and
heparirt®® are among the most commonly uséddowever, 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/oY'défthds 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 processiig>® Protein adsorption to NPs has previously been
studied for nanomedicine, as it plays an important role in mediating cellular uptake and
influencing biodistributiorf>#2%> Although some proteins denature upon adsorption to surfaces,
"L2others can refold and regain their bioactivitysome of the major factors driving adsorption
to NPs include hydrophobicit§f?*®and electrostatic interactiofi$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 sifitmetal oxideg?’ clay®’ graphene oxidé’

liposomes’® and polypeptiddased NPS8for 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 tundb. For example, positivelgharged proteins have been released from negatively
charged PLGA NPs dispersed in a hydrd§eRelease 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 pretns. While this method of controlling release holds promise, it is limited

to positivelycharged proteins.

We hypothesized that the scope of adsorption/desotpisad methods of controlled
release could be expanded to negatiebigrged proteins by temporally controlling their
interactions to transiently, positivetpharged NPs. To achieve this, we synthesized a series of
poly(lactideblock-carboxybetaine) (PLA-PCB) cepolymers that selassemble into NPs.

These are particularly compelling because similar block copolymers have been explored for drug
delivery but primarily in the context of lonrgrculating NPs with encapsulated drugs due to the
nonfouling properties of PCB%21°221|n order to repurpose PCBs from a Fonling polymer

to one that purposefully adsorbs proteifg?4253ve chemically modified the pendant

carboxylate groups to produce est@r&! 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 estegroups. 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 easljhenc

charge was neutralized, thereby resulting in protein release.

We hypothesized that dispersing our transiecdiyonic PLAb-PCB NPs within a well
characterized hydrogel, such as hyaluremaathylcellulose (HAMC), would allow us to achieve
sustained release of a diversity of anionic protdting ). HAMC is sheaithinning, inverse
thermal gelling, injectable, anAmflammatory, biocompatible and NPs can be easily dispersed
within, making it an ideal material for this applicatidA?®® While controlled release from

hydrogels can be achieved by adjusting the pore size of the polymer n&tiwdrRr changing
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the proteindos ®@Thesetstiategies ara spnthetioatytcomiplex,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
hypothesiswith the controlled release of net negatively charged protérassferrin,

panitumumab, and granulocyteacrophage colongtimulating factor (GMCSF)- 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 celbasedn vitro assays and thereby lay the framework for a novel method to

deliver negatively charged proteins without encapsulation.
23 Experi ment al Section

2.3.1 Materials

The following were purchased from SigrA&drich (St. Louis, USA) and used as
received unless otherwise noted:-Bjnethyt1,4-dioxane2,5-dione (D,L:lactide), tin (Il) 2
ethylhexanoate,-Cyano4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CI@H), N-[3-
(Dimethylamino)propyllmethacrylamide (DMAPMA, -AzqbB(Xmethylpropionitrile)
(AIBN), methyl bromoacetate, tdstityl bromoacetate, phenyl bromoacetate, iodomethane,
bromoacetyl bromiddert-butylamine, ethylamine solution (6% w/w in HO), bovine serum
albumin (BSA), and transferrin (human). Ethyl bromoacetate and propyl bromoacetate were
purchased from Alfa Aesar (Tewksbury, USA) and used as received. Tolued&xbde,
dimethylformamide (DMF), acetonitrile and methanol were pwetidrom Caledon
Laboratories (Halton Hills, Canada). Chlorofedymethancedds, DMF-d7, D2O, ard NaOD
were purchased from Cambridge Isotope Laboratories (St. Laurent, Canada). Sodium
hyaluronate (1.3 MDawas purchased from Kikkoman Biochemifa Company (Tokyo, Japan).
Methyl cellulose (300 kDa) was purchased from SEisu Chemical (Tokyo, Japan). Alexa
Fluor 488 succinimidyl ester, Alexa Fluor 647 succinimidyl ester, Hoechst 33342 (20 mM
solution), andPrestoBlue cell viability reagent were purchased from Thermo Fisher Scientific
(Waltham, USA). cOmplete mini EDT-Akee 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). rhGMCSFand GMCSF Quantikine ELISA Kit were purchased from R&D
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Systems (Minneapolis, USA). Dul becclédb6s modi
medium, and noessential amino acids (NEAA) were purchased from Gibco (Waltham, USA).
Fetal bovine serum (FBSpenicillin-streptomycin and phosphate buffered saline (PBS) were
purchased from Wisent Bioproducts (SaleanBaptiste, Canada). FFand MDAMB-468

cells were purchased from ATQ®anassas, USA). Ca&bcells 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 (PLACTA) was synthesized by modifying a previous
procedure®? Briefly, D,L-lactide was recrystallized from toluene before use. A rdaottbm
flask was flameadried and purged with nitrogen. Lactide (4.0 g), tin (1§tBylhexanoate (67.4
e L )-Cyand4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CT@H) (115 . 8 e€L) and
toluene (28 mL) were added to the flask, and a reflux condenser was attached. The reaction was
refluxed at 12@ C u n2de2rh. The reaction was cooled to room temperature, then purified
by precipitating twice in iceold diethyl ethe The solvent was blown off with air for 3 d,
producing a yellow resin (3.55 g). The polymer was characterizéd B\MR in CDCk (Fig
S1A). The number average molar mass)(Masdetermined by comparing the egtbup Ch
signal at 0.9 ppm to the broad=CCH- polymer signal at 5:5.2 ppm. Dispersity (D) was
determined by GP@ N-methyl2-pyrrolidone (NMB against PMMAstandards.

2.3.2.2 Synthesis of Poly(lactide-block-N-[3-
(Dimethylamino)propyllmethacrylamide) (PLA-b-PDMAPMA) by
Reversible Addition-Fragmentation Chain Transfer (RAFT)

Polymerization

PLA-CTA (1.5 g) was dissolved in dry Xdloxane at 200 mg/mL and transferred to a
flame-dried roundbottom flask. The 4nethoxyphenol inhibitor from Ni3-
(Dimethylamino)propyllmethacrylamide monomer (DMAPMA) was removed by passing
through a basicalumen p | ug. The purified DMAAWMIAZ Mo n o me
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 withelfbr 45 min. The reaction was stirred underdi65e C f or 1 ¢
h. The reaction was cooled to room temperature, then purified by precipitatingcoidce

diethyl ether twice. The solvent was removed under reduced pressure overnight, producing an
off-white amorphous solid (1.075 g). The polymer was chariaet! by'H NMR in DMF-d;

(Fig S1B. The degree of polymerization of the PDMAPMA block was determined by

comparing theN(CHa)2 signal at 2.3 ppm to the PLA signal at5.2 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 PE&PCB derivatives, the corresponding quantities of
electrophiles were added to the solutionS:0 O Me : 55. 6 &L mealhy I br o
65.1 €L et hy-COOP 0 mo @&@op\d lmamearetateCOOt Bu: tdt6. 7 €L
butyl bromoacetateCOOPh: 126 mg phenyl bromoacetat@ONHEt: 97 mg ZoromoN-
ethylacetamide;CONHtBu: 114 mg zbromoN-(tertbutyl)acetamidexMe : 36 . 6 ¢ L
iodomethane. These quantities were equal to 3 molar equivalents of reactive amines on the PLA
b-PDMAPMA polymer. Synthetic procedures fobBomoN-ethylacetamide and-RromoN-
(tert-butyl)acetamide) are provided in Appendix B. The vials were sealed @atbdgn 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 yolers were characterized By NMR in
DMF-d; (Appendix Figure B-1: 'H NMR of polymers. RepresentativeH NMR spectra of A)
PLA-CTA, B) PLA-b-PDMAPMA, and C) PLAb-PCB-COOEt. A) was acquired in CD£And
B) and C) were acquired in DMé.).

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 thr
particles. To a 50 mL centrifuge tube was added 25 mL.@dHVhile chilling the tube in an
ice bath, the polymer solution was added dropwise to theQ@a¥th 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 =kD@&)

(Millipore Sigma, USA), and resuspended in 10 mL gldtfter each wash. After the final

wash, the NPs were resuspended in 20 mL.@dHash frozen in liquid nitrogen, and

lyophilized over 3 d to produce a white to-ofhite hygroscopic powder (~5@g). The dried

NPs were kept underéit-20e C unt i | 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 scattanidgeta potential
measur ement . To measure size, 5 €L NPs were
NP suspension was then transferred to a disposable plastic cuvette for size measurement. For
zeta potential measuremepdtdi b0t ed N& Theeéregt
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 NH8E st er was di ssol ved i n DMSQO
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 roontemperature. The protein solution was purified using a 0.5 mL 7 kDa MWCO
Zeba desalting column (Thernfisher, USA) according to manufacturer instructions, and the
protein concentration and degree of labelling were quantified using a Nanodr2p00D
spetrophotometer (Therm&isher, USA). The labelled proteins were named transfA4B88
(Tf-AF488), panitumumaldF488 (ParAF488) and lysozym&F488.
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2.3.6 Protein adsorption assay

NPs were suspended in PBS at 10 mg/ mL and
(MWCO = 100 kbDa). 100 eL of either 1 mg/ mL
added to the suspensions. ThepiBtein mixture was incubated at room temperatur@ tor
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 €L gel, 10 mg NPs were weigh
suspended in 100 €L PBS, and sonicated for 5
protein sol ut i o4AF4881RARAEAES apddysozygne AB8E; DOO ng Pdr 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 for5 minegatC4 ( 1 500 0
X g). The mixcentrifuge cycle was repeated two more times. The gels were then left upright

overnightade C t o rel ease air bubbles before begin
2.3.8 In Vitro Protein Release Studies

Gels were briefly speed mixed or centrifuged to the bottom of their tubes and incubated
at37e€€ f or 1 h to gel. The release studies we
gels. For transferrin release in high protein conditions, the release medium also included 5
mg/mL BSA. For GMCSF release, the release medium also included 0.18@B& 1X
cOmplete EDTAf r ee protease inhibitor. The gel s we
study with gentle agitation on a shaker. At3h, 53, 7, 10, and 14d, 850
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 thR€é&Melease, the
gels were dissociatezh day 7. The release sampleswerekefg @& e C unt i | prote

guantification.

Release samples were centrifuged at 15000 x g for 5 min before protein quantification.
AFA488tagged proteins were quantified by direct measurement of fluorescence using a Tecan
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infinite TE200 plate reader with excitation/emission wavelengths of 490/525 nmC&Mvas
guantified using R&D Systems Human GBEF Quantikine ELISA Kit (DGMO00) according to

the manufacturerods 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 representedfusivity, D, was then

calculated by transforminigusing the expression derived from the Higuchi equdtion:

The thickness of the gal, was taken as 0.004 m (measured empirically).

2.3.9 Cell Culture

Al | cells were cultured i n a Caashcelldwefei e d

cultured in Dulbeccobs Modified Essenti al
penicillin/streptomycin and 1% negssential amino acids. Ca2aells were grown in Corning
T75 flasks (Corning, USA), replacing the medium 2x\peek. Cells were passaged when they
reached approximately 75% confluency. MIDMB-468 cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. The mediumeplased 3x per
week and the cells were passaged when they reached approximately 75% conflueh@ell§F
were cultured in RPMI 1640 supplemented with 10% FBS, 1% penicillin/streptomycin and 2
ng/mL rhGMCSF. MDAMB-468 and TFL cells were grown in T 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

T-AF488 release samples were thawed and
Amicon Ultra 0.5 centrifugal filter units (MWCO = 10 kDa). TheAF488 was diluted to 0.5

c

3
Me

(
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eg/ mL with DMEM supplemented with 0.25 mg/ mL
PTFE filter.

Caco?2 cells removed from culture and seeded omv2# plates at 5.0 x Hxells/well.
Cells were grown to approximately 75% confluency before assaying. Cells were washed with
serumf r ee DMEM, then the cell s w\488foridhicalvyat ed
eC incubator. Af t er war d sfree DMEM 3 toned befare wer e  wa
collection. Cells were fixed by 4% PFahd 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 analysisFor 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 o4l plates as described for flow
cytometry. Cac2 cel |l s wer e tr eat e d\FA83 far 4 h, @ashed EtimésmL
with serumf r ee DMEM, then fixed with 4% PLFA. The
Hoechst 33342, then the cells were kept prot

Cells were imaged on an Olympus FV1000 confocal microscope (Tokyo, Japan). Three
Zstacks consisting of 3 images covering 4 ¢€n
ImageJ. The &tack images were averaged, the background was subtractedaligiggoall

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 d€@gFlkbm the
growth medium. After the"8pelleting step, the cells were resuspended in complete medium
without GM-CSF at a density of 2.0 x 16ells/mL. 100 uL of cell suspension was then added to
each well of a whitavalled 96well plate. Release saes were diluted to 400 pg/mL GRISF
in growth medium withoutGMCSF and st eri | e {CBHsbldgionavds.then 100
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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 €L 10X PrestoBlue was added to each w
incubator for 1 h. The fluorescence was read on a TetiananTE200 plate reader with
excitation/emission wavelengths of 535/590 nm. All fluorescence values were normalized to

cells that were not incubated with GOGSF.
2.3.10.4 Anti-proliferation assay for Panitumumab bioactivity

PanrAF488 solutions from release samples we
Ultra 0.5 centrifwugal filter wunits (MWCO = 1
complete growth medium for MDMB-468 cells. The solutions were sterile filteretbtigh a
0. 22 ¢ fiterb@idfebuse.

MDA -MB-468 cells were seeded on whitalled 96well plates at 5.0 x £acells/well
and all owed to attach overnight. The next d
PrestoBl ue and incubated for 1 h at 37 eC.
Infinite TE200 plate reader using excitation/emission wangtles of 555/590 nm. This reading
was ti me O. The PrestoBlue was t henARM@8moved
rel ease sampl e. The celThesmetamlic activitynwvasuthem t e d f o
measured using PrestoBlue as before and labelled as the day 5 timepoint. The proliferation was
calculated as:

Vi € QO w60+

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 Grubbsd t eedeternfingd = O .
usingoneway ANOVA wi t FhocTestkirdegsdtherwse 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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24 Resul ts and Discussi on

2.4.1 Polymer design and synthesis

PLA-b-PCB block copolymer synthesis was achieved in 3 stegdsefme 1) First,D,L-
lactide was reacted by tratalyzed ringopening polymerization using a hydroxyl
functionalized chaiftransfer agent (CTA) to produce P¥&TA. This resulted in a polymerM
of 14,800 g/mol as calculated By NMR (and M, = 11,300 g/mol and dispersity, ® = 1.09 by
GPC) Fig S1A). This was similar to the target\f 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 polymeoraif the N[3-
(dimethylamino)propyl]methacrylamide (DMAPMA) monomer to synthesize BLA
PDMAPMA in 1,4dioxane, 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 bleck (M
= 18,500 g/mol, b = 1.35 by GPi¢ S1B). This allowed us to add the DMAPMA monomer
in excess while maintaining a consistent degree of polymerization between batches. Finally, we
synthesized PLA-PCB derivatives by alkylating the tertiamynines 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 derivatividege quaternization was complete after
2 h at ambient conditions, as confirmed!ByNMR (Fig S10. GPC was not performed on
these derivatives because they were insoluble in the eluent. A total of 8 derivatives were
synthesized by changing the identitijthe electrophiles. These included 5 hydrolysable
derivatives {COOMe,-COOEt,-COOPr,-COOtBu,-COOPh), and 3 nehydrolysable
derivatives {Me, -CONHEt,-CONHtBu).
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Scheme2-1: Synthetic schemdor PLA -b-PCB polymers.
2.4.2 Nanoparticle formulation and characterization

The PLADb-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 gldivithout excipients. The size and zeta
potential of the NPs were mostly unchanged after lyophilizakan$2),which is consistent
with other studies on PLARCB nanoparticle¥! All NPs had monomodal size distributions
(Figure 2-1A), hydrodynamic diameters of approximately 100 nm, and PDIs of@04lbas
measured by DLST@ble 2-1). As expected from the chemical structure, the NPs displayed
significant positive zeta potential up to +31.5 niglure 2-1B). The morphology of the NPs
was captured by transmission electron microscopy (TEMjufe 2-1C): negative staining by
uranyl acetate revealed a spherical morphology, as expected chassatibled micelle; and
cryo-TEM confirmed that the micelles had a solid core with no observable internal structure,
consistent with selissembled PLA NPs thatveamorphous structuré%. Thus, our PLAb-

PCB copolymers selissembled into micellar NPs in water.
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Figure 2-1: Characterization of PLA-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 (toprrdw)

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 =fdrmulations

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
COOPTr +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+34 0.214 +£0.010
CONHEt +31.5+3.1 73.7+11.1 0.303 £ 0.029
CONHtBu +29.8+21 742+ 3.3 0.300 + 0.059

To investigate stability in terms of charge and size, NPs wweobated 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 ofHiglite
2-2A). On the other hand, the zeta potential of themairolyzing NPs-Me, -CONHEt, -
CONHLtBuU) did not significantly decrease over the same peFigaife 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 théétase neutral could
be controlled, with the smaller ester grolyid33OMe -COOEt) hydrolyzing (and hence
neutralizing) faster than the larger ester grou@O©OtBu,-COOPr,-COOPh). These
observations are supported by previous studies on the hydrolysis rates of small molecule esters
bearing the same alkyl substituents usetthis study?®32%4 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 estenydrolysis, as the phenyl este€QOPH NPs hydrolyzed faster than the
propyl cCOOP) and tertbutyl (-COOtBU ones despite being bulkier. Previous studies on small
molecule drugs have explored these electronic effects on ester hydrolysis and found that
electrondonating andwithdrawing groups, such as halogens and conjugated systems, have a
significant effecibn hydrolysis raté®® 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 etdoimating groups to decrease
the eletrophilicity 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 temperatkigufe 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 designedla faethod to temporally control

the surface charge on colloidally stable NPs.
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Figure 2-2: NP stability. NPs were characterized over 7 d in agueous suspension. The zeta
potentials of A) hydrolyzing NPs decreased over time, while thoBg mbn-hydrolyzing NPs
were constant over 7 d. The sizes of both C) hydrolyzing and Bhydnolyzing NPs were
stable over 7 d. Data are presented as mean + SD-¢hferBulations). ns not significant, *p

< 0.05, **p < 0.01, calculated by twtailed paired {test between day 7 and day O for each NP.

To confirm that the zeta potential change is driven by hydrolysis of surface esters, we
characterized the NPs By NMR. The NPs were suspended in pH 10, deuterated sodium
hydroxide (NaOD) to accelerate ester hydrolysis, and analyz&d BR at 1 h, 1, 3 and 7 d.
We examined the fastydrolyzing ethyl esterCOOEt) versus the nelmydrolyzing ethyl amide
(-CONHE?) for these studies. The small molecule signals of ethanol at 1.2 and 3.6 ppm
increased over 7 d, accompanied by decreaggslymeric estesignals at 4.4 and 1.4 ppm

(Figure 2-3, Table 22). 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
compositior?®® These changes are consistent with b=salyzed ester hydrolysis. At pH 10,

we calculated the base hydrolysis constant of@@OEt NPs to be 6.0 x Y0 stby

measuring the decrease of the ester peak at 4.4 ppm over time. In contrast, hydrolysis was
undetected over 7 d for thR€EONHEt NPs. Hydrolysis ofCOOEt NPs also increased with pH

at the 1 h timepointXppendix Figure B-3A) whereas that 6iCONHEt NPs did notAppendix
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 pHL2lhowever, since we did not observe any
expected hydrolysis products, we attributed this to a conformational instelagihoical 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!H NMR studies also supported the hypothesized-sbedl structure of the NPs. The
hydrophobic PLA signals previously observed at 5.2 and 1.6 ppm in@N#ppendix Figure
B-1C) disappeared in NaODF{gure 2-3), indicating that the PLA block was not well solvated
in D20. In contrast, the peaks from the PCB block were observed in bothdp&tel NaOD.
These findings are consistent with a eshell structure in which the hydrophobic PLA block
accumulates in the interior of the NPs while the hydrophilic PCB block interacts with the
agueous environment. Similar observations were made iropeiivestigations into PLREG

nanomicellegs’268
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Figure 2-3: 'H NMR of NPs in NaOD. -COOEt (left) andCONHEt (right) NPs were
suspended in pH 10 NaOD and monitored#YNMR over 7 d. Hydrolysis of the pendant ester

groups is observed HCOOEtNPs by a decrease in integration of the polym&i@OCH peak

(peak b) relative to the backbone methyl peak (peak a). Small molecule hydrolysis products are
also observed with hydrolysabl€ OOEt NPs (peaks c and d) but not with +myulrolysable
CONHELt NPs.

Table 2-2: Integration of peaks b ¢COOCH?: of polymeric ethyl ester) and ¢ (methyl

protons of hydrolyzed ethanol) relative to peak a (methyl protons of PCB backbone) fi

NMR spectra of -COOEt NPs (Figure 4) as a function of timeThe 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 Integrated area of peaks c:a
b: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 positiaeged
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 (pl) of 4.7, to positively
chargedCOOEt andMe NPs. We compared this to the adsorption of lysozyme, which is
positively charged at physiological pH with a pl of 11. We performed these experiments in
centrifugal filter units to effectively separate adsatifrom 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 thdiltrate was lowered by 67% and 42% when incubated ¥@¢tbOEt andMe
NPs, respectively, versus the control without NPs (i.e-frid® 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 tiee\NP
control and incubation with eitheEOOEt or-Me NP {igure 2-4B). This proofof-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 positivelycharged 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 pl of 6, and measured its bioactivity after release with an estalmistited cell uptake
assay’®® To perform ouin vitror el ease experi ments, we disper
labelled TF(TFAF488) with 10 wt % NP smethyicelllldBOHAMC) of a
physically crosslinked hydrogéi.

Transferrin release was attenuated fromddRtaining hydrogels versus hydrogels
without NPs (gel only) over 7 drigure 2-4C): 86% of transferrin was released after 3 d and
reached a plateau after 5 d indiBe hydrogels whereas 29 to 71% transferrin was released at 3

d from the various Nfeontaining hydrogels without plateauing at 7 d, demonstrating controlled,
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sustained release. There was significantly faster release from hydrolyzing@&@Et and

COOtBu) compared to nemydrolyzing amide{CONHEt andCONHtBu) NPs. As the zeta

potential of hydrolyzing NPs decreased whereas that of théayanolyzing NPsvas 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 frogdrapzing

NPs may be attributed to either adsorptitasorpion equilibria or the ionic strength of the

release medium, which can also disrupt electrostatic interactions between proteins and
surfaceg’ Interestingly, the release of transferrin fre@OOtBu 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 observed460O0tBu NPs. Thus, the release profile aiftpins

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 shtime approximation fodrug releaseRigure 2-4D,E).8’

Transferrin had slower diffusivity through théOOtBu 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 agpatific process, we were concerned
that serum proteins ibiologically 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 meditigyre 2-4F), which mimics the total
protein concentration typically found in cell culture medium when supplemented with 10% fetal
bovine serunt’! Both of the hydrolyzing NPsCOOEt andCOOtBu) retained their ability to
control transferrin release at slower rates than the gel only control. They also exhibited faster
release rates than their rbpdrolyzing amide counterparts, demonstrating thattydrolysis
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% afd &@re released BCONHEt 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 thensbort
approximation Figure 2-4G,H). Unlike release in PBS, where diffusivities between

hydrolyzing and notnydrolyzing NPs are significantly different, there are no significant
differences in diffusivity between any NP groups in 5 mg/mL BB@ure 2-4H). When

differences between the same NP in different release media were compared by ntaekigle t

only the-CONHEt and-CONHtBu NPs showed significant differenc&sglure 2-41). These

data may be attributed to competition for binding sites from exogenous BSA. Nevertheless,
release from all NPs were significantly slower than theogél control regardless of release
medium, demonstrating that the electrostatically drivenrotbetl 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 fr@®OEt andCOOtBu NPs significantly
attenuated release over the first 3 d, the total amount of protein releasextirelase 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
negativelycharged PLGA NPs also resulted in completigin release, implying that this may
be a feature of adsorptidrased release systems in gen&alhus, these new systems may be

more materially efficient than those currently available.

Interestingly, transferrin release from quaternary ammoniivie)(NPs was faster than
that from-CONHEt and-CONHtBu NPs, and had a similar profile to that@OOEt NPs
despite not having hydrolysable surface groups, yet similar zeta poteAppksndix Figure B-
4). We attribute thislifference to the surface of the amide NPs being more hydrophobic than
that of the-Me NPs as computed by ALOGPS simulatidpgendix Table B-1).2> We
propose that high surface hydrophobicity increases protein adsorption-@@NHEt and
CONHtBu NPs, which is consistent with other studi8s$6%2%hereby accounting for this
difference between amide arde NPs.

To confirm that electrostatic interactions, and not solely hydrophobic interactions, were
necessary to control protein release, we performed theisant 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 nothydrolyzing-CONHtBu NPs versus the hydrogel only for these

experiments, as these showed the slowest transferrin release. There were no significant

differences between released samptegure 2-4J) nor diffusivity (Figure 2-4K) at any time

point from hydrolyzing vs. nehydrolyzing NPs. Thus, tharimary mechanism of controlling

release is electrostatic interactions between the protein and the NPs, while hydrophobic

interactions play a secondary, yet still significant P81:6°
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Figure 2-4: Release of proteins from hydrogeNP nanocompositesA) 500 e g/ mL of

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 assdy) 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) betweamdtliBel only release data

as calculated by one a y

ANOVA wi t FocTestlateacldteneppiot:sCOOEL; b:-

COOtBu; c:-CONHEt; d:-CONHtBu). D) The release curves from C) were linearized using the

E
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shorttime approximation.E) The diffusivity of transferrin through the gels was calculated from
the linearized release curves using the stimi® approximation.F) Transferrin release was
monitored from HAMC hydrogels containing 10 wt% NPs in release medium containing 5
mg/mL BSA, mimicking serurtontaining cell culture medium. n = 3 separate releases, mean +
standard deviation. Letters represent significant diffees (p < 0.05) between NP and gel only
release data as calculated by-eveey ANOVA with T u k e yhd@c sest pt@ach timepoint:-a:
COOEt; b:-COOtBuU; c:-CONHEt; d:-CONHtBu. G,H) The release curves from F) were
linearized and the diffusivity of transferrin through the gels was calculated using thérakort
approximationl) Volcano plot depicting differences in transferrin diffusivity between release
media containing either BSA or PBS for each NP. p values were calculatéeisty hetween
release media for each individual NB).Release profile anld) diffusivity of lysozyme from
HAMC with 10 wt% NPs (n = 3 separate releases, mean + SD).

We measured the bioactivity of released, fluorescdaltigled transferrin (FAF488) by
uptake into Cac@ cells, which are known to be slow exporters of transfé#?iff> Specifically,
released HAF488 samples at 14 d were added into sefne® DMEM supplemented with BSA
and diluted to 0.5 g/ mL. Confocal R2I cr osco
cells which was observed as puncta, consistent with traimsfiexificking 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 (freshAF488) and higher uptake than meai and
heatdenatured transferrin controls, demonstrating that released transferrin retained bioactivity
(Figure 2-5B). The lack of cell uptake with hedenatured 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. Arace

2 cell s were tr eArds88 ftomi4 drélease saples fpr 4rh Lthed fiked and
examined by confocal mi B) Uptakemforglepsed trarSferanifrem b a r
the 10 d timepoint into Caed cells was measured using flow cytometry and compared to a
positive control of fresh transferrin (pos ctrl) vs. a denatured control and medium aloné(n = 3
biological replicates, mean = $DStatistical differences between groups are displayed &s: ns

not significant, *p < 0.05, **< 0.01 as calculated byomeay ANOVA wi t FhocTuk ey
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 propertiesQSM and
panitumumab. GMCSF is an immunostimulatory growth factor, currently under investigation
for various indications such as COMD9 and Cr o®A¥Thisprotin Isas aaps of 5.0
and a molecular weight of 127 kDa. Panitumumab is a clinically approved-&&FR 1gG2
monoclonal antibody used to treat colorectal cancer. This protein has a pf6fti8,a
molecular weight of 147 kDa. As both proteins are administered by repeated injgetians,

controlled release system would improve current methods.
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The release of GMCSF was modestly controlled by hydrolyzing NPs and greatly
attenuated by nehydrolyzing NPsFigure 2-6A). GM-CSF was significantly attenuated by
COOEt NPs for 5 d andCOOtBu NPs for 3 d compared to thefiiPe gel. Moreover, GM
CSF release from nemydrolyzing amide NPs was significantly slower than their hydrolyzing
counterparts, suggesting that thefotysis of surface groups remained the primary mechanism
for protein release. These findings were also reflected in the calculated diffusivities using the
shorttime approximation, where we observed significant decreases between hydrolyzing ester
NPs andheir norhydrolyzing amide counterpartBigure 2-6B).

We assessed the bioactivity of released-GSF using TFL erythroblasts, which are
dependent on cytokines such as ®8F (among others) in order to proliferaté We measured
the proliferation of TFL cells in the presence of 200 pg/mL of released G3F, as it is above
our observed E4 (Appendix Figure B-5A) and below the saturating concentration, thus any
change in bioactivity would be detectable.-TEells were incubated for 2 d with 200 pg/mL
released GMCSF from the 7 d timepoint from nanocomposite gels with etD&OEt, or-
COOtBu nanopatrticles, ariden 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 @B&F incubated for 7 d at 3T (stability control) Figure 2-6C),
and all samples were significantly different from the negative mediisncontrol with no GM

CSF. Thus, the bioactivity of released &MF was maintained.

Panitumumab release was modestly controlled by hydrolyzing NPs. Relative to gels
alone,-COOtBu NPs significantly attenuated release for 3 d whe@@©®Et nanocomposite
gels did notFigure 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.pThis may have resulted in a lower degree of control from
hydrolyzing NPs, which have primarily an electrostatitven release mechanism. In contrast,
release from the nehydrolyzing amide nanocomposite€ONHEt and CONHtBu, was
significantly reduceaver 7 d versus gels alone, as were their diffusivities, which were reduced
by 40% and 76% respectivellyigure 2-6E). Interestingly, the diffusivities fro’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 (usus transferrin and GMLSF), likely making hydrophobic interactions more
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significant than electrostatic interactions, and thus accounting for greater adsorption to the more
hydrophobicCONHtBu NPs tharRCONHEt NPs.

We demonstrated the bioactivity of released panitumumab using anMMBAGS anti

proliferation assay. Panitumumab inhibits proliferation by binding to EGFR, which is

overexpressed on MDMB-468 breast cancer ceffs.Panitumumab released from the 14 d

timepoint from gel only;COOEt, andCOOtBu nanocomposite groups were diluted to 0.5

eg/ mL in

compl et e

growt h

me d i

study, this concentration was chosen to beectoghe measured #€in order to make

differences in bioactivity discernabl&gpendix 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 when incubated with released, fresh or

stability control panitumumapi ncubat ed

14

at 37 eC in

demonstrating that released panitumumab remained bioa€tgued 2-6F).
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varying surface chemistries (n = 3 separate releases,n#ah Letters represent significant
differences (p < 0.05) between gel only and gels + NPs wHB@PEt, b)-COOtBuU, c)-

CONHEt and d}CONHtBu as calculated bytwway A NOVA wi t FhocTestkB)y 6 s ¢
Diffusivities of GM-CSF were calculated frorhé release curves in A. C) GOISF bioactivity

after release was tested by incubation withITéells for 2 d, followed by measuring metabolic

activity by PrestoBlue. Metabolic activity was notined to cells incubated with no GKAISF

(n = 3 biological replicates, meé&rSD). 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 bytweway ANOVA wi t h Tul
posthoc test. E) Diffusivities of panitumumab were calculated from the reteages in D. F)
Panitumumab biactivity after release was tested by incubation with MRAB-468 cells for 5 d,

followed by measuring metabolic activity by PrestoBlue. Proliferation was normalized to cells
incubated with no panitumumab (n 5Jiological replicates, med&nSD). Statistical

differences between groups are displayed ab:nm significant, *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001 as calculated byomeay ANOVA wi t FhocTestk ey 6s pos

We show that the release and bioactivity of transferrin; GBF and panitumumab are
controlled from our transiently positivebharged 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 @8F has a lower isoelectric point than
transferrin, the lease profiles from the hydrolyzing NPs did not show additional attenuation, as
would be expected from a purely electrostatieaseé 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 physlogical pH 7.4, molecular weight, and glycosylation have been shown to impact
protein adsorption to surfac&s 169.2’8and 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 activ{Zit 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 factasatwithstanding, ar release system is a promisiplgtform

and broadly applicable for the controlled delivery of negatively charged, protein therapeutics.
25 Concl usi ons

We introduce a new versatile platform to control the release of negatively charged protein
therapeutics. We synthesized transiently cationic nanoparticles frorbf@B 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 proteirtge versatility of the platform was
demonstrated by releasing three negatively chargadips with very different properties:
transferrin, GMCSF, 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. Allleased 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 vivo,where the release conditions are significantly more
complex than those described herein. As adsortsed controlled protein release has
previously been used successfully in murine models with positivelyged proteins from
negatively charged polymeric nanoparticléfsye 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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31 Abstract

Lipid nanopatrticles (LNPs) are the most clinically advanced Rilivery technology,
but their efficiency is limited by low RNA release after endosome disruption. To improve RNA
release, we synthesized an a@dponsive polymer with which to formulate LNPs for RNA
encapsulation and release. Specifically, we designddsynthesized three agigsponsive
poly(lactic acidiblock-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. Th@olymers were formulated into each of the clinically
approved Onpattro, Moderna, or Pfizer LNP formulations to produce hybrid pelynider
nanoparticles (PLNPs). With the PLNPs, thesNalues of multiple siRNAs decreased up to
5.4-fold compared to parent LNPs in several cell lines. Moreover, mRNA transfection increased
up totwofold. The acidresponsive polymers in PLNPs accounted for the enhanced RNA
transfection as this phenomenon was lost with-amdt polymers. Confocal microscopy
confirmed that cytosolic RNA concentration increased using the-eesgonsive 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 carnierov@u

polymer represents a versatile strategy to increase RNA transfection from LNPs.
32 Il ntroducti on

RNA therapeutics are an emerging class of biologics with enormous potém24l18,
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) vaccine¥/hile the mechanisms and potential of RNA
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therapeutics are now wekthown, the intracellular delivery of these macromolecules remains
suboptimal. Most FDAapproved RNA therapeutics currently use lipid nanoparticles (LNPs) for
intracellular delivery?1°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 machite®*® 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 immuntgétfiaitd toxicity

with cationic or ionizable lipidst* 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 soldfiofis.

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 arglesome
reaches the cytosét!®>146suggesting that a significant amount of RNA remains trapped in the
LNP even after endosome disruption and are therefore degraded in the ly$tiséfrseveral
groups have developed nanocarriers that dissociate from RNA to address this problem. For
example, Greco et al. used polymeric nanocarriers that disassemble under UV light to increase
SiRNA silencing®? while other groups have designed agdponsive selfmmolating polymers
which dissociate into monomers under acidic conditions for mRNA deW&H2 7" Such
polymeric approaches come with their own challenges. For example, polymeric hanocarriers
typically require high positive charge to enter cells, but this high charge can also disrupt cell
membranes and inducgtotoxicity 1*>113Additionally, most polyplexes fuse poorly with the
endosomal membrane and therefore have poor endosomal escape, meaning that even though the
RNA is released from its carrier, it is still mostly trapped within the endo$&hio overcome
the limitations of polymers, others have proposed smalkecule solutions for RNA
dissociation, such as lipids sensitive to reactive oxygen species{Ra®) acidresponsive
surfactants’® However, using these novel molecules would preclude the use of many new lipids
being discovered with enhanced efficiency over current |i5its° We therefore sought to

design a generalizable strategy to improve RNA release from multiple LNPs.
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We hypothesized that an agiesponsive RNAeleasing 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, poliggect-
glycolide) (PLGA) has been incorporated into LNP cores for greater serum stébifityvhile
p o | -gnfinbester) (PBAE) nanoparticles (NPs) have been coated in lipids to increase both
uptake into target cells and biocompatibifit§-131132 Hybrid nanoparticles of cationic peptides
and lipids have also been shown to increase RNA delivery over peptide or lipid nanoparticles
alone?®* While these hybrid nanoparticles showed promising results, RNA dissociation from its
carrier was not a primary consideration. Thus, we hypothesized thar&ébsing, acid
responsive polymers incorporated into LNR=uld increase RNA delivery by facilitating RNA

dissociation from its nanocarrier.

We report the synthesis of novel amphiphilic poly(lactic abidrk
poly(carboxybetaine) (PLA-PCB) zwitterionic polymers that are converted from positive to
neutral in acidic conditions. Specifically, we modified RbACB polymer&® with acid
responsive hemiacetal ester pendant groups {BPALB-X). These groups are most often used
as acidlabile protecting groups in sohphase peptide synthesis and were chosen for acid
responsive RNA release because they are highly labile in mildly acidic condffidime PLA
b-PCB-X polymers were chosen because their amphiphilicity would allow mixing into LNPs
thereby creating novel, hybrid polyrlgsid nanoparticles (PLNPs). Moreover, both PLA and
PCB are biocompatiblend readily excreted from the body, thus reducing the risk of cytotoxicity
after RNA delivery??1285284n/e demonstrate that our PHAPCB-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 endocyf§sihe PLNP
formulations were based on the clinically approved Onpattro formulation, which consists of
DLin-MC3-DMA ionizable lipid (MC3), DSPC, cholesterol and DM&EGoooin mass ratios of
approximately 50:19:25:%° and were formulated using microfluidic mixing, which is the gold
standard method for SiRNA LNP formulatiéi?:*** 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 conventi@n_NPs and determined how agelsponsive 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 PhRCB-X polymers in LNPs as a simple and
versatile method to improve RNA delivery efficien@igure 3-1. Concept of PLNP endocytosis
and endosomal escape of RNA from PLNPs into the cytosol of cells. Created with
Biorender.com).
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Figure 3-1. Concept of PLNP endocytosis and endosomal escape of RNA from PLNPs into the

cytosol of cells. Created with Biorender.com.
33 Results and Discussion

3.3.1 Synthesis, formulation and characterization of acid-responsive

polymers

To synthesize the acid labile PHAPCB-X, we first synthesized the precursor polymer
poly(lactic acid)block-poly(N-[3-(dimethylamino)propyl]methacrylamidé€pLA-b-
PDMAPMA) according to previous methotfS. We then synthesized the hemiacetal ester small
molecules, tetrahydr@H-pyran2-yl 2-bromoacetate (THBr), 1-ethoxyethyl 2bromoacetate
(EOEBr) and methoxymethyl-Bromoacetate (MOMBr) (see Supporting Information for
Methods), and then used them thyddte PLAb-PDMAPMA (Figure 3-2a).28 Alkylation of
PLA-b-PDMAPMA by THRBr, EOEBr and MOMBr resulted in amphiphilic, cationic block
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co-polymers PLAb-PCB-THP, PLAb-PCB-EOE, and PLAb-PCB-MOM (Appendix Figure

C-1: Representativé’ NMR spectra of a) PLA-PDMAPMA and b) PLAb-PCB-MOM. a)

was taken in DMFJ7 on a 500 MHz spectrometer. b) was taken in 1: BCD20 on a 400
MHz spectromete). these hemiacetal ester groups impacted hydrolysis due to differences in

both hydrophobicity and steric hindrance.

We synthesized NPs by sa@fsembly of the polymer and characterized their zeta
potenti al i mmedi ately on formulation and t he
7.4 or pH 4.5 citrate buffer. These pH values were chosen to represent thegothoand the
lysosome, respectivelf® thereby providing some insight into the RNéleasing capabilities of
our polymers in acidic conditions. While most escape occurs during from early and late
endosomes!®we chose these pH values to most clearly observe differences in this assay.
Immediately after formulatiorF{gure 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 mee 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 monofFigu(e 3-2¢). 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 arahlasit 37C.2°2 This demonstrates

thathydrolysis, 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 incubalidsiRNA 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 brightewatet RNA bands, which reflect the charge
neutralization of our NPg$-{gure 3-2d, full gel in AppendixFigureC-2). Specifically, PLAb-
PCB-EOE and PLAb-PCB-MOM NPs adsorbed 600% less RNA at pH 4.5 than at pH 7.4.
These data demonstrate that, afteubation at acidic pH, these two polymers have significantly
reduced affinity to RNAKigure 3-2€). Meanwhile, PLAb-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 Rik#tyaffConversely, 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 faegpahsive RNA

release.
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Figure 3-2. Synthesis and characterization of acid responsive polymersoFR@B-

tetrahydropyranyl (THP)ethoxyethyl (EOE) aneémethoxymethyl (MOM). a) Synthesis of
PLA-b-PCB-X derivatives-THP,-EOE, andMOM from poly(lactic acidblockpoly(N-[3-
(dimethylamino)propyl]methacrylamide) (PEB&PDMAPMA). b) Zeta potential of self

assembled nanoparticles of PILAPCBTHP,-EOE andMOM polymers immediately after

formul ation (0 h) and 24 h a6indégpéndeatC at ei t he
formulations). c) Poposed mechanism for aeidsponsive hydrolysis and charge neutralization

of pendant groups of PL-A-PCB-X polymers. d) Gel retardation assay performed with
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pol ymers incubated at 37 eC for 24 h at eith
polymers, then free RNA was imaged in a-biwateEDTA (TBE) gel after staining with SYBR

Safe DNA stain. Arrows are added to emphasize brighter bands at peh#pared to those at

pH 7.4. e) Quantification of gel retardation assay results,-b sndependent experiments. For

(b) and (e), data are presented as mean * standard deviation (SD), statistics were calculated by

repeateemeasures onay 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 PLAb-PCB-X polymers with lipids to produce PLNPs. Without lipids, the PLA
b-PCB-X NPs aggregateddppendixFigureC-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 DMBE Gooo?®° 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 sizd the PLNPs in most formulationgppendixFiguresC-41 C-7). We
therefore maintained the proportion of DSPC, cholesterol and IPEMGoooto 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 PL-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 kackrage diameters of @00 nm
with PDlIs lower than 0.3, indicatijrelatively monodisperse populatioisgure 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 f\senanoparticles with
diameters < 200 nm are taken up by c&fisye proceeded to test our PLNiBsvitro. RNA
encapsulation efficiency was between 62 and 96%, as measured by the RiboGreen assay, with a
trend of greater RNA encapsulation with increasing RERCB-X content Figure 3-3b). We
performed DLS on 50/0 PLA-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
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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 crybEM. The 50/0 MOM/MC3 PLNPs (i.e., no MC3) consisted
of an amorphous core surrounded by hollow vediktestructuresKigure 3-3c, additional
images in Figure S9, Supporting Information). As F-RCB will selfassemble into
amorphous corshell structure$>?8the amorphous core likely consists primarily of the Fi-A
PCB-MOM polymer. Additionally, as PLA-PCB-MOM is the onlycationic species present in
these PLNPs, the complexed RNA is also likely present in the amorphous area. Since DSPC,
DMG-PEGoooand cholesterol form highly organized bilayer structures, as previously
determined by smatingle Xray scattering and crydEM studies of liposomal
formulations?®32%we suggest that the hollow vesidile structures surrounding the amorphous
core consist mainly of DSPC, DMBEGuooand 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 vesiclelike 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-filleésicles to
MC3 because unlike the other lipids, MC3 adopts an ansaipmorphology at pH 7242 This
is consistent with our observations for 0/50 MOM/MC3 LNPs (i.e., no-BIFCB-MOM)
which appear as homogenous amorphous globllgarg 3-3€). 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 @gdoth MC3 and PLA-PCB-MOM
polymer are cationic and can complex RNA. We also suggest that some RNA: fioayn® in
the filledtin 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 3-3¢) 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 PLNPgy(re 3-3f).
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Figure 3-3. Formulation and characterization of hybrid RbA2CB-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) RNéncapsulation efficiency of PLNPs as measured by RiboGreen assay.
Data presented as mean + SD of 3 technical replicates. RepresentatiV&khymages of c)

50/0 PLAb-PCB-MOM/MC3, d) 25/25 PLAb-PCB-MOM/MC3 and e) 0/50 PLA-PCB-

MOM/MC3 PLNPs. Scale bar = 200 nm. f) Proposed structure of mixeddPREB-X/MC3

PLNPs.

To determine whether the PLA or the PCB block were responsible for the dense
amorphous core, we also synthesized D&RIB-X polymers with a lipid as the hydrophobic
anchor instead d?LA (AppendixFiguresC-107 C-13 and Additional Methods for synthesis,
Appendix Q. The DSPEPCB-X PLNPs had sizes between 1080 nm AppendixFigureC-

144), 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, DSPHEHPCB-X PLNPs had encapsulation efficiencies of almost 100%,
suggesting that poor mixing between RbA°CB-X polymers and lipids was respsible for

lower encapsulation efficiencppendixFigureC-14b). CryeTEM images of 50/0 DSRE
PCB-MOM/MC3 PLNPs (i.e. no MC3) consisted entirely of hollow vesicles without an
amorphous solid cordppendixFigureC-15), suggesting that the PLA block, and not the PCB,

is responsible for the solid core in PILAPCB-X PLNPs. The images also confirm that DSPC,
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cholesterol and DM@ EGooomake bilayer structures, consistent with previous repbtt§®
The presence of MC3 in 25/25 DSIPEB-MOM/MC3 and 12.5/37.5 DSRECB-MOM/MC3
resulted in filledin, amorphous NPs with some degree of blebbing, likely resulting from excess

DSPC and cholesterol, consistent with another sy&tem.

3.3.3 PLNPs enhance siRNA-mediated knockdown

To examine the efficacy of our PLNPs in RNA delivery, we used the-BRPALB-X
PLNPs to encapsulate siRNA against firefly luciferase (siFLuc) and knockdown FLuc expression
in an SKOV-3-FLuc reporter cell line. To find the ratio of RN#&leasing polymer to ionizable
lipid that wouldresult in the greatest knockdown, we varied the proportion of RFEALB-
XIMC3 from 50/0 to 0/50. Neither the 50/0 nor 37.5/12.5 R-RCB-X/MC3 PLNP
formulations induced significant FLuc knockdowAppendixFigureC-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 calelivering 50/0 PLAb-PCB-X/MC3 PLNPs containing siFLuc along with
empty MC3 LNPsi(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 AppendixFigureC-16). Interestingly, the 25/25 and 12.5/37.5 Pb-RCB-X/MC3
PLNPs induced knockdown comparable to, or better than, conventional MC3 ElgB=e(3-
4a). Moreover, at the highest concentrations tested, all PLNPs were less toxic (as measured by
PrestoBlue metabolic assappendixFigureC-17a) than the 50 MC3 formulatiplikely due to
the lower amount of ionizable lipid. There were no significant differences betweebh-PIGB-
THP,-EOE, andMOM with regards to toxicity or knockdown; however, the 12.5/37.5 LA
PCB-MOM/MC3 formulation had an 1€ 3-fold lower than that of the 25/25 PLAPCB-
MOM/MC3 (p < 0.01Figure 3-4b). Almost all formulations had significantly lower 46
compared to that of 50 MC3, with the 12.5/37.5 R-RCB-MOM/MC3 formulation having the

greatest knockdown with an 465.4-fold lower.

Since the commercialization of Onpattro, additional ionizable lipids have been used
clinically. Of note, Pfizer and Moderna developed AQEL5 and SML02, respectively, for
their COVID-19 mRNA vaccines, both of which have greater potency than #é% we
wondered if our PLAb-PCB-X PLNPs would also increase the potency of these LNPs. We used
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our bestperforming polymer (PLA-PCB-MOM) to produce 25/25 and 12.5/37.5 PIbAPCB-
MOM/ionizable lipid (ALG-0315 or SM102) PLNPs. Similar to the MC3 formulations,
incorporating PLAb-PCB-MOM into ALC-0315 and SML02 increased FLuc knockdown
compared to the ionizable lipid alorf@dure 3-4c,d): all formulations containing PLA-PCB-
MOM had similar IGo values of 0.20.3 nM, which were 3old and 5fold less than
conventional SML02 and ALG0315 formulations, respective{ifigure 3-4e). As with the
MC3 PLNPs, ALG0315 and SMLO2 PLNPs had no additional toxicity as measured by the
PrestoBlue assayippendixFigureC-17b). Thus, incorporating oacid-responsive PLA-

PCB-MOM in LNPs is efficacious and broadly applicable.

To validate our results, we targeted an undruggable, clinically relevant gene, cyclin E1
(CCNEZ1), which is a cell cycle marker associated with tumour aggressiveness and drug
resistance in breast cané&t>°! We tested our formulations with a palbocielisistant 47D
breast cancer cell line, which overexpressed CCNEWe chose to use formulations with SM
102 because they had the lowesil@f the three ionizable lipids tested in our-8K/-3 studies.
We encapsulated siRNA against CCNEL1 (siCCNE1) in 12.5/37.58PREB-MOM/SM-102
PLNPsvs. in SM102 LNP formulations (and a negative control of 12.5/37.5BPCB-
MOM/SM-102 encapsulating siFLuc). We confirmed that our PLNPs were similarly
cytocompatible compared to the SN2 formulation, using the PrestoBlue assay as a proxy for
cell viability (Figure 3-4f). The expresion of CCNE1 mRNA (measured by gfPICR) was
significantly lower using the PLNP vs. SM?2 formulationsKigure 3-4g). Therefore, SiRNA
delivery is enhanced with the inclusion of our a@dponsive polymer into LNPs and this is

generalizable across multiple lipid mixtures, gene targets and cell types.
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12.5/37.5 PLAb-PCB-X /SM-102 PLNPs encapsulating siFLuc in-®X/-3-FLuc cells (n = 4

biological replicates). e) Quantification ofsiizalues from (c) and (d) (p values calculated by
oneway ANOVA wi t HocTestke<y0®dS, **p g 8.001). f) Metabolic activity of
CCNEZXoverexpressing -B7D cells after dosing for 24 h with specified treatments as measured

by the PrestoBlue aay (n = 3 biological replicates). g) Dessponse curves of CCNE1

knockdown with PLNPs encapsulating sSiCCNE1 in CCMiz&rexpressing-B7D cells (n = 3

biological replicates, p values calculated bytway A NOVA wi t HocTestk@atabs p
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 RN#&leasing 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) nbiydrolyzing 12.5/37.5 PLA-PCB-CONHEt/MC3 and (2)
slow hydrolyzing 12.5/37.5 PLA-PCB-COOEt/MC3 Figure 3-53a). PLA-b-PCB-CONHEt
does not hydrolyze under physiological conditions for at least one week wheredsHREB
COOEt hydrolyzes completely over the same peffodiVe 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-BIRFCB-CONHEt/MC3 PLNPs had
similar potency to the conventional MC3 LNPs, and Fi-RCB-COOEt/MC3 PLNPs had an
intermediate potency between that of RbA#CB-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-PCB-COOEt/MC3 more poterithan MC3 LNPs, as determined by
lower ICso values Figure 3-5¢). Thus, the acidesponsive 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 @t#lled siRNA and
used confocal microscopy to measure fluorescerigeie 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 stréfGtéffeBor 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, thsiQA signal observed with
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PLA-b-PCB-MOM/MC3 PLNPs covered 30% more area per cell than the MC3 LNBsrg 3-

56), suggesting that more C388RNA was released into the cytosol. This was further confirmed
with Cy3 pixel intensity per celHgure 3-5f), which was greatest when siRNA was delivered
using the PLAb-PCB-MOM/MC3 PLNPs. An increase in fluorescence intensity is often
observed with both small molecut&sand fluorescent RNA conjugaté$**3after 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 mechanismereimdividual RNA molecules leak out from
disrupted endosomes into the cyto¥of® Thus, we hypothesize that more RNA molecules are
available to diffuse out of disrupted endosomes with the inclusion oft®PREB-X in our

PLNPs because they increase RNA dissociation therefrom at the lower endosomal pH.



78

IC50
a) H Vb b) . c) .
NN o Luminescence

3 g ——1
% © GONHE £ 157 50 MC3 .. -

< (non-hydrolyzing) 4 “+ 12.5/37.5 COOEYMC3 5] 1
w) = . T

2 T g 4 12.5/37.5 CONHEY/MC3 2.0

> H A4 2 1.0- - - ES .
3 N e g -

5 o = o 12.5/37.5 MOM/MC3 s oTe

i "0 [ = 1.5+ .

> COOEt 2 =

= . Q b .
5 (slow hydrolyzing) 9 0.54 2 10-

= [ =

q H v 9 2

= N~ N o o ]

"0 MOM E 00
(fast hydrolyzing) = oo

d)

12.5/37.5 MOM/MC3

50 MC3 No treatment

Nuclei

e) Cy3 area per cell f) Cy3 intensity per cell
* *
. 1000+ I 1 ‘;‘ 3%107 kkk
0
5 % % Kk * 3 | —
3 8007 ee = ¢ *
= O 2x107 !
T 600-] ] v
S T &
& 400 £
o B g 1x107-
% 2004 =
2 2
O od & oA
P aC? WP c? e
0\‘\\‘!\ Y\?}N\ f:““\ ‘e,'b"“\ 0\5\\!\ ‘\?}N\ ‘:“ﬁ e"“@
51&*‘_‘00 w© il }5“500“ o¥
o2’ (AR
22" 22"
A \,Ly,\ Al «1-"\

Figure 3-5. Acid-responsive hydrolytic group increases siRNA bioavailability in the cytosol. a)
Chemical structures of pendant groups used for experiments. by&msmnse curves of
luminescence vs. siFLuc delivered in PLNPs to@¥-3-FLuc cells (n = 46 biologica

replicates, data for 50 MC3 and 12.5/37.5 Ph-RCB-MOM/MC3 are reproduced from Figure

4a for comparison). c) Kgvalues for data in (b). Data for 50 MC3 and 12.5/37.5 PLRCB-
MOM/MC3 are reproduced from Figure 4b for comparison. d) Representaiages of Cy3
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siRNA distribution in SKOV-3 cells. The right image in each pair is an expansion of the boxed
region in the | eft i mage. Scale bar = 50 ¢€n
biological replicates). f) Total Cy3 pixel intensity per cedl,calculated by raw integrated

density function in ImageJ (n = 8 biological replicates, p values calculated usiwagne

ANOVA wi t h Thackesty ©ata aperesented 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 mCheigglectin 9 fusion protein (mChG9). When ermioal
disruption occurs, galectin 9 will accumulate on the interior of the disrupted endosome, which
will be visible as mCherry purgt® 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-PCB-MOM/MC3 PLNPs or 50 MC3 LNPsgure 3-
6a). Strikingly, uptake was observed for both 12.5/37.5 PLRCB-MOM/MC3 and 50 MC3
LNPs, but not for the 50/0 PLLA-PCB-MOM/MC3 PLNPs, indicating that MC3 is essential for
uptake in our systeni{gure 3-6b). A similar trend was observed with endosomal disruption
where 12.5/37.5 PLA-PCB-MOM/MC3 PLNPs and 50 MCBNPs both had elevated amounts
of galectin 9 punctaFigure 3-6¢). In both uptake and endosomal escape, there were no
significant differences between the 12.5/37.5 RFRCB-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-PEBEX PLNPs. Like 50/0 PLAb-
PCB-X/MC3 PLNPs, 50/0 DSPPCB-MOM/MC3 PLNPs were not taken up significantly,
demonstrating the importance of having MC3 in the formulation for cell upfakEe(dix
FigureC-18a). Interestingly, 12.5/37.5 PHAPCB-MOM/MC3 resulted in higher uptake and
greater endosomal disruption (as measured by Gal9 puncta) than that for 12.5/37-BCEPE
MOM/MC3 (AppendixFigureC-18ab). When endosomal disruption is plotted against NP
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puncta, the DSPIPCB-MOM/MC3 PLNPs have a lower slope, which shows that they are less
efficient than PLAb-PCB-X/MC3 at disrupting endosomes after uptakegendixFigureC-

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 membt&in@’ 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
guestion, we tested cell uptake with two additional cell lines: {47 breast ancer cells as
used for our CCNE1 knockdown assay and (2) HepG2 liver cancer cells, which were chosen
because of the 1| iver ¥%Nepypothpsezedshatbecausedhese eekse u p
are found in fattier tissues than €¥/-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 NRgeneral were taken up by both cell lindpgendixFigureC-19).

This finding was unsurprising because different cell lines are known to uptake NPs with varying
efficiencies3®® Unlike with the SKOV-3 cells, 12.5/37.5 DSRECB-MOM/MC3 PLNPs

performed similarly to the 12.5/37.5 PHAPCB-MOM/MC3 PLNPs and the 50 MC3 LNPs.

Thus, replacing the polymeric PLA with a fatigid DSPE may have helped increase uptake in
these cell types. Though we did not further explore the DBEEX PLNPs, this discovery may

be useful for future iterati@of this technology for delivery to these target tissues as it is well
reported that changing the lipid composition of LNPs can greatly affect thei

biodistribution4%:14

To further understand the uptake mechanism of BLPCB-X PLNPs, we inhibited
different endocytosis pathways using small molecules: amiloride (a macropinocytosis inhibitor),
chlorpromazine (a clathrimediated endocytosis inhibitor), genistein (a cavedigendent and
clathrinrindependent endocytosis iitior), hydroxydynasore (a dynammediated endocytosis
inhibitor), and nystatin (a cholestem&pendent endocytosis inhibitdtf:3!* SK-OV-3 cells
were pretreated with one of each of the small molecule inhibitors and then dosed with either
12.5/37.5 PLAb-PCB-MOM/MC3 PLNPs or 50 MC3 LNPs. Of all the inhibitors tested, only
hydroxydynasore reduced (and in fact, abolished) uptake for bothA\Rse 3-6d). This result
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was also reproduced using4¥ D cells, indicating that the uptake mechanism is consistent across
different cell typesAppendixFigureC-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 surfade?*'? Hydroxydynasore is likely an effective inhibitor of LNP

uptake because endocytosis by LDL receptor is a dynrdapendent proces$ 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!*31° However, endocytic inhibition by small molecules has varying effectiveness across
cell types®'#and thus it is possible that the $)/-3 cells used in our experiment are less
sensitive to amiloride and chlorpromazine than previously tested cells. Notwithstanding these
differences, we demonstrated that our P-RCB-X PLNPs are taken up by the same
mechanism as conventional LNPs. These data, in conjunction with the increasg®B§3
area and intensity observed in Figure 5, suggest that the increased RNA transfection displayed by
PLNPs is caused by greater R¥#lease from disrupted endosomes thi cytosol.
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Figure 3-6. Uptake and endosomal escape of PLNPs ifBK3-mChG9 cells. a)
Representative images of uptake and endosomal escapeVS&XK c el | s. Scale b

b) Number of NP puncta per cell as visualized using the DID channel (n = 4 biological replicates,
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p values calculated usingemeay A NOV A wi t kocTestk e) Wadnber of disrupted
endosomes per cell as visualized by GalBherry foci (n = 4 biological replicates, p values
calculated usingonay ANOVA wi t FocTestk d)\NB putaper setl after pre
treatment with endocytosis inhibitors (n = 3 biological replicates, p values calculated using two
way ANOVA wi t-hoctest)dBRataars prgsented 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 andstiagiged,
making it both more difficult to load into nanoparticles and more prone tadipn. 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 od 0:1
strategy that has been used by other groups to improve mRNA encapsulg@kdymeric
systemg/>175223These mRNA encapsulated PLNPs had similar physical characteristics to our
siRNA PLNPs, with zaverage diameters of 1200 nm and PDIs of 0:Q.3, as measured by
DLS (Figure 3-7a). However, the zeta potential was slightly more negative, ranging betdveen
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-60%& Figure
3-70), which is admittedly lower than the gold standard (MC3 la¥iB8%), yet acceptable for

testingin vitro.

We compared the delivery of FLuc mRNA to &W/-3 cells using the PLNPs vs. MC3
LNPs alone and found that our 12.5/37.5 Ph-RCB-X/MC3 PLNPs retained significantly
hi gher metabolic activity at the highest con
compared to conventional MC3 LNHsdure 3-7d). We attribute the reduced toxicity of our
PLNPs to the loweconcentration 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-PCB-MOM/MC3 PLNPs resulted in significantly higher transfection
than conventional MC3 LNPs at the highest#too x i ¢ dose of 0.1 g9/ mL,
release observed for siRNA would also be applicable to mAftAIfe 3-7¢€). The increased
efficacy of the PLAb-PCB-MOM polymer over the other two may be attributed tioaiving 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 ebfA@B-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 mMRNA after hydrolysis at acidic pH.
Thus, our PLNPs (especially the PILAPCB-MOM PLNPs) are advantageous for mRNA

delivery due to both their RN£eleasing ability and their lowentity compared to

conventional LNPs.
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Figure 3-7. Formulation and delivery of PLNPs encapsulating FLuc mRNA. a) Size and PDI of
12.5/37.5 PLAb-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)idletab
activity of SK-OV-3 cells after dosing with treatments. e) Dosgponse curves of

luminescence per microgram total protein content vs. FLuc mRNA 1@8K3 cells (h =4

biological replicates, data are presented as mean*pS{0.05,***p < 0.001, calculated by
twoway ANOVA wit FocTestk ey 6s post
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34 Concl usi ons

We successfully synthesized PIbAPCB-X polymers where X represents one of three
acidresponsive hemiacetal pendant groups. These polymers were formulated with lipids into
PLNPs that could encapsulate both siRNA and mRNA hiigh 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 formulatis 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 acgsponsive release of RNA from the PLNPs was
necessary for increasgefficacy 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 BERCB-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.

35 Experi ment al Section

3.5.1 Materials

The following were purchased from SigrA&drich (St. Louis, USA) and used as received unless
otherwise noted: 3;8imethyt1,4-dioxane2,5dione (D,L:lactide), tin (II) 2ethylhexanoate,-4
cyanoe4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanol (CT@H), N-[3-(

di met hyl amino) propyl ] me tazohis(@methykpropioditale) (ABNA P MA)
bromoacetic acid, 3;dihydro-2H-pyran, cholesterol, 2,2Rifluoroethanol, deuterium oxide,
methanolds. Ethyl vinyl ether and bromomethyl methyl ether wewechased from TCI

Chemicals (Tokyo, Japan). Genistein, nystatin, chlorpromazine, amiloride, hydroxydynasore and
DLin-MC3-DMA were purchased from MedChemExpress (Monmouth Junction, USA).

Toluene, 1,4dioxane, dimethylformamide (DMF), dichloromethane (DCltetonitrileds and
methanol were purchased from Caledon Laboratories (Halton Hills, Canada). DSPC and DMG
PEGxk were purchased from Avanti Polar Lipids. Ethanol was purchased from Commercial
Alcohols Inc. (Brampton, Canada). Chlorofechand DMSQds 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 foulopendix Table €

17 C-2). SilenceE CyE 3-labeled Negative Control No. 1 siRNA (Gg]RNA), QuantiT

RiboGreen RNA reagent, SYBR Safe DNA Gel Stain, RPMI 1640 and DMEM were purchased
from Thermo Fisher (Waltham, USA). SBV-3, SK-OV-3-FLuc, and HepG2 cells were

purchased from ATCC (Manassas,A)S Palbociclibresistant ¥47D cells were a generous gift

from Prof. David Cescon (University Health Network, Canada) and were generated as previously
described®? Fetal bovine serum and penicilgtreptomycin were purchased from Wisent

Bioproducts (SainjeanBaptiste, Canada).

3.5.2 Polymer synthesis

PLA-b-PDMAPMA was synthesized as previously descri&@o synthesize PLA-
PCB derivatives, PLA-PDMAPMA was dissolved in DMF at 75 mg/mL and cooled in an ice
water bath. Then, one of tetrahydtbl-pyran2-yl 2-bromoacetate (THBr), 1-ethoxyethyl 2
bromoacetate (EOBr) or methoxymethyl zbromoacetate (MOMBr), equal to 3 molar
equivalents of reaiste amines on PLA-PDMAPMA, was added to the solution and stirred for
2 hin an icewater bath. The syntheses of HBP, EOEBr and MOMBTr are described in
Appendix C The reaction mixture turned cloudy as tbaction progressed. The polymer was
then precipitated in iceold diethyl ether and the precipitate was pelleted by centrifugation at 4
eC (4500 x g, 5 min). The pell et was then r
precipitation and @lleting procedure was repeated twice more. The pellet was dried ovennight
vacuoto produce an offvhite to light brown solid. The product was characterizetHolNMR.

PLA-b-PCB-THP:'H NMR (500 MHz, DMSGdg) : & 7.61 (br, 1H), 6.0 :
PLA), 4.81 (br, 2H), 4.20 (br, 2H), 3.10 (br, 2H), 2.81 (br, 6H), A& (br, 6H), 1.46 (br, 3H

PLA), 1.050.71 (br,5H).'H NMR (500 MHz, CRCN:D:O = 2:1): U 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-B21 (br, 6H), 1.09.71 (br, 5H).

PLA-b-PCB-EOE:*H NMR (500 MHz, DMSGdg) : U 7.57 (br, 1H), 6.0
PLA), 4.64 (br, 2H), 3.87 (br, 2H), 2.79 (br, 6H), 1.84 (br, 4H), 1.46 (br, 3H PLA); 1L (br,
6H), 1.050.71 (br, 5H).XH NMR (500 MHz, CRCN:D,O = 2:1): U4 7.70 (br,
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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), 1:3121 (br, 6H), 1.08.71 (br, 5H).

PLA-b-PCB-MOM: 'H NMR (500 MHz, DMFdy): 6.23 (br, 2H), 5.27 (br, 1H PLA), 4.7856

(br, 2H), 3.28 (br, 6H), 3.11 (br, 6H), 1.97 (br, 2H), 1.56 (br, 3H PLA),-0.83 (br, 5H)H

NMR (500 MHz, CRCN:D,O = 1:1): & 7.70 (br, 1H), 5.07
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), 1.08.71 (br, 5H).

3.5.3 Polymer nanoparticle formulation

To produce polymeonly nanoparticles for gel retardation assay and zeta potential
measurement, the PLB-PCB polymers were dissolvedin TRt 4 mg/ mL . 125 ¢
solution was then added to 375 eL PBS and mi
transferred to an Amicon Ultra 4 centrifugal filter unit (MWCO = 10 kDa) (Millipore Sigma,
Burlington, USA) and diluted further with 4 nRBS. 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 rediluted 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 microcegtrdu t ube, 10
NP suspension, 1.26 €L siRNA solution, and 3
ratio of 10. The mixtures were incubated 30 min at RT to allow for RNA complexation with

NPs. 3 ¢eL 6X |l oading dye wae®sepalatcevellsdf@o e ac h
TBE SDSPAGEgels (ThermeFisher, Waltham, USA). Electrophoresis was run in TBE buffer

for 1 h at 100 V. Gels were stained in 2X SYBR Safe stain (Thé&tister, Waltham, USA) in

TBE buffer, then imaged under blue light using-&& Imager system (Thernfasher,

Waltham, USA). Band intensities were calculated using ImageJ software and RNA was

guantified against a calibration curve of free siFLuc.
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3.5.5 PLNP formulation

Appropriate amounts of DSPC, cholesterol, and DREGK were dissolved in ethanol
such that they would compose 19, 25, and 6 wt% respectively of the PLNP. Amounts-bf PLA
PCB-X polymer and DLiAMC3-DMA varied between &0 wt% depending on the formulation.
To aid solubility of the PLAb-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 0.5Adgjtional ethanol was added
to give a total volume of 200 €L for the org
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 mMRNA. The aqueousphasas br ought to 600 €L i n \
buffer.

For siRNA containing PLNPs, th@ganic 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. FormRNA
containing PLNPs, the phases wenixed 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 Mill ex sGV ih.g2x2 feamtRDWE then stored

3.5.6 PLNP Characterization

PLNP size was determined by dynamic light scattering on either a Dynapro Plate Reader
Il (Wyatt Technology, Santa Barbara, CA) or Zetasizer Nano ZS (Malvern Panalytical, Malvern,
United Kingdom). PLNP samples werocatiédastl2oat e d
runs in duplicate measurements. Sizes are reported as irgagityted Zaverages.

Zeta potential was determined using a Zetasizer Nano ZS. PLNP samples ~1 mg/mL in
PBS were diluted 20x in ddB, then transferred to a disposable zeta potential cell for

measurement. Zeta potentials are reported as the ma@licdte measurements.



88

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 Thuffer, and % encapsulation was determined as:
PbQt QORI 0060t ezpnmnb (1)
h

where @na free@Nd &Na, disruptedrepresent the amounts of RNA detected before and after
PLNP disruption by Triton and heparin.

For cryea TEM, PLNPs were concentrated to at least 10 mg/mL in PBS Asimgon
Ultra 0.5 centrifwugal filter wunits (MWCO = 1
charged lacey formcar/carbon TEM grids (Ted Pella Inc., Redding, USA), and vitrified in liquid
ethane using a Vitrobot system (Thermo Fisher, Waltham) USrids 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 cell s were maintained in aSKOWS di fi ed
SK-OV-3-FLuc, SKOV-3-mChG9, and #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 supeiged 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 whitalled, clear bottom 9@vell plates at 5 x 10
cells/well and allowed to adhere overnight. The culture medium was then removed and was
replaced by 100 eL/ well PLNP treatments in c
treatments 24 h, then the treatments were removed, replaced with complet® edliu
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 tethmior for 1 h.
Fluorescence was read on a Tecan infinite TE200 plate reader (Mannedorf, Switzerland) with
excitation/emission 535/590 nm.
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SteadyGlo reagent (Promega, Madison, USA) was reconstituted according to the
manufacturerdéds instructions t.hTéePredtoBlueireagent wi t
was removed from cells and replaced with 50
incubated 5 min at RT to allow for complete cell lysis, then luminescence was measured using

the Tecan plate reader with 1 s integratiometi

Metabolic activity was calculated by subtracting-¢ede controls from all fluorescence
measurements, then normalizing to untreated controls (Eqn. 2). FLuc knockdown was calculated
by first dividing the luminescence measurements by the fdabkactedluorescence
measurement from the same well. The normalized luminescence measurements were then

normalized to untreated controls (Eqgn. 3).

P 0'QO O O® IO Qo 2)
P0oa Qi (rotemn (3)

3.5.9 FLuc mRNA transfection assay

SK-OV-3 cells were seeded in whitealled, cleasbottom 96well plates at 1 x 1D
cells/well and allowed to adhere overnight. The medium was removed and replaced with 100
eL/ well PLNP treatments in complete medi um.

then the treatments were replaced with complete medium and incubateer &4oh.

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 |ysed with 55 €L Glo Lysis Budwagthen( Pr on
transferred to a clear 98ell plate and the total protein content was measured using Pierce BCA
Protein Assay Kit (Thermo Fisher, Waltham, L
To the remaining 25 ¢ Leconstitutéd SteadysGh reagentt dAfler ma d d e d
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 CCNEZ1 knockdown assay

Palbociclibresistant 747D cells were seeded in-#¢&ll plates at 1 x 10cells/well and
all owed to adhere overnight. The medium was
treatments in complete medium. The cells were incubated 24 h with treatments, then replaced
with 500 €L/ well compl et e hnidacells were themdetached c u b a
using trypsinREDTA, pelleted and resuspended in PBS. The cells were then pelleted once more,

flash-frozen in liquid nitrogen and stored-8 0  etiCRNA extraction.

Total RNA was extracted from cell pellets using NucleoSpin RNA 11 kit (Macherey
Nagel , D¢ren, Germany) according to the manu
using the RNA40 module on a Nanodrop UVis spectrometer (Thermo Fisher, Waltham,
USA). cDNA was synthesized immediately after RNA extraction using Superscript VILO kit
(Thermo Fisher, Waltham, USA) accorwasng to t
storedat8 0 e C wuntil qgqPCR.

DNA primers for CCNELand ACTB 50 e M) were diluted in Pc
Master Mix (Thermo Fisher, Waltham, USA) at
mi xed with 4.5 €L c¢DNA -welbdPGR glacengPCRas pedoomed we | |
using a QuantStudio 6 Re@ime PCR System (Thermo Fisher, Waltham, USA), with 40 cycles
of 15 s denaturation at 95 eC and 1 min anne
guanti fi ed rmehodwih ACTBeas ttepaierence gene.

3.5.11 Cy3 siRNA localization studies

Cy3-siRNA was encapsulated in PLNPs using the protocol described abov@V-SK
cells were seeded in black-9&ll plates at 2.5 x T@ells/well and allowed to adhere overnight.
The medium was aspirated, then t he-siBMAliN s wer
complete mediumThe cells were incubated with treatments for 3 h in a humidifiegl G7
i ncubator. The cells were washed once with
Hoechst 33342 in complete medium 10 miBat e C. The stain was rep
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 37e @hcubatorwith 5% CQ during imaging. A 20®lan 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 wiglngle composite image. Image acquisition was automated by setting
the focal plane to the nuclei channel (Hoechst). The channels usedoeatest (Ex/Em = 359
371/>397 nm) and Cy3 (54880 593668). Typically, 100% laser power was used with
exposure times ranging from 50500 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 touchingPcalls.t i c 1 &s >20
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 RawlIntDen function.

3.5.12 Uptake and endosomal escape determination by confocal

microscopy

SK-OV-3 cells were transduced withCherryGalectin9 (mChG9) plasmids according to
a previous protocol to produce the €R/-3-mChG9 cell line®!! 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/-3-mChG9 cells were seeded in black
walled cleasbottom 96well plates at 2.5 x T@ells/well and allowed to adhere overnight. The
medi um was removed and repl ac-wstdnedvRLNAs. Th®d e L O
cells were incubated with treatments for 3 h, then washed once with PBS and fixed with 4%
paraformaldehyde in PBS for bain & RT. The fixative was removed, then the cells were
stained with 5 e€g/ mL Hoechst 33342 in PBS fo
PBS, and then replaced with 100 eL PBS and s

Cells were imaged on a Zeiss Apotome Live Cell AxioObserver inverted fluorescent
microscope (Oberkochen, Germany) with a long working distanc®kbxNeofluor objective
(NA 0.6) (Carl Zeiss Canada), anGite 120 LEDfluorescent 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 fgah and stitched together to produce a vadgle composite
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image. The channels used were Hoechst (EX/Em =33%38>397 nm), mCherry (54862/575

640 nm) and DiD (62555/665715 nm). Typically, 100% laser power was used with exposure
times ranging from 500 3000 ms. Exposure times and illumination were kepstant across

all wells of a plate.

NP and Gal9 foci were quantified using a MATLAB script modified from Kilchrist et
al2®which is available atttps:/github.com/kaislaughter/mChG8_image_procesdihg
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 featuetbdedfures were then
automatically counted and tabulated. At least 100 cells were counted per image, and the average

counts across-8 wells were considered as one biological replicate.

3.5.13 Uptake studies with endocytosis inhibitors

SK-OV-3-mChG9 or F47D cells were seeded in black-8@ll plates at 2.5 x 10
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 mediungukim stock solutions. The
concentrations used to dose cells were 200 ¢
chl orpromazine, 2.5 mM amil or épmgwitapnegioudy0 0 & M
established protocof%*'The cel |l s were incubated with 50
mi n, then 50 €L 20 nM si RNA in PLNPs were ad
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
bet ween two groups were tested -tespwhilest at i sti c

differences between more than two groups were tested using eitheage tweway


https://github.com/kaislaughter/mChG8_image_processing
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ANOVA wi t h Thackestyrdess ofherveise noted. Where appropriate, a maximum of

1 outlier per group was removed using Grubbs
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4 Thesi s 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 groups5 hydrolyzing esters, 2 ndmydrolyzing amidesand1 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 zwitinic polymers were used for stimwus
responsive release using 3 different hemiacetal ester protecting groups. These polymers had
never been reported in the literature and demongtratationic 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 les, thus making them useful as an additive for RNA delivery.
Thus, | demonstrate in this thesis that protected zwitterionic polymers are useful tools for the

controlled release of biologics from nanoparticle delivery vehicles.

41 Chemiry of protected zwitterion

As discussed in section 1.6, zwitterionic polymers and protected zwitterionic polymers are not
novel concepts, and numerous exampldsodii polymers have been reported in the literature.
Zwitterionic polymers are widely used for surface functionalizatiamoparticle stabilization,
hydrogels, protein stabilization, and many other usésaiomedical spaceMeanwhile while

less used, protected zwitterionic polymers hesen some use in stimulus responsive release
vehicles, albeit with limite@dhemical diversity Protected zwitterionic polymers are most
commonly found as an intermediatevirds synthesizing zwitterionic polymers. For example,
PCB directlysynthesized from polymerization of CB monomigysically occurs using protected
tert-butyl protectedCB, which deprotects easily undaeidic condition$%22* However, the
deprotection of these polymers for delivery of biologics has not been deeply explored, and it is

this aspecon whichthe thesis focuses.
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4.1.1 Design and synthesis of protected zwitterionic polymers

The synthetic pathway to PLB-PCB polymerslescribedn Chapter 2 was chosen becaiise
would allow alibrary of polymers with different protecting groups to be synthesized from the
same precursor polymer, PHAPDMAPMA. This wasimportantbecause if the protected
monomers were to be polymerized onto PCAA directly, they would likely have differing
molecular weights due to differences in solubility, kinetics, etc. Tgaréprming the protecting
step after synthesis of PLBkPDMAPMA ensure that all R_A-b-PCB derivatives had the same
molecular weightremoving this as a variable when comparing the effects of the differing
protecting groupsOur syntletic method is therefore a useful tool when screening multiple

protecting groups for a specific application.

Nevertheless, using this pathway has a few potential drawb&alstly, 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 ingalete 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 thesssuesn Chapter 2as doserved by the lack of PDMAPMA peaks in dhir

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 inctargaaversion of tertiary
amines. While the hemiacetal peak was observetHINMR, 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 becg&use S

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 podyrand higher yields.

Nevertheless, even an incomplete conversion was able to produce a significant +30 to +10 mV
change in zeta potential under acidic conditions. tA@odrawback of our method of producing
protected zwitterionic polymers is that alkylation of tertiary amines to produce protected-PLA

PCB resulted in a shortening of the PLA block, as observed by comparing PLA peak integration
to PCB peak integratiomiH NMR before and after alkylatioriThis was most likely the result

of PLA block degradatioduring synthesiswhich could potentially be prevented in future
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reactiondy using wateiffree conditions or keeping the reaction cool&hould the above
disadvantages be a problem in future work, a potentigkaround could bdirect

polymerization ofprotected CB monomers with PEBTA as previously demonstrated by Cao et
al22! This method could also be used to produce larger batches of a single derikfativever,

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 aasnes

preferable.

While our synthesis of PLA-PDMAPMA led to favourable PLA-PCB derivatives for our
applications, the synthesis of PHAPDMAPMA also proved to be difficult to control. PEl
PDMAPMA crashed out of solution in dioxane whegpXuarma: Xn,pLa €Xceeded 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 polymation methodRAFT polymerization is known

for rateretardatiorat high monomer conversigtf 3*8 leading tocrosstermination and
uncontrolledoolymer lengths at later timepoint#lore concerning for our application is that

RAFT is relatively slow and requires prolong
our protocol), which could lead to degradation of our PLA block. Other groups have used
methods such as ATRP and ROMP?¢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 havepotentially different properties than the ones | produced. ATRP is best performed
using methacrylates instead of the methacrylamides | chose & &8syhich 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 prote and nucleic acids, which would be important

factors to consider when using these polymers for drug delivery.

4.1.2 Hydrolysis of protecting groups

Thethreestep synthesis | proposed in Chapter 2 and modified in Chapter 3 is a facile method to
produce a large library of protected zwitterionic polymedysing this method, the hydrolysis

behaviours of several protecting groups could be studredi| propose that this platform could
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be used in the future to study other protecting groups such as enzgpoasive®’1%and light
responsive groups?® Perhaps more importantly than the synthesis of these polymers, the focus
of this thesis has been on the characterization of the hydrbbisés/iourof various protected
zwitterionic polymers.This is particularly important for their uselomedical applications, as
such hydrolysis and changes in charge will leachgnges in therapeutic encapsulation and

release as well as interactions with biological systems.

In Chapter 2, we describe the hydrolysis behaviours of severalpestected polymers and
demonstrate a zeta potential decrdes® positive to neutral, with the rate dependent on the
hydrolytic stability ofthe ester protecting groufgeveral of these polymers are rarely studied in
the litemture, such as thepropyl and phenyl protected PCB polymers, and therefore my study
of their synthesis as well as their deprotection kinetics are ntviile the relative stability of

the esters to each otheearot necessarily novel, it is important to establish that these trends hold
truein 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 tta affect local pH and therefore hydrolysis

rate. Additionally, the in vivo environment contains esterases that could speed up the hydrolysis
process. Howevewe demonstrated that this clasgpofymers could be useful for delivery
applications on the timescale of days, papdhaps more importantly, demonstrate that protein

adsorption and desorption is correlated with hydrolysis rate.

In Chapter 3, we demonstrate an a@dponsive hydrolysis that converts a cationic polymer to
neutral under acidic conditionghis 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
carboxyates). The three hemiacetal protected polyrasesihave never been described in the
literature,and here we demonstratedtttieey could be used to induce a cationic to zwitterionic
change at endosomal pH addition to hydrolysisn the endosome, thtsansition could be

usefulfor otherapplicationsn acidic environments such as bacterial infectiérsr in the

digestive tract?2322 Therefore, wéntroduce these polymers as a potential tool for drug delivery

in acidic environments.
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42 El ectrostatic delivery method f

Chapter 2 describes a method of sustained release from a hytlaigekes adsorption to
charged nanoparticles attenuatehe release of oppositely charged nanoparticldgse
findings are significant because this mechanism represents an improvement over the gold
standard of nanoparticle encapsulation in several wajisle 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 tertiancsire of proteins difficult. Alternatively,
release methods such as affidiised releases have demonstraighly controllable release
profiles, butthe specifidty of interactions means that new materialsst bemade for each
protein being released. This requidesigning and synthesizing specifieading partners for
each proteinwhich is difficult and timeconsuming Electrostatiaelease mechanisms are
attractive because they serve as a middle ground between the specificity ofbéfgaty

releases and theide applicability, yet low bioactivity of encapsulatibased releases.

4.2.1 Control of NP surface charge as a method of controlling protein

release
Electrostatiebased releases have been previously explored. Charged nanoparticles such as
laponite!®’ liposome&®, graphene oxidé and charged siliéd* have been used to adsorb and
deliver proteins to target tissues, howeweechanisms for release have not been thoroughly
explored. Thus,methods to control protein adsorption and desorption from nanopadreles
desirableo modify the release profilePreviously electrostatic adsorption the exterior of
PLGA NPs was observedesulting in the release of cationic proteins for over a mrithe
release profile could be modulated by various methods such as bufferid tising
encapsulated salts, changing the molecular weight and end groups of PLGA, and varying the size
of the NP<01%6 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
tunableby modulating the surface of the NPs. This was dirgg the differential hydrolytic
stabilities of the surface protecting grougherefore, this thessupports the findinghattuning
surface chargef NPsin situcan lead to tunable release profiles for adsorbed protaims.

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 adsorptiasisg these polymers

allowed for complete release of the adsorbed protein. This is a great improvement over systems
such as affinity based releas@sich often have trouble reldéag all of their proteins/=° This

problem can also be observed in certain electrostatic systems involving a charged to neutral (but
not zwitterionic) transitiod?*which could be resolved with more dramatic transition such as
negative to positive transitidfi® Thus, we also emphasizeaththe surface that the protein is
adsorbed to must becomafavourable to protein adsorption by electrostatic repulsion or
superhydrophilicity in order to ensure complete and coetiofilease.

4.2.2 Investigation of protein adsorption to charged NPs

Though our systens promising folocal delivery of anionic proteinst 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 releaseyttiropoietin whichis also an anionic
protein. Additionally, the protein that did exhibit controlled release behaviour did so with
varying degrees: panitumumab, an IgG antibegys highly attenuateasing the CONHtBu NPs
butsignificantly less savith the other NPs. Meanwhile, transfamwas highly attenuateasing

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 ous N&sendent

on more factors than simply isoelectric poirtydrophobicity seems to be important for larger
proteins?>® as differences between CONHtBu and CONHEt were only observed for
panitumumab, the largest protein test@ther factors such asnoparticle sizegrotein stability

and distributiorof charged residudsave also been demonstrate@fti@ct protein adsorption to
nanoparticles$?¥32” Thus, a more detailed study intdich 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 waslhaitoteins released from
CONHtBu/CONHELt NPs despite not displayiagy change in charge over the release period.
This meant thathe controlled release of proteins from our NPs from a cHaaged mechanism

was convoluted by uncontrolled release by other mechaniShis.problem is not universal

across altharged NPs; proteins did not release from PLGA NPs for the first few days in
previous studie®°® Thus, to further improve upon our electrostatic release system, the protein

must be more completely adsorbed to our NRpossible method to increase protein adsorption
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could be to increase the hydrophobicity of the surfatgdrophobicitycould explain why

proteins adsorimore stronglyto PLGA, which ishighly hydrophobicand less strongly charged
than myPLA-b-PCB-ester derivativesnvhich are highly charged amdorehydrophilic

Increasing hydrophobicity of charged coatings has been previously used to increase the
adsorption obppositely charged proteing?>¢ Therefore, oating the NPs in a more
hydrophobic, yetolloidally stable layer (such as poly(vinyl alcohol)) could ameliorate the
problem. However, more hydrophobic nanopartictes likelier to induce cytotoxicity®3*°or

cause immunogenicit}?® Therefore, increasing hydrophobicity may not mkesirable option

for a longacting implant like the one presented in ChaptefARernatively, 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
nanoparticled® andcould also be useful for our system. This may also allow overall cationic
proteins (pl > 7.4) taise our electrostatic release systgmhaving a region of high negative
chargethat can adsorb to the nanoparticldherefore, while we demonstrate the utility of
electrostaticelease 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 ta&tartoontrol

adsorption and release of proteifthese potentiadteps are further detailed in section 6.1.2.

43 PLNPs for RNA delivery

Chapter 3 describes the invention of a polymer that could be incorporated into lipid nanopatrticles
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 actiVibys was accomplished by

using novel hemiacetal protected RbAPCB polymers, which induce a positive to neutral

transition at acidic pH to encourage RNA dissociation from the nanocarhés.charge

transition at acidic pH is unusual, as an increéad¢” concentration is typically associated with
increase in positive chargd&his section discussesirious 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 truethat only a small percentage of endosomes are disrtfftied

is alsoworth considerindhow RNA will reach the cytosol given what we currently know about
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endosome disruption mechanisnis the case oibnizable lipidsjocal transientmembrane
disruption by interaction with charged ionizable lipisithe prevailing theory for endosomal
escape®33! 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
membrané? In the case of polyplexes,n d 0 s o ma | rupture due to t he
another popular theory; howevewxen after endosomal rupture, only small molecules are able to
escape into the cytosol while large RNA molecules remain associated with the péflygtex.

both lipoplexes and polyplexes, therefore, the dissociation of RNA from its carriebenust
considered in order for the RNA teach the cytosol arekertits biological effect Our PLNPs
consisting of both ionizable lipid aratidresponsivedPLA-b-PCB-X polymers are significant
because theyse theacidic endosomal environment to indux®h endosomalisruptionusing
charged ionizable lipidandRNA release by the switching of the PIbAPCB-X polymer from
positive to zwitterionic This allows more RNA to enter the cytosol from disrupted endosomes.
Our imaging experiments alsoipport literature that endosomal disruption by lipoplexes is
primarily localmembrane disruption instead ofdasomal rupture, asur images show both

diffuse siRNA within the cytosol and punctate siRNA in endosofffiggire 3-5d). We also
demonstrate that endosomal disruption is necessaRN@értransfectionas without MC3and
therefore naationic species to induce proton sponge or local membrane disryption)
transfection was observédppendix Figure C-16). Therefore wedemonstratethat both
endosomal escape and RNA release are important for transfeetdthatour 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 dissociairaritr carrier and

endeavoured to incorporate it into their nanocarrier designs. Greco et al. determined that
weakening interactions between polymers and RNA by adding polyacrylic acmbasgpatitive
binderincreased RNA transfection efficient3?. 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 acidhese polyplexes might be less stable. Therefore, a method to
weaken interactions betwe&NA and its carrier only once it is inside the cell is valuable. This

has previously been demonstrated using light responsive polythéfacid-sensitive self
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immolatingmateriald’>173175178333nd ROSresponsive lipids®® Given thatfew functionalities
exist for tissugpenetrating neainfraredlight, and ROSesponsive materiatsnly work in

tissues with high ROS concentration suchuasours and inflamed tissyexcidsensitive
functionality remains the most universal stimuloisSRNA delivery Therefore, a pHesponsive
polymer such as the one described in Chapter 3 is valuable for increasing RNA transfection

efficiency.

Thepositive toneutralzwitterioniccharge transition was made possible using the acetal
functionality. While acetals are known for their easy removal at mildly acidic condiffot?s,
their use as acitesponsive functional groupssemewhatinderrepresented. Roise et al. have
used an acetddased surfactant to complex and release RNA after endoc}fbastsle Sirianni

et al. have proposed the use of polycations with abetsg#d backbones to allow the polymer to
dissociate into monomers under acidic conditiAsThus, the field has noticed recent years
thatthe acetal functionality is useful forducing RNA escape from its nanocaryiend this

thesis adds to the literature by usintp 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 releasedaftacytosis. Sterdoop RT-PCR

could be a potential method of doing timguture studieswhich 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 theytosolfrom conventional LNPs, our PLNHEkely only increase that
number by 12 percentage pointsThus, there is still a lot of RNA left to be releasadd our

PLNPs clearlyremainmostlyintact after endocytosisThis is likely because we only replaced a
quarter of thaonizablelipid with our RNA-releasing polymemeaning that there is still

significant electrostatic interaction with RN&& acidic pH. Unfortunately, the amount of

ionizable lipid could not bdecreased further without decreasing the potency of PLNPs

(Appendix Figure C-16). Ideally endsomal escape can be achieved without the induction of
positive charge, or this positive charge can occur separately froRiNtAgo avoid

complexation and increase RNA release. Endosomal escape has been achieved using cell
penetrating peptidé$333334and bacterial toxing which could represent futudirections 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 usingaR@8ciddegradabldipids

and surfactanty’8188

4.3.3 Uptake, endosomal escape and potential in vivo behaviour

A somewhat surprising aspect of our PLNPs was that uptake and endosomaleseape
identicalto conventional LNPsIt is well known that LNPs are typically taken up by adsorbing
apolipoproteins to their exterior asdbsequently being recognized by LDL receptors on cell
surfaces!? Conversely, cationic polyplexes typically associate with cell membranes by
interaction with oppositely charged glycoproteins on the cell memB?aH¥&.Thus, by
combining the two approaches in our PLNPs, we would have expected to observe different
uptake and endosomal escéyghaviours. However, it appears that BUNPs ardaken upoy

the same mechanism as LN&r=gldisrupt endosomes with the same efficie(féigure 3-6,
Appendix Figure C-18). Thisis an interesting observation especially considering the unusual
morphology of our PLNPs, where the lipids appear todseentrated on the exterior in small
vesiclegFigure 3-3c-€). Moreover, when PLA-PCB was replaced with DSAECB, both
uptake and endosomal escape were decréAppendix Figure C-18), and overall knockdown
was also decreasedpendix Figure C-21). These observatiomaise questions about the
composition of the protein corona allowing uptake icetls, and how the presence of PLA
affects delivery. Several groupssert that it is chiefly the protein corona that affects the
behaviour of nanoparticles within the botf§f33 This protein corona appears to vary greatly
based orctharacteristics such asrfacecharge, surface curvatuteydrophobicity surface
chemistryand morg->8160.325.326.3397g oyr PLNPs vary greatly from LNPs in terms of size and
surface morphology, we can expect them to differ in terms of protein corofia énd
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 fieldcurrently isnanoparticle targeting. Most LNPs and polyplexes accumulate in
the liver shortlyafter systemi@administratior’®® thustargeting to other organs is a criticaép
towards clinical translationwWhile we have not tested our PLNiRsvivo, we would predict that

our PLNPs would also likely accumulate in the liver, spleen, and fitleeing organs. This
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tendency would likely be compounded by the relatively large size of our PLNPs, which could
lead to complement activatiof34°34! 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 intheinvestigation obur system, and will be discussed further in seg®2.1 and 6.2.2.

Regardless of the discussed potential issues, several groups have already demonstrated promisin
results from incorporatinBLGA into their lipid nanoparticle®%.282.283342Gimjlarly, other

groups have also improved the biological performangmbyfplexesby coating them with

lipids. 131132 Therefore, there is a growing body of evidence that combining both polymers and
lipids has benefits over using each one individualiyhile lipids are biomimeticthdr lower

charge density than polymers githem loweRRNA loading,andthey tendbe less stablehich
excludes them frorapplications such as nebulized or spdaied formulations.Conversely,

while polymershave superior RNA encapsulatianpre consideration needs to [ing into
increasing their biocompatibilifyas polymers such as PEI and free radical polyteesto be
highly membranelisrupting and are not biodegradafdlbus,we have designed opblymersto

be biodegradable ardhvea cationic to zwitterionic transition which aids RNA release in the
endosome. Meavhile, thelipids help with internalization, endosomal escape and stability.
Therefore, we havdemonstrated that using both polymers and lipids simultaneouslysalfow

to combine the advantages of both types of RNA delivery vehicles.
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5 Thesis Coencl usi on

51 Compl eti on sof objective

This research was motivated by the following hypothesis:

Protected zwitterionic polymeusill enable the controlled release mégativelycharged

biologics from nanoparticle delivery vehicles.
To investigate this hypothesis, | 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:

1 PLA-b-PCB polymers were synthesized and protected with a variety of hydrolyzing

and nonrhydrolyzing pendant groups

1 Thepolymers seHassembled into nanoparticles and lost positive surface charge at
varying rates according to thgdrolytic stability of the pendant groups

1 The nanoparticles were embedded within a hyaluranetiylcellulose hydrogel and
controlled release of three anionic protesfsarying sizes was achieved. The rate

of release correlated with the loss of positive surface charge of the NPs
1 Bioactivity of the released proteins was confirmed using vaiiougro cell assays
These data were presented in Chapter Zoabtished inACSApplied Materials and Interfaces

Cheung, T. H., Xue, C., Kurtz, D. A., & Shoichet, M. S. (20B3htein Release by Controlled
Desorption from Transiently Cationic NanoparticlkE€SApplied Materials & Interfaces
15(44), 5056050573.https://doi.org/10.1021/acsami.2c19877

2. Adapt the transiently cationic polymer for intracellular RNA delivery

Thefollowing were completed and described in Chapter 3:


https://doi.org/10.1021/acsami.2c19877
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1 PLA-b-PCB-X polymers were synthesized with acebponsive hemiacetal ester

pendant groups

1 Polymers showed decreased zeta potential and RNA adsorption after incubation in

acidic buffer.

1 The polymers were formulatedth lipids to produce stable PLNPs with high RNA

encapsulation and diameters < 200 nm.

1 siRNA-loaded PLNPs have increased FLuc knockdown in a reporter cell line as well
as in a breagtancer cell line compared to parent LNPs. This effect was observed

using multiple ionizable lipids.

1 Acid-responsive release was determined tedsential for increased efficacy and
resulted in increased cytosolic sSiRNA concentration

1 NP uptakeendosomal escape, and uptake mechanism were determined to be the
same between PLNPs and LNPs

1 mRNA delivery was also increased using PLNPs over LNPs due to lower toxicity.
These data wergescribed in Chapter 3 apdblishedn Advanced Functional Materials

Cheung, T. H.; Fuchs, A.; Shoichet, MASci d Responsive Polymer Adoc
Transfection from Lipid NanoparticleAdvanced Functional Material2024
https://doi.org/10.1002/adfm.202413220.
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6 Recommendations for future

6.1 Protein delivery by electrostat

Ultimately, new drug delivery systems such as the one described in Chaptetleésigned so
thatfuture iterations of the technology wdlyentually be used ithe clinic. While the described
system demonstrates the potential utility of an electrodtasedrotein release gel, masyeps

remain before clinical translation can be considef®elctionss.1.1- 6.1.2 describe steps
towardsdeeper understanding of the release system and its potential applications, while sections
6.1.3- 6.1.4 describe stapowardsiemonstrating feasibilitin vivoand 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 represemisthhod of releasing multiple anionic proteins
from a hydrogel depot, it is nos ainiversal as originally thoughfFor example, the release of
erythropoietin was attempted, kditl not display significant attenuation of release versus the gel
only. Alkaline peroxidasevas also released, bmtvitro stability testing showed that it was not
stableenough to produce reliable resulia/hile our data shows thetoelectric point can predict
whethersome proteinglisplay controlled release behaviour (e.g. lysozywhe 10.7 was not
attenuated by the system), it is not the only factor. For exampleC&M(pl =4.2) and
panitumumab (pl = 6.8) both displayed controlled releasegrytitropoietin (pl =3.7-4.7) did
not. Wealso noticedhat higher molecular weighassociated with more potential hydrophobic
interactions, also played a role in release behavisaelectric point and hydrophobicity as well
asvariablessuch as local charge distribution adent of glycosylation, could form the
foundation of a machine learning motiepredict which proteins would be good candidates for
release from our systenT.hus, | suggest that the next major step for this project should be to
further investigate the factors thatfect protein adsorption and release feten our
nanocomposite geandto use this information to determimehich proteins are good candidates

for release from this systenMachine 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 dfransferrinand separating bound vs. free proteins by centrifugéippendix
Figure B-6). The Freundlich constants were then calculated bylinear fitting. 1 suggest that
the Freundlich isotherm model can be usethadasis for a machine learning modsbtherms
can be calculated for mamyoteinsusingthe methoddescribed abovend the calculated
Freundlich constantsan be plotted againptotein characteristics such as isoelectric point,
molecular weight, degree of glycosylation, number of charged surface residodser of

protein subunitsetc. Alternatively, physicalthermodynamic datean be directly measured

using methods such as isothermal titration calorimetry and surface plasmon resonance. Plotting
descriptorof dozens of proteins vs. the@dsorption behaviowould €rveas the training set for

a machine learning model that can tell us witichracteristics of proteirsest predict adsorption
to the NPs. This information could then be used to search for new proteins to release.
Additionally, the Freundlich constants calculatedild be used in a COMSOL model to simulate
releaseébehaviour to obviate the need to perform dozens of release expertiéftghus,
machine learning could be a useful tootaiermine the protein properties that determine

adsorption to ouNPs as well as find proteirtisat could be released from our nanocomposite gel.

In addition to these machine learning models, | suggest taking a closer look at the mechanisms
by which proteins adsorb to the nanoparticles. For example, pgdtesn interacting with

specific functional groups on the NPs by induced fit, or are there specific amino acid residues
that are especially favourable for adsorptidd@es partial protein unfolding occur to allow
hydrophobic interaction with the NP surface is it a purely electrostatic interaction? These
guestions are difficult to answer bye proposed machine learning model, but phylsased

modek such as molecular dynamibave previously been used to study protein adsorption to
nanoparticles**34° While simulatinga large library of proteinsuch as the data set used for the
machine learning model would not be feasilplerhaps the modeling afsmaller number of
representative proteirtduld be used to glean useful information. The data gained from such
studies such as the importance of specific amino acid residuesiether specific NP functional
groups are more favourabtuld be used in conjunction with the above machine learning
model to determine which proteins @tgtable for release from our systeifhese discoveries

may also help us optimize the design of our nanoparticles (e.g. size/curvature, surface groups,

etc.) for various therapeutics. Thusexpand the scope of applicable proteins for release, we
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need tostudy 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 systenthe 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 #gmrolyzing NPs had longerlease

times up to a few weeks and beyond, these é&Rgbited cytotoxicityin vitro and would

therefore be unfeasible for drug delivery. Tharsother major direction for this system would be

to find methods to extend the release ydrolyzing NPs beyond one week.

The mosbbvious route towards accomplishing this objective would be to chhagester group
protecting the carboxylates. We demonstrated fronzetar potential studies that both the
bulkiness/hydrophobicity of therotecting group as well as electronic effects from substituents
such as phenyl groupaffect the rate of hydrolysis. Thusgood place to start could potentially
be to look at rbutyl groups instead oftiutyl groups, as we already saw that thgropyl group
had aslower hydrolysis thathe tbutyl group despite the greater steric hindrance imposed by the
t-butyl group. Thusseeing longer hydrolysis time from théoatyl group over the-butyl group
would further emphasize electronic effects on the hydrolysis rate of the éAtieits.continuing

to explore the effect of larger and more hydrophobic groups suchestyl, rhexyl, and

beyond is an option to extend release tithe,overall hydrophobicity of the NP may evenlyal
be too high to be colloidally stable. Thus, | recommexploring electronic effects to extend the
release time. For examplelogenated alkyl esteasid conjugated estenave electromlonating
and withdrawing effects that can extend the hydrolysis time of our NPs anektkeasd the

release profile beyond one week.

An alternative route to changing the esters cbeltb alter theelease environment to make it

less favourable to hydrolysis. An example of this is byhghveg the local pH around the
nanoparticles. In ouH 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 mayebeugh 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 produabaatd desorption
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of proteins from PLGA nanoparticl€%.Thus, one method to decrease local pH could be to
incorporate additional PLGA or PGAto the NPs such that their degradation produces enough
acidic byproducts to decrease local pH. Alternatively, acidic salts such as citricaddi®¥e
encapsulated within the NP&ncapsulation of basic salts within PLGA NPs were demonstrated
to extend release profile in a degradat@sed model? 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 efficady vivo,then by expanding the system to include multiple drugs.

All the work presented in this thesis about protein release were performig 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 trenslatabilityof our system. Thus, priority for this
system should be to demonstrate controlled relieagigo. As a bridge towards this objective, |

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 couldzeytthekysters 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 amdinot find significant differences in release

rate Figure 2-41), cell culture medium with its greater mix of proteins and small molecules

would help us determine the suitability of our systemrmore 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 delivdesdeesamples 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 Ca&transferrinuptake 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 compaeean uncontrolled release. Using
transwells also allows for cedlecreted 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 reactioesch as esterases cleaving the esters of the NPs. Thus,
transwell assays serve as a good bridge between our preliminary experiments in RBSvand

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 hydroget@agive 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, thunaking release of adsorbed proteins irrelevant.

Finally, our system could undergovivotesting for eventual clinical translation. As all the
components of our nanocomposite system,(M&, PLA, PCB) are notoxic, biocompatibility

should not be a significant factor. Howeveryivorepresents 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 NPwould result in sustained release for our proteins. Once the
system is optimized using the suggestions in sections-686112, our system could be gait

useful forin vivodelivery of therapeutic proteins.

6.1.4 Co-delivery with other proteins and/or small molecule drugs

One of the advantages of our electrostatic release systemiisstiatld be applicable for most
anionic proteins. Thus, it makes sense that multiple proteins should be deliverable
simultaneously from our system. @elivery of multiple proteins has several applications in
regenerative mediciné®34’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, ihypothetical protein Aeeds to be releasquickly while

protein Bneeds to be released slowtlyen protein A could be adsorbed to COOEt NPs while
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protein B could be adsorbed to COOtBu Niéfore encapsulation in a gel for-delivery. This
would allow protein A to be quickly released from the-tagtrolyzing COOEt NPs while

protein B is slowly released from the COOtBu NH#is technology would benpactful
becausdew technologies currently exist for simultanesustainedlelivery of multiple

proteins, and those that do often require multiple affinity binding partners or separate release
mechanisms for each protéft©*® Simultaneous delivery gfroteins has previously been
demonstrated to have enhanced effdotsexample, delivering basic fibroblast growth factor
(FGF2) andvascular endothelial growth factor simultaneously has been shown to improve
vascularization in a chicken embryo model oach protein alon&® Thus, our electrostatic
release mechanism offers immense promise fatedivery and should be explored &uch

applications

Another advantage of our system is thaiall molecule drugs can be easily encapsulated within
the PLA core of our NPs, thus allowing-delivery of proteins and small molecules. This could

be very usefufor applications such antral nervous systemapair, where bothrowth factors

and small molecules are useftfl. 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
moleculescould be accomplished by changing the polyestee It has been well established
thatchanging the composition of PLA, PLGA and PCL in nanoparticles can greatly affect the
release profile of encapsulated small molecule dttfg8°and this can be used to adjust release
rate of small molecules. Thubgability of our nanocomposite gel tm-deliver both small

molecules and proteirshould be explorenh future work.

6.2 RNA dewi védr YLNPs

Chapter 3 describes a novel PLNP system for RNA delivery with enhamacesfiection

efficiency over current LNPsWhile the increaseelfficiency was welestablishedn vitro, it is

still unknown how thiswill translate ton vivo efficacy and biodistribution. Athe

biodistribution of LNPs remains one of the most studied topiBNA delivery, | suggest that

the next major step in the study of our PLNPs should be to examine biodistribution as well as
methods to modulate itSections.2.1 andb.2.2 describe possible experiments to stindyivo
behaviour. At the same time, several questisamainabout how the PLNPs enhance RNA

trarsfection after endocytosis, suchths role that PLA plays in the efficacy of our PLNPs, and



113

at whichpart of the endolysosomal pathway the RNA dissociates from the PENRe

suggested experiments to answer these questions are detaéetions 6.2.3 and 6.2.4.

6.2.1 In vivo biodistribution

One of the major quesinsin LNP research ieow totarge 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 sucthageditary transthyretimediated
amyloidosis (in the case of Onpattro) or for local or intramuscular injection (in the case of
vaccines).Thereforejnvestigating then vivodistribution and pharmacokinetics of our PLNPs

should be the next major step

Considering thabur PLNPs are similar to conventional LNPs in terms of lipid compositias,
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 nanoparticléend to be eliminated faster than smaller ofigis,may be worth trying

to reduce the size of the PLNPs as wéhis could be donby decreasinghe size of the PLA
block, or bychanging the formulation procedurehave a faster flow rat& or a different mix of
lipids. In vivobiodistribution can be easily determined by encapsulating FLuc mRNA within
PLNPs to examinwhich tissues uptakinem The PLNPs can also carry a fluorescent dye such

as DID tosee if there are differencesPLNP distribution and tissues of greatest uptake.

A promising method to modulate the biodistribution of LNPs has been to chargjeutttaral

lipids from zwitterionic to positive or negative. This technique has been shown by multiple
groupsto significantly shift the accumulation of LNPs from the liver to other organs; positively
charged lipids are effective at targeting LNPs towards the 1tim§&354while negatively

charged lipids target LNPs towards tieéiculoendothelial system and splééh3>33%4 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 se&hiir
distribution can b shifted towarddifferentorgans. Small molecules can also be used to target
specific organs; polysorbate 80 coated nanoparticles increase uptake through thedsood
barrief>>3>®while glutamateurealysine conjugates are well known to target prostate cancer
cells89181 Other groups have also explongsing targeting antibodies to direct LNPs towards

specific tissues Examples includeonjugating antPECAM antibodies to the exterior of NPs to
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target the lung8’ and antiCD3 antibodies @ target T cell$>® While these NPs are still

eliminated by the liver to a significant degree, they increased mRNA transfection in the target
tissueseveral foldand are thus worthy of further investigatidhtherefore 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 thegharmacokinetics of our PLNPs, a greater mechanistic understariding
uptake and biodistribution could be obtained by examining the protein corbegrotein

corona is a layer giroteinson injected nanoparticles which agontaneously adsorbed from
their biological environmentOver recent years, the composition of this coronaikas in
prominence as more researchengeracognized the importance of the corona for determining
elimination from the blood stream, targeting to various organs and uptake intdt celgdely
accepted that the mechanism of uptake for LNPs is displacement of PEG lipids on LNPs by
ApOE.312:3%9:360 Adsorption of ApoE to LNPs then allows recognition by LDL receptors on target
cells to induce endocytosis. Thus, parameters such as®iEeedensity NP core densitgnd
lipid membrane fluidity that affect ApoE adsorptioave profound effects on
pharmacokinetic&t?3>! Though our PLNPs are made of many of the same components as
conventional LNPs, they differ severalways. They are bigger, which affects their surface
curvatureand they appear to consist of a solid core with associated bilayer vesiltidwese
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 &pbBm culture medium
affects the uptake into cell®latelet factor #2and vitronectif®**%*have also been shown to be
important for uptake and should therefore be investigated as well. For a more detailed
investigation, mass spectrometry driven @agh can be usedd directly determine the proteins
adsorbed to the exterior of PLN#$ Identifying the components of the PLNP protein corona
will give a deeper understandinga#llular uptake and organ targeting, and how changing the

formulation and physical characteristidsSRiNPs 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 vivobehaviour of our PLNPs, several questions remain about
the mechanismsf enhanced delivery after endocytosis. Uncovering these mechanisms could
lead to greater understandingiteractions between polymers, lipids, and biological
membranes, and therefore lead to improved RNA carrier designmteresting observation
about thePLNPs is that PLAs importantfor its increased efficacy over conventional LNPs, as
this enhanced efficacy was lost when PbACB was replaced with DSPECB (Appendix
Figure C-21). This remained true despite the unusual morphology of the?"BAB PLNPs
compared to the more conventional morphology of the DBEB PLNPs.Despite our
experiments, it is still unknown why this is trwnd | propose several experiments that may help

answer these questions.

Thefirst thing that can be further explored is the morphology of the PLNPs. While we proposed
astructure for the PLNPs by crytEM imaging,there is still more characterization that can be
performed. For instance, the lamellarity of the PLNPs can be exabyrssdall angle Xray
scattering?®* which may further elucidate thecation of the RNA withirthe nanostructureThis

is importantbecausé&kRNA closer to the surface of the particle may be nlikedy to escape from

the PLNP. The Foged group have produced several excellent studies examining the
nanostructure and delivery mechanissh®LGA-lipid hybrid nanosysten@! 282and similar

studies withour 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 transfectioa to increased interaction with the
endosomal membrarf®® Membrane disruption assays suctbaschtopdye leakage assaijgor
confocal microscopy studies with labelled endosdfiesuld also be used to see how the

different PLNPs interact with membraneBhese studies mayelp explain whyDSPEPCB-X

had lower endosomal disruption efficiencyniirLA-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 behaviourDifferent types oPCB-X polymerswith differing hydrophobic regionsould

be synthesized to draw trends. For exampROPC outperforms DSPC as a helper lipid,
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perhapDOPEPCB-X PLNPscouldbebetter than DSPEPCB-X PLNPs Or, if hydrophobicity

is the main reason that PLB\PCB-X works better than DSRECB-X, thenPCL-b-PCB PLNPs

and R.GA-b-PCB PLNPsshouldperform differently than PLA-PCB. Though the acid
responsiveness of the PCB block was necessary for improved efficacy, the hydrophobic anchor

was also shown to be importarid should be further investigated

6.2.4 Elucidation of endosomal escape/release timeline

Much of the work in the field in RNA delivellyas 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 immediatelyWhile 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 makisomal escape is believed to
occur during this perio#; the pH of the endosome continues to decrease down to pH 4.5 in the
lysosome. Becaudmthhemiacetal ester hydrolysasid MC3 ionization arpredicted to

increase with decreasing pH, our assay conditions likely do not capitulapetémntialperiodof
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 BEaNs.
endosomes, late endosomes, endolysosomes and lysosomes are characterizeenby differ
membrane protein$°%%when combined with our mChG9 endosomal disruption assay, we will
be able to tell at which stage endosomal disruption odguobserving colocalization of mChG9
with these proteinsBy also performing the assay at different time points after treatment, we will
be able to track the PLNPs as they go through the entire sgatkpotentially compare their

escape efficiency with LNPs.

In addition to endosomal escape, the RNA release kinetics and effiaftacgndocytosisould

also be further studiedOur study examined total Cy&8RNA aregoercell as a proxy for escape
from the endosome into the cytosol, but this is nonetheless an indirect measurement of escape
and does not provideliable quantitative informationf-or a more quantitative measure, stem

loop RT-PCR could be used to measure intracellular siRNA concentr&fidH. Additionally,

several groups have employed FRET imaging as a method to study therapeutic release from

carriers368359and similar studies could be performed for our PLNF&ese studies combined



117

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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