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Abstract

The bulk of this thesis work is the result of a pharmaceutml#dboration,andit utilizes several
proprietary system&Vhile Chapters 3 andwill provide an inrdepth discussion of the results, the
specificnamesstructures, anchanufacturing processes$the systemsannot be disclosed.

Genes are segments of DNA the blueprint of all livingorganisms which contain
instructions needed for organisms to grow, survive, and reproduce. However, genes that do not
function properly can cause various diseases and genetic defects. Gene therapy has the potential
to treat these diseases by correctirguhderlying genetic problem. Recent success with the use
of lipid nanoparticle have demonstrated that gene delivery by using synthetic vectors is effective
and commercially achievable. Howevether synthetic carriers, such pslymers and gemini
surfadants (GS)continue to face challenges associated togeme expressiowhich limits their
clinical application.

The rational design approach, where individual vector components are selected based on
favourable transfection efficiency properties, isenftised in notwiral formulation development.
Countless studies have used this approach to focus on designing efficient synthetic carriers.
However, highly efficient notwviral gene therapeutics require the rational design of all components
of the vector-namely the synthetic carriend the DNA cargo. For exampl& address the several
challenges associated with the use of conventional circular covalently closed (CCC) plasmid DNA
(PDNA) vectors, a new generation of DNA vectors have been under investigation, linear
covalently closedLCC) DNA minivectors Although preiminary studies have shown that tine
vitro transfection efficiency of formulations incorporating the LCC DNw#nivectorsis higher
compared to formulations incorporating the CCC DNA counterpart, their overall transfection
efficiencies still appear to demited. Key to improving their efficiency is characterizing both the
synthetic carrier and the DNA construct atal establish a relationship betweemolecular
interactionsphysicochemicgbropertiesand transfectiorilhis approach may optimize LCC DNA
minivectorbasedormulations for future nowiral gene therapy applications.

In collaboration with a pharmaceutiqadrtner we designed a study to assessirifieence
of DNA size andiopology on physicochemical properties (i.e. size, polydispersity i(felBX),
and zeta potential) and vitro transfection efficiencyCationic lipids (Lipofectamine 3000 and
proprietaryLipid 2) complexed with eithethe proprietary CC DNA minivectorsor CCC pDNA

in deionized water were prepared and evaluated. Comparable physicochemical properties were



observed despite the differences in Dbi2e andopology. Sizes of all lipoplexes were below 325

nm and the positive zeta potentials appeared to increase liva#nlyincreasing NP ratio.
Transfection efficiency was evaluated by expression of enhanced green florescence protein (eGFP)
in HEK 293 and ARPHE9 cellsin vitro, and cell viability was determined by propidium iodide
staining. Statistically significanthcreassin transfection efficiencyvereobserved with samples
prepared with the.CC DNA minivectorsand higher overall transfection was associated with
Lipofectamine 300Q/CC DNA minivector lipoplexes as determined by oneay analysis of
variance (ANOVA)anda dependent,twb ai | ed, t wo deatfegme eesuistobtadireecht 6 s t
by both methods)These findings reveal that a relationship between D¥W&, topology, and
transfection efficiency exists and should be considered for effective cationit-G@dDNA
minivectorlipoplex design and formulation development.

In an effort toimprove the transfection efficiencies lo0€C DNA minivectorsfor nonviral
genetherapy therelationship between physicochemical properties and transfection effiaénc
polymerLCC DNA minivectors were studied. Formulatioc@mprisingthe proprietaryPolymer
1 or proprietaryPolymer 2Ancorporating eithet CC DNA minivectorsor CCC pDNAIn deonized
water were prepared at severalratios (2:1, 4:1, and 8:1) and their physicochemical properties
(size, zeta potential, and PDI), transfection efficiency (eGFP expression), and cell viability
(determined by propidium iodide staining) were eviddaHigher transfection was achieved with
polyplexes forming small{ 150 nm), uniformly distributed (PDI < 0.2) nanopatrticles with an
excess positive charge (zeta potential ~ 25 mV), presumably due to high cell interactions and
internalization. The linko transfection efficiency found from this study may contribute to the
rational design and optimization of futut€C DNA minivectorbased polyplexes.

To briefly provide insight into the low gene expression of[B3PELCC DNA minivector
systemspreviously determined by our grouyghe mixing behaviour and interactions between
DOPE and two GS (18-18 or 187NH-18) were characterized at pH 4 and pH 7 at various ratios
using Langmuir monolayer methodehemi xi ng behavi our sAoweesby der i v
exani ni ng t he excess f)whkiohwas nakulagey through theiswfaceaagea ( A G
additivity rule, while the intermolecular interactions of the mixtures were evaluated using the
compressibility modulus (£). Synergistic interactions dominated imost binary mixtures, with
the exception of ¥s= 0.5 monolayers wherergetrepulsiveforce was dominanthis synergism
may explain the lav gene expression of GBOPELCC DNA minivectors as it may attribute to

low LCC DNA releasdrom the vectorThese findings may be used for future optimization.
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Chapter 1

Introduction and Background

1.1 Gene Therapy Uses Genes as Medicine to Treat or Prevent Illnesses

Gene therapy is a powerful technique designed to introduce foreign therapeutic genes into
cells to replace, inactivate, or regulate defective genes which contribute teedise@lopmerit.
As such, gene therapy offers the potential to treat several inherited genetic conditions such as cystic
fibrosig® and hemophilidas well as acquired genetic disorders including carfierepairing the
genetic problem at the sourdke geaetic code. This approach is different from conventional-drug
based mechanisms, which may treat the symptoms, but not the underlying genetic problem.
However, the introduction of foreign DNA to cells is incredibly challenging.

Gene delivery technique®mwsist of vectoassisted delivery or physical delivery methods,
which will be discussed in more detail in the following sectioviectorassisted delivery requires
the design of efficient molecular carriers to transport and release the therapeutio geae t
targeted cell. These vectors must be efficient and have flexibility to deliver several genes with no
size constraint$® Once the vector is inserted into the patient, it should not only improve normal
cellular functions, but also correct potentigfidiencies or inhibit deleterious activities without
inducing an inflammatory responé a successful gene therapy treatment, the introduced gene
will potentially treat or prevent the progression of genetic diseases at the site of its localization,
and remain viabl e JMosevertohtliee npumerous ehalleriges adsediaite t i me
with the process, one of the most significant is the design of an efficient vector to deliver
therapeutic genes to host cells. Vectors designed for gene therapy can be classified into viral and

nonviral gene delivery systems, both in which have thain advantages and disadvantatfes.



1.1.1 Safety Limitations of Viral Gene Delivery Systems

Viral gene delivery systems use viruses and their mechanisms to effita@gtshost cells,
insert the DNA into the host genome, and use host cellulahimery to replicate. Before gene
therapy applications, genes responsible for viral pathogenesis and replication are typically
removed from the viral genome and are replaced with therapeutic ‘JeAss.of 202
approximately 8.5% of all gene therapy clioal trials have utilized viral vectors, typically
retrovirus and adenovirus, mainly due to their efficiency in delivering genes to numerous cell lines
(Figure 1.1-1).12 Interestingly, the FDA recently approved Luxtutfaa gene therapy developed
by Spak Therapeutics, to treat patients with loss of vision due to inherited retinal dystrophy, a rare
genetic disorder of the retinaWhen administered subretinallj,uxturna™ uses an adero
associated virus as a carrier to deliver a normal copy of the RRIE&3@retinal cells which then
enables the production of the missing enzyme callettaals retinyl isomerase. This helps to
improve the function of cells in the retina and slow down the progression of the disease.
However, since Luxturnd is developd using a viral vectebased platform, there may be
potential drawbacks associated with their use. Although viral vectors are genetically modified prior
to administration, they still have the potential to trigger powerful immune responses which will
not orly reduce the efficacy of the therapeutic gene, but may also impose detrimental effects onto
the administered ho&t. In addition, insertional mutagenesis, the insertion of viral DNA to any
arbitrary location in the genome, is also an ongoing safetyeconeith the use of viral vectors
which leads to serious genetic consequefit&®mr example, two children that were enrolled in a
clinical trial to treat Xlinked severe combined immunodeficiency developed leukdikaa
conditions in 2002. Following thisccurrence, the trials restarted with a revised protocol in 2005
and a third child developed a similar condition. This condition was caused by retroviral vector
integration near an oncogene promoétdrhus, despite being able to effectively deliver thergic
genes, viral gene therapy is unattractive due to their associated immunggémedition, there
are numerous problems associated with the assembly of viral vectors including constraints on the
maximum size of the therapeutic gene, high cogtrofiuction, and short shdife which limits
their application in gene therapTo overcome the numerous problems associated with viral gene
therapy, norviral gene delivery was introduced as an alternative method which atexiorand

non-immunogenidn comparison to their viral counterpatts.



Adenovirus 15.5% (n=573)
Retrovirus 14.6% (n=538)

Plasmid DNA 13.1% (n=483)
Lentivirus 9.9% (n=364)
Adeno-associated virus 9.5% (n=350)
Vaccinia virus 3.8% (n=139)
Lipofection 3.4% (n=126)

Poxvirus 3.0% (n=110)

Herpes simplex virus 2.8% (n=105)
RNA transfer 2.3% (n=85)

Other vectors 5.1% (n=188)
Not-known 16.9% (n=624)

o R
=0 =)

Figure 1.1-1: Viral vectors used in gene therapy clinical trials as of20&dapted from
referencé’.

1.2 Non-Viral Gene Delivery is a Safer Alternative to Viral-Based Systems

In view of the cytoxicity and biocompatibility issues associated with the use of viral vectors,
scientific interest to explore neriral means of gene delivery piqued. Namal gene delivery
vectors are generally developed from nator synthetic amphiphilic compounds, such as cationic
lipids, polymers, or surfactants, which safsemble with DNA to form polyelectrolyte complexes
called lipoplexes or polyplexé8.Typically, an excess amount of the cationic component is
required toachieve complete neutralization of the negatively charged phosphate groups of DNA
to effectively complex the therapeutic géfdhe optimal charge ratio to form this complex is
dependent on the chemical structure of the cationic component in thé@ralogene delivery
system (NVGDS) 8 Unfortunately, there is no correlation between charge ratio and transfection
efficiency that would apply across all vector systems, though the most commonly used ratios of
cationic component to DNA are 2:1, 4:1, and 18:2.At these ratios, the cationic components
can readily condense the DNA molecules to form an overall complex possessing a net positive
charge. This positive complex charge is essential to facilitate interactions with the negatively
charged proteoglycaron the cell surface, which will be discussed I&tetowever, these charge
ratios are merely used as a guide to determine the approximate amount of the cationic components
required to complex a therapeutic gene. The optimal charge ratio, while typicdigr than a
N*/P-ratio of 1:1, is highly dependent on the chemical structures of the cationic components in the
vector system? In some cases, WP-ratios of 2:1 may be sufficient to achieve a combination of

both effective geneomplexation and transfection efficiency and safétyowever, other studies



have determined that transfection was optimum when formulations were prepared at a 4:1 or
10:12? This is simply because there is more cationic charge available to interacirapldx the

DNA, while allowing for counterion effects to occur which are associated with some c#triers.
Consequently, nemiral vector design is significant because a fine balance between all of the
requirements of the system must be attained to achiexanal transfection efficiency.

N-VGDS are attractive because there are no constraints on the maximum size of the
therapeutic gene to be deliver@d3As a result, large fragments of DNA can be introduced to host
cells, which would not be able to fittsnthe capsid of viral vectors. In addition, there is a greater
control over the molecular composition of ranal vectors, allowing for a more simplified
production and adaptability for different delivery optioegy(enhanced circulation times, time
dependent release, targeted delivery, repeat administrati@onsequently, this approach would
enhance the biocompatibility of gene carriers and address the challenges associated with carriers
developed from viruses.

Despite these advantagesMEDS areinefficient in delivering therapeutic genes to host
cells in comparison to virdlased vector¥ This inefficiency is correlated to the various barriers
encountered between the site of administration to the site of localization in the cell Atidfeus.
The following section will discuss the various physicochemical barriers facedWg&DS in

systemic delivery.

1.2.1 Physiological Barriers to Non-Viral Gene Delivery

The physiological barriers faced byWGDS in systemic delivery have been identified as
being both at the extracellular and intracellular level as summariZéighine 1.2-1.24In general,
the NVGDS must target the appropriate cell type, while protecting the therapeutic gene from
extracellular and intracellular degradation, avoid eliminatimm the body, and traffic the
therapeutic gene to the nucleus for transcripttofhe following sections will cover the major
barriers in more detail along with typical strategies for addressing them in the contextvafhon

vector design.
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Figure 1.21: Overview of some extracellular and intracellular barriers tovimal gene therapy
following systemic delivery. The lipoplexes/polyplexes remain at the early endosome stage for
approximately 25 mins (pH 6.5), laterelosome stage for approximately-19 mins (pH 56) and
in the lysosome for approximately-3% mins (pH 45). Reproduced frorf? with permission (See
Appendix D).
1.2.1.1 Extracellular Barriers

Extracellular barriers to neviral gene therapy via systemic delivery are obstacles that may
be encounteregnywherdrom the point of delivery to the surface of the cellular target of intétest.
DNA administered intravenously have a very short-lifwithin serum, approximately within
the range of 2 to 21 minutes, as a result of both -emad exonuclease activity in the plasth&
However, an efficient cationicANGDS can protect the theragtic gene against degradation, and
improve its circulation time within seruMADNA that evade nuclease activity, however, also come
into contact with the plasma proteiffaNegatively charged proteins have the ability to bind to the
nonviral vectors tocause aggregation, consequently inhibiting their biological activity and
removing the vector from the circulatiéhlt is also important to note the interactions between
DNA and blood cells in the extracellular environment. The negative surface chmatige lolood
cells allows for strong electrostatic interactions to form between the cells and the cationic N

VGDS, thereby encouraging removal of the vector from the circul&tiStrategies to protect



DNA from nucleuses, plasma proteins, and blood cdlviaic include the incorporation of a
cationic helper lipid, such as doleoylsnglycerc3-phosphoethanolamine (DOPE), inte N
VGDS formulations, se€igure 1.2-2.2” DOPE works to encapsulate the plasmid and shield it
from enzymatic activity as well aprotein and blood cell interaction in the extracellular
environment. As a result, the shielding properties of DOPE will significantly enhance the stability,
protection, and hallife of the NVGDS within seruns!
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Figure 1.2-2: Chemical structure of the zwitterionic helper lipid DOPE.

Another approach to protecttheWGDS f r om degradation is to a
molecules, such as polyethylene glycol (PEG), to the surface of the cationic carrier as illustrated
in Figure 1.2-3.323*PEG can be incorporated to neinal formulations to form a dense hydrophilic
shell over the molecule to: 1) conserve the nanoparticle core frorspemific hydrophobic
interactions with serum proteins in the extracellular environment, 2) enhance nanopatrticle stability,
and 3) prolong circulatiotimesin vivo.®® Another advantage of PEGylated complexes is that it
may increase the hydrodynamic size of the nanopatrticles, thus decreasing risks of clearance by the
reticuloendothelial system, and degradation by endonucleases in the blood and datracellu
space’? Aside from PEG, high density cddinding ligands, such as transferrin, can also be used
to decorate the surface of the delivery vector in order to mask the positive surface charge of the
complex. As a result, these interactions produce statmlenear neutral complexes which help to
reduce nonspecific interactions with negatively charged serum proteins and enhance cellular
uptake3*
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Figure 1.2-3: Protecting DNA transfection complexes frévydrophobic norspecific interactions

by incorporating PEG or cell binding ligand, such as transferrin (Tf), at sufficiently high densities.
This helps protect the surface charge of transfection complexesblackls norspecific
interactions, thereby shiihg the complexes from degradatioReproduced from?* with
permission from Springer (See Appendix D).

1.2.1.2 Intracellular Barriers
1.2.1.2.1 The Cellular Membrane

Once the NVGDS has reached the targeted cell, it then encounters a second amjnific
barrier, the cellular membrasg&Passive diffusion into the cell is not possible due to the size
restrictions of transmembrane pores and channels. TherefM&D$ must be internalized into
the cell through a process called endocytdsis.

Dependingon the design of the NGDS, cell internalization of the vector can occur
through: nopspecific uptake following electrostatic internalization with negatively charged
membranebound proteoglycans, recepiaggand binding at the cell surface, lipophilicenactions
between lipophilic residues in the delivery vector, and/or cellular membrane phospholipids which
will be discussed later in this secti#fiN-VGDS, which typicallypossess netpositive charge,
may naturally tend to interact with the negativeharged extracellular matrix components, such
as proteoglycans, to enter the cell through endocytokiswever, it is important to keep in mind
that when designing theansfection complexeghe positive charge of the-WGDS must be



balanced to prevemtermanent attachment to the cell membrAriize of the nanoparticlésas
alsobeenshown to influence cell internalization. For example, positively charged nanoparticles
with a hydrodynamic size under 200 nm h&eenshown to facilitate cellular internalizatiéh.
Consequently, understanding the relationship between the physiocheropatties (i.e. surface
charge and size) of the neiral components and cell uptake mechanisms are significant as these
characteristics may contribute to a more rational design of/mahformulations383°

As previously mentioned, cationic neiral vectors may interact and internalize into the cell
via negatively charged membraheund proteoglycans. Proteoglycans consist of a core protein
covalently linked to sulfated or carboxylic glycosaminoglycans (GAGs) (e.g. hyaluronic acid,
chondroitin sulfatepr heparan sulfate). As such, it may be likely that extracellular GAGs may
physically interact with the newiral vector complex and affect the mobility and the interactions
of the nanoparticles with the target cells. For example;umah vectors which nteract with
hyaluronic acid may direct the complexes to a route that is more favourable for transfection, while
complexes which interact with heparan sulfate may inhibit transfectidgure 1.2-4).37
Therefore, when considering cell internalization tlgtowproteoglycans, it is also important to
consider their structure and how nanopatrticles can be manipulated to leverage their mechanisms

to achieve maximal transfection.
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Figure 1.24: Effects of GAGs on transfection complexes. Vectors that interact with extracellular
GAGs, like hyaluronic acid (HA) and heparan sulfate (HS), may alter the fate of the complexes
that are internalized into the cell. HA in the complex may increase traonsfediile HS inhibits
transfection. Reproduced frothwith permission from Elsevier (See Appendix D).



Nonviral gene delivery vectors most commonly utilize the following endocytosis
mechanisms to enter the cell: 1) clathrin mediated endocytosis, 2) cawesdasged endocytosis,
or 3) macropinocytosis as illustratedBigure 1.2-5.4* These pathways diffavith regards to the

size of the vesicle, surface charge, and the nature of the cargo being intefdalized.
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Figure 1.2-5: Intracellular uptake of nanoparticles may occur through three different endocytosis
mechanisms: A) Macropinocytosis, B) Clathnrediated endocytosis or C) Caveelaediated
endocytosis. Reproduced frdfwith permission from Elsevier (See Appendix D).
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Clathrinmediated endocytosis is triggered with the binding of ligands to itsdffgtity
transmembrane receptors located on the cell memBtdinés ligandreceptor binding triggers the
recruitmentof clathrin proteins to the cell membrane and leads to the formation of structures
known as clathrircoated pit$®43 These pits then invaginate and are pinched off from the cell
membrane, forming intracellular clathvooated vesicles that are approxietat156200 nm in
diameter® The endocytosed material is then immediately entrapped in an early endosome and are
then trafficked into lysosomes which are highly acidic membeadosed organelles comprising
approximately 50 degradative enzymgslon-viral vectors must escape from endosomes and be
released into the cytoplasm before fusion and degradation by lyso$oBtesegies to facilitate
endosomal escape will be discussed in the following section.

Caveolaemediated endocytosis occurs through smgdirophobic domains that are rich in
cholesterol and glycosphingolipids. However, this particular route does not follow an acidic or
digestive routé®43 As such, the particles that enter into the cell through this route will be
transported directly tohe Golgi apparatus or endoplasmic reticulum without undergoing
degradatiorf* Due to this attractive feature, cavechaediated cell internalization could be
advantageous for gene therapy applications since it bypasses lysosomal degradation. However,
repotedly, the internalization of the caveolae is typically slower compared to other pathways and
their size is more appropriate for vesicles within the range -&060m?3°

Finally, macropinocytosis neselectively engulfs a large volume of extracellular imed
and macromolecules, as well as other chemical substances, into cells by membrane protrusions
that collapse and fuse with the plasma memb#affeJnlike the mechanisms described above,
this process is not directly triggered by receptors or by th@cheg can be induced by mitogenic
factors#344The resulting vesicles that enter the cells, known as macropinosomes, are between 0.5
t o 10 pihOncenhe macmppinosomes enter the cell, it is currently unclear which pathways
they may undertake. kever, previous studies have shown that the fate of the macropinosomes
is cell type dependeit.For example, in certain cell types, the vesicles may fuse with the lysosome
and degrade, while in others, they may remain in the early endosomérstage.

Ultimately, the fate of the DNA cargo depends on two factors: 1) the size of#@D$
and 2) the endocytosis pathwiit is also important to keep in mind that although woal
vectors are developed to possess an overall positive surface charge,intfteenous

administration, the vector charge is expected to neutralize following interactions with serum
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proteins®® As a result, there may not be sufficient electrostatic interactions which exist between
the NVGDS and the cell membrane for efficient|deternalizationt>4¢ Strategies that can be
used to improve cellular uptake is by coupling targeting moledalgene delivery vectors which

bind strongly to cell receptors on cell surfaces to enhance internaliZafibese ligand binding
surface mekers are cell specific and triggeathrinmediated endocytosiFhis process generally
results in faster cell internalization compared to -spacific uptake (without a ligand) and
accumulation of the DNA cargo into the cell, leading to improved ceédirmialization and
transfection efficiency® Additionally, it has previously been shown that incorporating ligands into
nontviral formulations has decreased rgpecific delivery to healthy cells which by extension has
decreased the overall cell toxicignd enhanced the safety profile of the therapeutimfervo
applications!’ Although outside the scope of this work, some examples of commonly used ligands
in nonviral formulations include: 1) transferrin, which are recognized by transferrin recaptbrs

are generally upregulated in many cancer cells, 2) arggiyene-aspartic acid (RGD) peptides
which are recognized by tumor vasculature integrins, 3) lactoses which are recognized by
hepatocytes, and 4) folate, recognized by certain tumor*ééils.

Ultimately, to improve selective cell attachment and enhance cellular internalization, it is
first essential to understand the nature of the cell surface and then manipulate the vector
components accordingly. Surface modifications with targé¢eohds and shielding of cationic
charges of the vector may provide better efficiency and lower toxicity. For example, the
incorporation of peptiddased ligands, such as CAG and REDV, have shown to specifically bind
vector complexes to receptors presentte cell surfacé? In addition, the surface of gene therapy
nanocarriers can be decorated with several short sequences, suchpasetediting peptides
(CPP), to facilitate and accelerate cell entry. Proteins such as TAT and polyarginine peptides can
be used and depending on the CPP, different internalization mechanisms may be used to access
the cytoplasm including direct transduction through the lipid bilayer as well as etegpgpdently
macropinocytosi§8? These CPPs have been shown to be partiguédficient in the delivery of
small DNAs and synthetic RNASMoreover, physical methods of gene delivery, such as the gene
gun, electroporation (electric fields), sonoportation (ultrasound), microinjection and
hydrodynamic (high pressure) delivery innabination with NVGDS may also facilitate the

delivery of vectors across the cell membrahe.
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1.2.1.2.2 Endosomal Escape

Nonviral vectors which utilize endocytosis to cross the cell membrane and access the
cytoplasm are then moved through the endocgtimpartments. The endocytosed material is
immediately entrapped in membrane bound endocytic vesicles, which then fuse with early
endosomes and become highly acidic vesicles as they mature and develop into late erfdosomes.
Figure 1.2-6 illustrates the pHransitions of the endosomal compartments from an early endosome
at pH 6.5 to a late endosome at pH B.&Endosomal acidification occurs through the actions of
ATPase proton pumps located on the endosomal membrane, which allows for the transport of
protors from the cytosol into the endosofidnder these highly acidic conditions, lysosomes,
the main degradative compartment of the cell, will trigger complete endosomal
degradatiort/ Therefore, another significant barrier to successful gene delivery islédzse of
DNA from the acidic endosomal compartments at an early stage to prevent lysosomal
degradatiorf? Strategies to facilitate endosomal escape include the incorporation of the
zwitterionic helper lipid, DOPE, in NWGDS formulationg? Under acidic conditions, the
morphology of DOPE transitions from a bilayer structure to an inverted hexagonal structure which
is able to fuse to, and consequently destabilize the endosomal membrane, and release the DNA
into the cytosof?

More significantly, endosonhaescape, and consequently transfection levels, have been
found to be dependent on the nature of the cationic component of\i&GD$ 5253 In particular,
cationic components containing ggeénsitive functionalities, specifically nitrogen groups capable
of being protonated, tend to resist the acidification of endosomes due to their high buffering

capacity?® Endosomal escape with these cationic components have been found to increase

transfection through disruption ofn tspongredo s

mechanism as depicted Figure 1.2-6.2* As the endosomal compartment is acidified, the
protonable nitrogen groups become protonated, which causes a greater influx of protons to be
continuously pumped into the endosomes in the attempt to lowepkhof the endosomal
compartment. Subsequently, the accumulation of protons is charge balanced by an influx of
chloride ions, which increases the ionic concentration of the endosomal compartment and leads to
an influx of water. The increased number oftpns and chloride ions lead to osmotic pressure

build up which causes osmotic swelling and rupture of the endosome, subsequently releasing the
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N-VGDS into the cytosol before the endosomal compartment becomes too*aeidis.a result,
N-VGDS with nitrogen groups increase the amount of time before passage of DNA to lysosomes,
which increases the likelihood of the DNA being released into the cytoplasm, ultimately mediating
levels of transfection. Depending on the naral vector composition, the DNA mayissociate
from the vector at the endosonshge or within the cytoplasm following interaction or fusion
with the cytosolic membrane netwoid&®

Polyethlyeneimine (PEI) including the commercially available jetPEl, is a prime example of
a gene delivery ggmer that can effectively condense DNA into nanosized particles and help in
the endosomal escape of DNA through the proton sponge #ffguése gene carriers have shown
a wide range of buffering capacities due to the structural presence of threentliffpes of amine
groups: primary, secondary, and tertighExamples of other polymers capable of this effect are
ammonium chloride, chloroquine, methylamine, pbhistidine, polyamidoamines, and

polypropylacrylic acid'®48
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Figure 1.26: Schematic representation of the endosomal escape processsenhgitive cationic
component N\VGDS through the protosponge mechanismdapted from referenc®.
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1.2.1.2.3 Cytoplasmic Trafficking and Nuclear Import

If the DNA has successfully been transferred to the cytoplasm, it must then traffic to the
nucleus in order for gene expression to initfdfEhe cytoplasm itself poses a major barrier to gene
transfer. First, the cytoplasm contains a complex networki@bianbules along a dense medium
of proteins and nucleases which may degrade free DNA by hydrolyzing the phosphodiester bonds
that joins the surface residu®@sAdditionally, the viscous cytoplasmic environment forms a
diffusional barrier for DNA, which ginificantly decreases the mobility of the macromolecules.
Passive transpdéftand active transpdrtare the two pathways by which plasmids can reach the
nucleus and the movement of molecules through the cytoplasm-begizadent® >’ For example,
whenDNA fragments have more than 2000 base pairs, they are completely immobilized in the
cytoplasnm?’ However, several successful transfection studies have revealed that DNA utilizes the
microtubule network found throughout the cytoplasm, to facilitate theirement towards the
nuclear envelop#.

Once the DNA has successfully reached the nuclear envelope, it must then transport across
the nuclear membrane, and enter the nucleus for expression. The nucleus is composed of a double
membrane and nuclear poresatthregulate passage across the nuclear meméfrare size
threshold for molecules to freely pass through the nuclear pore complex is approximately < 9 nm
in diameter? Since plasmid DNA, typically used for transfection, is too large to freely pass
through the nuclear pores, it may enter the nuclear envelope by one of two mechanisms. During
mitosis, the nuclear membrane is temporarily ruptured, which allows the therapeutic gene to
diffuse into the nuclear regidA.Consequentlyin vitro studies have shawthat gene expression
is more efficient in dividing cells compared to rdividing cell types’ Alternatively, the DNA
can be imported through nuclear pore complexes (NPCs) by an ATP dependent paifiveay.
NPCs are agueous channels in the nuclear epgelhere only specific molecules are selectively
transported in one direction, i.e. cytoplasm to nucleus, or nucleus to cytdplasstrategy to
improve overall nuclear import involves coupling nuclear localization sequence (NLS) peptides to
the DNA. Fao example, it has been shown that coupling an S§&tved NLScontaining peptide
to the DNA construct has resulted in an eifgitdl increase transfection efficiency compared to the
uncoupled DNA construéf Ultimately, successful DNA nuclear localizatievill initiate gene

expression, and consequently mediate levels of transfeétion.

1t



A nonrviral gene delivery system which is designed efficiently will be able to overcome all
the barriers discussed above. As such, itis important to understand theshlptietween vector
structure and transfection as it plays a key role in further optimizingvinaintransfection
formulations. However, during formulation design and development, a specific vector component
can be added to the sample to overcome omgehawhile that same component can also hinder
the ability to overcome another barrtéf’ For example, as previously discussed, typically an
excess of the cationic component is required to effectively complex the DNA cargo and to obtain
an overall pogive charge on the complex to facilitate interactions with the cell membrane.
However, an excess positive charge may also lead to serum and cell toxicity which may
compromise the safety profile of the vector, making it unfavourable for use in cliniceliopls.
Therefore, a fine balance between all the requirements of the system must be siaic&vie

maximal transfection efficiency.
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1.3 Non-Viral Gene Delivery Systems

Non-viral gene delivery systems can be divided into thmegr categories: 1) naked DNA
vectors, 2) physical delivery systems, and 3) chemical delivery via synthetic vi@&ach gene

delivery system will be discussed in the following sections.

1.3.1 Naked DNA and Physical Delivery Systems
Low geneexpression has been achieved with the direct injection of naked DNA vectors into

cells mainly due to the presence of repulsive forces acting between the negatively charged cell
membrane and the negatively charged DNA. These forces reduce the closeontezgaired for
efficient cellular uptak& However, improvements have been made to enhance the efficiency to
deliver naked DNA into the cytoplasm. This includes pairing naked DNA with physical methods
of delivery, as shown if¥igure 1.3-1, to temporarl disrupt the structural integrity of the cell
membrane and allow the DNA to bypass this baffi¢towever, even if the unprotected DNA
vector is successfully delivered to the cytosol, it will then be subject to intracellular nuclease
degradation, whichufrther limits the expression of the DNA vect#rAs such, since naked
therapeutic genes and physical delivery systames generally inefficient at delivering their
payloads scientists started to think about complexing the DNA with synthetic gene cadaiers
protect and deliver the therapeutic gene to the cells of infé@kemical delivery systems using

synthetic vectors will be discussed further in the following sections.
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Figure 1.3-1: Physical delivery systems used fgene therapy applications. Various physical
methods can be used to enhance transfection efficiency, including: (1) hydrodynamic delivery,
which uses hydrostatic pressure enhancement to inject DNA into the circulation, (2) microinjection
which directly tansfers DNA material into the cell interior, (3) electroporation and (4)
nucleofection, both utilize electric pulses which temporarily disrupts the cell membrane and/or the
nuclear envelope to deliver the DNA into the cell, (5) sonoportation, utilizesaoiinds to form

cell membrane pores to facilitate DNA delivery, (6) ballistic delivery/gene gun is a needle free
method involving the discharge of accelerated Ddvated gold or tungsten particles of various
sizes directly into cell cytoplasm, (7) magneitifon and (8) magnetoporation are both methods
based on application of magnetic field which guide the magnetic-agatdining vector to the
target cells or promote cell pore foation, and (9) microneedles which are used to deliver DNA
across the skirReproduced frori! with permission from Springer (See Appendix D).
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1.3.2 Chemical Delivery Systems Utilizing Synthetic Vectors

Since the 1970s, substantial improvements in the efficiency of synthetic vectors have been
made with the application ofnotechnology in the design of these vectors. For example, inorganic
materials such as silica, quantum dots, iron oxide, carbon, or gold have been conjugated to the
therapeutic nucleic acids or the cationic vectors to aid in DNA complexX&tior2018 tle FDA
approved Onpattro (Alnylam Pharmaceuticals, Cambridge, USA), a formulation which uses a
lipid-based nanoparticle to deliver therapeutic small interfering RNA to the liver to treat peripheral
nerve disease caused by hereditary amyloiddsitre recatly, lipid nanoparticles (LNPs) were
also used to successfully deliver mRNA to cualith thePfizerBioNTech and Moderna vaccines
now in clinical use againsbronavirus disease 2019 (COV) % These exciting breakthroughs
validatethe use ofhonviral gene therapy methods to treat or prevent diseases.

To design e cient nonviral gene carriers, it is first important to understand the relationships
between formulation development and transfection efficiency. The preparation of synthetic vector
complexe is generally dictated by the/R-ratio, the ratio of the number of cationic to the number
of anionic charge® As previously describe(in section 1.2)an excess of the cationic component
is often required to achieve complete neutralization of tigathesly charged phosphate group of
DNA, so a minimum N/P- charge ratio of at least 1:1 is requifédnce in contact with DNA,
the cationic component(s) interact with the negatively charged phosphate group of DNA through
electrostatic or hydrophobic gractions, resulting in the formation of lipoplexes and polyplexes
with an overall positive charge on the complgXhe net positive charge on these complexes is
essential for: 1) neutralizing the negative charge of the DNA phosphate backbone, 2)ngrotecti
the DNA cargo from both extracellular and intracellular degradation, 3) facilitating interactions
with proteoglycans, negatively charged proteins, on the cell membrane surface via electrostatic
attraction and cellular uptake, and 4) condensing thedditee DNA cargo to enable cellular
internalizationt® The next section will discuss the most common vectors utilized fowvinah

gene delivery applications.
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1.3.2.1 Cationic Amphiphilic Molecules as Non-Viral Transfection Vehicles

Cationicamphiphilic molecules, such as surfactants and lipids, consist of a hydrophilic head
group and a hydrophobic tail group. An important property of the amphiphile, with regard to its
application as a vector, is its geomefrtyhen suspended in aqueous solg, amphiphiles self
assemble and form various aggregate morphologies due to the hydrophobi®®effect.
characterize this behaviour, a fundamental property known as the critical micelle concentration
(CMC), the concentration at whi@mphiphilesbeginto assemble into aggregates in solution, is
defined formanyamphiphilic moleculesised in gene therafyAlthoughthe micelle aggregates,
or the small amphiphilic clusterare typically depicted as spherical, the micellar structure depends
on the relatrte shape and space occupied by the head group and hydrophobic gigupsX.3-

2).58 The expected shapethie clusters oaggregates can be predicted by using the critical packing

parameterk), defined as:

v — Equation 1.3-1

wherev anda are the volume and length of the hydrophobic tail groups¢aigithe equilibrium
area per molecule of the hydrophilic head group at the aggregate Sifabde 1.3-1 outlines
the expected value of the packing parames well as the expected shape of the aggregate based
on the structure of the amphiphile in quesfioithe packing parameter reveals that the shape of
the surfactant or lipid aggregate is highly dependent on their structure. Even slight changes to the
structure of the amphiphilean significantly influence the morphology of the aggregates. For
example, lipids which contain one alkyl chain and a polar headgroup tend to form ntfcelles.
Conventional spherical micelles are formed when the lipids havetaegldarge headgroup area
and small hydrophobic volume which exhibits a conéke shape. Alternatively,
phosphatidylethanolamine lipids, like DOPE, that have a smaller head group area in comparison
to the lipid tail prefer to aggregate in an invertedrémersed) hexagonal structiffe.

The following section will discuss the important features of surfactant and lipid design and
how variations to their structures may impact the critical packing parameter and transfection

efficiency.
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Figure 1.3-2: Idealized sequence of surfactant aggregate structures as a function of surfactant
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Reproduced frorf” with permission from Elseer (See Appendix D).
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Table 1.31: Expected surfactant geometry and aggregate shape in aqueous media based on the

packing parametéy.

Packing

hydrophobic groups

Parameter Expected Molecular
Surfactant Geometry Aggregate Micellar structure
P) Sha shape
pe
<0.33 i
One chain and Spherical 32
relatively large micelles gg
headgroup J i
Relatively small
headgroup, or ionic Cylindrical
0.33-0.50 | gyrfactant in presenc micelles dﬁ
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050—1.0 Two chains (flexible)| Vesicles and
' ' with large headgroup flexible bilayer
Two chains with small :
Planar bilayer
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1.3.2.1.1 Gemini Surfactants as Gene Delivery Vehicles

Surface activenaterials, also known as surfactants, are one group of amphiphiles that are
commonly found in most pharmaceutical products where they function in many different roles,
including: solubilizers, stabilizers, lubricants, and wetting ag@rf&®r nonviral gene therapy
applications, positively charged surfactants are used to complex DNA into nanoparticles.
Conventional surfactant molecules are composed of one hydrophobic tail group and one
hydrophilic head group, while gemini surfactants (GS) are composewmfconventional
surfactant molecules whose head groups are covalently linked by a spacer group as illustrated in
Figure 1.3-3.%6 The structure of GS is of particular interest as it has been found to significantly
influence the behaviour of these amphigh@ompounds in solutiorAs such, extensive studies
have been conducted by manipulating the tail, head, and spacer regions of the GS structure, and
studying their behaviour and interactions with DNA and other components in order to mediate
higher levels oftransfectiorf® Since there are few limitations to how the GS structure can be
varied, countless related compounds have been synthesized and charactedregdoaents of
N-VGDS.

Spacer
Hydrophilic
head
Hydrophobic
tail
Conventional Surfactant Gemini Surfactant

Figure 1.3-3: Generalstructures of conventional surfactants and gemini surfactant.

GS have unique structural, solution properties, and aggregate morphologies in comparison
to conventional surfactantavhich makes them attractive carriers for gene delivery
applications®” The most widely studied family of GS are the symmetrical -atkanediyt
bis(dimethylalkylammonium bromideurfactant series as shownKigure 1.3-4, denoted as m
sm, 2Br GS, where m is the number of carbon atoms in the alkyl tail groups and sisitber
of carbon atoms in the alkyl spaééf? The spacer group can vary in length and chemical structure,

be rigid or flexible, and be hydrophobic or hydropHhfific
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Figure 1.3-4: Chemical structure of ra&m, 2Br GS.

As previously discussed, an excess of the cationic component, in this case cationic GS, is
required to achieve complete charge neutralization of DNPor this to occur, GS form
aggregates to effectively complex the large therapeutic gat@sic forcemicroscopy studies
have shown that GS compacts the large loop structure of naked plasmid DNA within 30 seconds
of formulation, and more compact nanoparticles are formednwith minutes’?

Extensive studies have been done on analyzing the physicochgmigmrties and
behaviours of these quaternary ammonium GS as componerg@DI$. It has been determined
that variations in the chemical structure of the surfactant tail group, head group, and spacer group
can all have an effect on its interaction prajesr with DNA, and ultimately transfection
efficiency 3774 For example, within a given series of conventional surfactants (i.e. their head
groups are identical), the critical packing parameter increases as the length of the hydrocarbon tail
group inceases resulting in the formation of aggregates of low curvature structures, such as
extended bilayers or inverse micelfédhe same trend is observed in GS, but the effect of the
nature of the spacer group on aggregate shape is far less sigrffiG®that form vesicle
structures in aqueous solutions are expected to mediate high transfection levels, versus those with
micelle structures, due to a higher tendency to directly interact, fuse to, and consequently disrupt,
endosomal membranés’® Although nonlamellar structures are typically not favourable for
binding DNA, they are favourable for releasing DNA once the lipoplex is within the endosome
which, as discussead sectionl.2.1.2.2above is one of the critical steps véctorassisted DNA
delivery/” Moreover, as previously mentioned, a neutral helper lipid such as DOPE is often added
to gemini surfactaAbased transfection formulations to enhance transfection efficiency. DOPE
drives the formation of mixed aggregatesistures, shifting micelle systems towards vesicles or
inverted hexagonal structures and vesicle systems toward the inverted hexagonal or a cubic

phase’® These morphological changes then aid in destabilization of the endosomal membrane,
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consequently, releas the DNA into the cytos6l.’ However, for some G8ased formulations,
DOPE may not be required to improve transfection efficiency. For example, short GS tail groups
such as the 1812 series do not show transfection without the addition of DOPHgger alkyl
tails such as those of 4816 orthe oleyl18:1-3-18:1 can transfect in the presence or absence of
DOPE!’ The requirement of DOPE to improve transfection efficiency is highly dependent on the
structure of the surfactant moleculg?

To mediate noyviral transfection, it is important to consider the intricate relationship
between GS structure and their associated behaviours in soktioexamplethe CMC of ms-
m 2Br GS is generallywo or more orders of magnitude lovikan that oeinalogous conventional
surfactants of equivalent tail lendthThis is because GS are more hydrophobic in nature as they
are composed of not one but two hydrophobic tail groups. For example, the CMC of dodecyl
trimethyl ammonium bromide, the conventiosarfactant analogue of 4212, 2Br GS is 1.6 x
102 M while the CMC 0f12-3-12, 2Br is only 9.1 x 16 M and the CMC of 126-12, 2Br is
even smaller with a value of 1.2 x~104.8° Similarly, as the length of the GS alkyl tail group
increases, the CMC decreases due to increasing hydrophobicity. For example, the CMC of cetyl
trimethyl ammonium bromide (CTAB) is 1.0 xf0M and the CMC of the 18-16, 2Br GS is
2.55 x 10° M, respedvely.8® As a result, GS aggregation is favourable at much lower
concentrations compared to conventional surfactants, and this is advantageous for the purposes of
gene therapy because it means that less material needs to be used to complex the tigerageutic
ultimately meaning that less foreign material is introduced into patient'¢&llsthermore, it has
been determined that theo-tailed GS are more efficient in compacting DNA compared to single
tailed conventional surfactaritsThis is observedédrause GS are more hydrophotidenpared to
conventional surfactantsllowing for the molecules to birtayhtly to the DNA in the aggregated
form, ultimately increasing DNA compaction efficierfy.

In contrast, the effect of the length of the polymethglspacer group ah-ssm 2Br GS on
CMC is much more comple¥or example, the CMC of the 212, 2Br GS series increases as s
increases from 3 to 4, but continuously decreases as the length of the spacer group increases from
4 to 16 methylene unif8. However, it has been determined that high efficiency in DNA
compaction is achieved when the length of the spacer group is short (s < 4) or long (s > 10), while
spacers of intermediate lengths (s = 6) appear to be the least efficient in compacting DINA due

the competition between entropy loss and enthalpy&é#n.
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The complexity of GS structure can be easily increased through the introduction of
substitutions to the spacer group. Substitutions are made in a symmetric fashion to spacer groups
of odd nunber of methylene units, e.g. 3, 5 or 7, such that an equal humber of methylene units
separate the substitution from each of the quaternary ammonium head &feapexample,
Wettig et al. studied a series of (oligooakanediyta ,-lis(dimethyldodecylamonium
bromide) GS denoted as-EDx-12, where X = 6-3, and compared the CMC value of-E®:-

12, 2Brto that of 124-12, 2Brand 126-12, 2Br GS. Interestingly, the CMC for the -E01-12,

2Br- GS was higher than those obtained for botid112, 2Br and 126-12, 2Br GS. This is due

to the increased hydrophilic character of the ethylene oxide (EO) spacer group which correlates to
an increase in solubility of the #0-12, 2Br GS monomers, relative to the-$212, 2Br GS&

It is important to notdhat the exact position of the substitution is not often specified in the
literature since the central position for the substitution is generally as$@rRed.example,
hydrophilic aza (NCH.) and imine (NH) substituted spacer groups are typically abiated as
m-7X-m, 2Br, where X = NH or NCH?® Consequently, the unique structure of GS offers several
advantages like CMC control which is important when designing efficient transfection vectors.
For example, a high CMC is important in order to have & hignomer concentration to form
DNA complexes with an overall net positive charge. However, a low CMC can enhance micelle
stability and keep the delivery complex together during the gene delivery pfo&iase the

CMC of gemini surfactants is more sensitive to changes in alkyl tail length than variations in the
spacer size, their properties can be-timeed by manipulating the spacer, with minor effect on the
CMc_70,85

Polyamines are pidensitive groupsvhich, in the presence of DNA, selésemble and
effectively bind and condense DNAAs a result, despite having no effect on CMC, quaternary
ammonium GS with azaand imine substituted spacer groups are of interest invial gene
delivery because dhe polar region of polyaminé&Wettig et al. studied these interactions, and
revealed thathe 128N-12 polyamine, which closely resembléte spermine structurenost
effectively binds and condenses DNA because the separation between nitrogerseparated
by three methylene units, 4.9 A, is the optimal distance for interactions with the phosphate groups
of DNA which are spaced by distances of 6574 A2 As a result, N\VGDS composed of GS
whose polar region is polyamitike are expected to mede higher levels of transfection than
unsubstituted r$-m, 2Br GS N-VGDS 86 From this, it would then be expected that the GS series
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like the m7NH-m, 2Br and the mi7N-m, 2Br would result in higher transfection. This prediction
is supported by a studyhich composed N/GDS of symmetrically substituted ZZ2NH-12, 2Br
and 127N-12, 2Br GS, and compared it to those composed of unsubstitut8ell222Br GS8&’
The results revealed that the imirasd azasubstituted spacer groups showedfalé increase
in in vitro transfection efficiency resulting in levels comparable to the Lipofectamine Plus
commercial control, with 2ZNH-12, 2Br being the most effective for two reasons. Firstly, DNA
interaction is limited by the steric hindrance of the aza gangsecondly, the imino group is
much more pksensitivewhich may result inricreased endosomal escape through the proton
sponge mechanisi.Evidently, the nature of the spacer group, and its effects on CMC, DNA
compaction, and transfection is far lesedctable.

To further understand the GS structtnansfection activity relationship and achieve more
favourable effects botim vitro andin vivo, several modifications to the simple structure e$-m
m, 2Br GS have been applied and studieok example, while quaternary ammonium head groups
have been most commonly studiedsim 2Br type GS with imidazoliuf¥ and pyridiniuni®head
groups have also been widely explored. In addition, the nature of the dirdegy connecting the
spacer to the charged nitrogen head groups have been studied by comparing GS with amine, amide,
ester and carbamate grofAlthough outside the scope of this workpme studies have also
designed dissymmetric GS which are compoddd/o different tail groups abbreviated assm,

2Br GS, where mn.20
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1.3.2.1.2 Cationic Lipids as Gene Delivery Vehicles

Lipid-based vectors are one of the most commonly ggatkgies to introduce exogenous
genetic material into host cells due to their ease of use, commercial availability, and 18w cost.
Similar to GS, lipids are amphiphilic in nature. However, what differentiates lipids from GS is
their structure. Lipids hee a single head ground bound to two tails, while GS have two head groups
each of which ardound to a single tail and the two head groups are covalently linked to each
other?8 Cationic lipids form lipoplexes by binding to DNA through electrostatic and hydrophobic
interactions which then sedfssemble into various aggregate structures, such as vesicles and
bilayers, to protect the therapeutic gene on their journey to the sitefet

Lipids are biocompatible in nature which accounts for their most important advantages as
gene carriers, including: 1) low toxicity and antigenicity; 2) their ability to degrade and be
metabolizedin vivo, and 3) control of membrane permeabifity? Cationic lipids have been
examined in safety studies through different routes of administration such as intratuimoral
intrapulmonary? intracerebra&f and intravenoé with little or no toxicity reported in any of these
studies. However, there are seldimitations associated with cationic lipids employed in N
VGDS, including their low transfection efficiency, poor stability, as well as their tendency to
induce inflammatory responses in the bétifnother limitation with the use of lipids as carriers
is thathigh amounts of cationic lipids are required for high encapsulation efficiency. As a result,
this can often lead to an increase in cationic surface charge and which can subsequently lead to
serum instability or toxicity® Throughunderstanding #h structural requirements for successful
transfection efficiency, numerous improvemestatinue tdbemade to these and other lipiased
for the formulationof N-VGDS.

The first successfuh vitro transfection using a cationic lipid formulation wasiaved in
1987 by Felgner and eworkers using the quaternary ammonium cationic lipi1-(2,3-
dioleyoxy)propyl}N,N,N-trimethylammonium chloride (DOTMA3: The helper lipid, DOPE was
incorporated into this formulation to facilitate fusion with the cell. This study revealed that
DOTMA/DOPE formulations mediated levels of transfection due to: 1) their ability to form
electrostatic interactions between the pesly charged DOTMA liposome and negatively
charged DNA molecules which results in an efficient condensation of the nucleic acid, 2)

spontaneous formation of small, unifolippplexeswith a net positive charge which promotes the
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interaction with negatikg charged biological membranes, 3) the fusogenic properties of the
lipoplex which induced fusion and/or destabilization of targeted cell membrane, thus facilitating
endosomal escape and intracellular release of complexed DNA into the éyfdsisIformuation
has since been commercialized as Lipoféttin

Since then, numerous other cationic lipids, such as dioleoytorgthylammonium
propane (DOTAP¥ and dioctadecyl amino glycyl spermine (DO&3)ave been designed and
investigated for application inonviral gene therapy. These include lipids with various types of
head groups (tertiary amiimsed, quaternary amine based, univalent and multivalent cationic)
and lipophilic moieties (typically consisting of unsaturated alkyl or acyl chains or chiol$t&®
Although these lipids vary in composition, they do all have one element in common: a cationic
head group covalently attached to a hydrophobic moiety through a riKee. structures of some
of these cationic lipids are shown Fkigure 1.3-5. Typically, cationic lipids can either be
formulated into liposomes alone, but more often they are mixed with neutral helper lipids, such as
DOPE. This helper lipid plays a key role in lipoplex gene transfer, including improving
fusogenicityand/or endosomascape of the therapeutic géféds previous discussed, these

functions facilitate DNA release into the cytopla€m.

28



DOTMA DOSPA

Figure 1.35: Structures ofcommonly used cationic lipids as components of-vioal gene
delivery formulations.

To investigate the structural properties of various cationic lipids, Ren et al. produced a series
of structural analogues of DOTMA and DOTAP by modifying the relativeadee between the
hydrophobic chains or between the hydrophobic domain and the cationic headgroup by
lengthening the backbone and then studying these lipidigro andin vivo.®® From this study, it
was revealed that the lipids which comprised a glydesckbone, where the cationic headgroup
and the neighbouring aliphatic chains are in a 1,2 relationship, exhibited the higvest
transfection efficiency. Interestinglin vitro activities of these same lipids were shown not to be
statistically sigrficant®® In another study, Felgner et al. complexed two cationic lipids,
dimyristyloxypropyt3-dimethylhydroxyethyl ammonium bromide (DMRIE) and
dioleyloxypropyt3-dimethythydroxyethyl ammonium bromide (DORIE) with plasmid DNA and
studied their ability a transfect cells to further understand the struettanesfection activity

relationship. Here, it was revealed that the hydroxyl group of DMRIE and DORIE increased the
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condensation of DNA witlthe cationic lipidsand also improved the interactions of tipgplex
with the cell membranes leading to greater transfection efficient than DOTMA and D@TAP
Vitro.99 Further optimization of these carriers led to the formation of
dioeyloxysperminecarboxamindoethyimethylpropanaminium (DOSPA), the first catiotipod
containing quaternary and protonable amines in the headgroup with pH buffering properties which
have the ability to condense and protect DN®The formulation of DOSPA incorporated the
helper lipid DOPE and this combination revealed increasedtro transfection efficiency in
eukaryotic cells due to the presence of the polyamine region of DOSPA (which is expected to have
a pHdependent transition to promote endosomal esdép@his transfection reagent is now
commercially available as Lipofectdne™ and is the most widely used cationic lipidimvitro
transfection experiments.

The effect of cationic lipid chain length on transfection efficacy was investigateelgyer
et al® For this study, the chain lengths of a homologous seriesydrfokyethyl quaternary
ammonium derivatives were modified and evaluated. It was revealed that as the length of the
hydrocarbon tail group increases from C14 to C18, transfection efficiency decreases due to an
increase in hydrophobicif?.On the other hand, the effect of geometry of the unsaturated double
bonds is much more complex. To better understand the importance of geometry, a structure
function study was carried out with two lipids with identical headgroup but varying unsaturated
oleoyl chains: one with pure cis double bond and the second with a pure trans double bond. This
study revealed that after formulations were prepared with DOPE, the trans derivative were found
to be more favourable at transfecting GD®ells!®' However, inanother study, formation of
DOPE mixed with cationic triglycerides bearing-oigoyl chains revealed to be more active in
transfection CHO cells than its trans analofieMoreover, polyunsaturated alky! lipid,2-
dilinoleyloxy-n,n-dimethyt3-aminopro@ne (DLiINDMA), which has two linoleyl moieties, has
shown increased transfection efficierammpared td ODMA, which has monainsaturated alkyl
chains, as a componentligfid nanoparticles (LNPsSP3 The higher number of cignsaturation in
DLIinDMA leadsto greater volume of the hydrophobic region of this lipid, resulting in a molecular
geometry that promotes membrane fusion and bilayer disruitidiis contradiction in trends
suggests that activities displayed by cationic lipids with unsaturated dooidis may be cell

type dependent.
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More recently, Miller et al. have demonstrated that modifying the position and degree of
unsaturation on the alkyl chains can also influence transfection efficiency. In this study, a series
of DOTAP analogues and unsaited C18 fatty acid chains containing a single alkyne bond at 4
9- and 14 positions were evaluated. Formulations prepared Wit[il-(2,3-(Dioctadeel4-
ynoyloxy))propyl}N,N,N-trimethylammonium methyl sulfat@®S(14yne)TAP and cholesterol
showed highedtansfection efficiency and lowest cytotoxicity both in vitro améivo compared
to samples prepared with DOTAP and cholesterol. Additionally, fraayxdiffraction studies, it
was determined that the DS¢¥Ae)TAP compound formed stable liposomes lgpaplexes near
physiological temperatures, which protected the DNA molecules from nucleuses degradation
during intracellular trafficking®* These results indicate that it may be important to maintain a
balance between degree of acyl/alkyl chain unsaturat the lipophilic region of a lipid bilayer
to enhance DNA protection, promote endosomal escape, and achieve high transfection
efficiency103.104

As can be seen in several recent reviéw8% LNP composition requires customization to
specific appliations, route of administrations, and must be optimized based on empirical
experimentationHowever, there seem to be some general rules that can be used as guidelines for
LNP design. Foim vitro DNA delivery, when LNPs have direct access to the celis,lesults are
more likely to show with lipoplexes which comprise a high zeta potential and are combined with
fusogenic helper lipids. This is in part because,ifiovitro applications, LNPs can be freshly
prepared and so formulation colloidal stabilisydften not significantly critical®> On the other
hand, foiin vivoapplications, factors including colloidal stability, sk, interaction with serum
protein and blood cells, reticuloendothelial system (RES) clearance, circulation time, extvavasati
rate, and cytokine induction all must be taken into consideration. As a result, there is typically little
correlation betweeim vitro delivery efficiency of a LNP formulation witim vivo efficiency 105106
For example, highly cationic LNPs may effiatly interact with the cell membrane to promote cell
internalization and consequently increamseitro transfection efficiency. However, highly cationic
LNPs can be toxim vivodue to their ability to interact with blood components, resulting in rapid
clearance, and to induce cytokine release due tdikellreceptor activatio®?* Therefore, LNPs
for in vivodelivery generally need to have Iqnear neutralzeta potentialand have stabilizing
helper lipids such as phosphatidylcholine (PC), cholesterol, and PEGylated lipid to enhance

colloidal stability and reduce recognition by the REZS5%
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The N/P charge ratio also impacts the extent to which DNA can be conderspdoaected
against degradation by cellular nucleases. It is generally observed that as the charge ratio increases,
the encapsulation efficiency of the therapeutic gene also increases implying better condensation
and protection of the DNA molecul&¥.However, given that the cationic charge carriers in lipids
are generally quaternary ammonium groups, lipoplexes prepared at high charge ratios
typically also exhibit higher cytotoxicity because of the high number of free
guaternaryammonium groupsOne straegy recently developed to help overcome this barrier is
with the use of ionizable lipids containing an amino head group (pKa below 7) in combination
with helper lipids (such as DOPE) asMGDS. Low pKa allows for ionizable lipids to be
positively charged taacidic pH to enhance DNA encapsulation efficiency but are neutral at
physiological pH to minimize toxicity. lonizable lipids in combination with a helper lipid will also
interact with the negatively charged membrane of the endosome to aid in membrapiodis

and the release of nucleic acid into the cytd%ol.
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1.3.2.2 Incorporation of Helper Lipids to Gemini Surfactant and Lipid-Based
Formulations Contribute to Improved Transfection Efficiency

As previously discussed, positively chardéd/GDS often facilitate interactions with the
cellular membrane via electrostatic attraction and cellular upgtakewever, when used alone,
cationicGS andipids often carry a high density of positive charge which can often lead to serum
instability or toxicity.19 To prevent this from occurring, helper lipids are typically added to
cationic GS and lipid transfection complexes to aid in forming stable formulations that are
fusogenic in order to promote efficient transgene expred8ionhe transfectionefficiency
achieved by such lipid carriers has been correlated to the structural transformation of the lipoplex
accompanied by their interactions with anionic lipid of cellular membranes. For example, helper
lipids with coneshaped geometry favoring theimation hexagonal 1l phase, such as DOPE, can
promote endosomal escape and enhance transfection efficiency innbetiho and in vivo
applications’® In a study conducted by Wang et al. the addition of DOPE tb#&8d formulations
increased the packingarameter of the system which significantly affected the polymorphic
features of the lipoplexes in that it promoted the transition from a lamellar to a hexagonal phase,
and its presence caused by partial neutralization of cationic charges by the neghtivggd
phosphodiester of DOPE. Meanwhile, cylindrishlaped lipid phosphatidylcholine can provide
greater bilayer stability, which is important far vivo application of LNPS% Additionally,
cholesterol may also be used as a helper lipid to improve intracellular delivery as well as LNP
stability in vivo.1%8 The structures of DOPE, cholesterol, and other commonly used helper lipids
such as dioleoylphospatidylcholine (DOPC) addtearoylphosphatidylcholine (DPSCare

shown inFigure 1.3-6.
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Figure 1.3-6: Structures of commonly used helper lipids as components efirargenedelivery
formulations.
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1.3.2.3 Cationic Polymeric Molecules as Non-Viral Transfection Vehicles

As previously discussed, cationic polymers when mixed with DNA form nanosized
complexes called polyplexé%. Cationic components containing ggénsitive fundonalities,
specifically polymers with nitrogen groups capatfiebeing protonated, have been found to
increase transfection through disruption of the endosomal membrane througlcthelsd ed “ pr o't
sponge” rféOade m nontactwith DNA, cationjaolymers interact with the negatively
charge phosphate backbone through electrostatic interactions to form polyplexes with a net
positive charge. These cationic polyplexes are then capable of interacting with the negatively
charged cell membrane, triggexllcuptake, and mediate transfection efficie#ty.

The physical and chemical properties of cationic polymers can be modified to achieve a
dynamic range of characteristics. For example, cationic polymers have the important role of
protecting the DNA frormuclease and lysosomal degradation. This role is maintained as long as
there is a strong interaction between the DNA and polymer. Weak peyh&rinteractions may
lead to disassembly and release of the DNA from the vector due to aggregation of thexgslyple
and nonspecific binding with negatively charged serum protéf3.0 avoid this, modifications
to the cationic polymers or polyplexes can be made by the addition of hydrophilic polymers, such
as PEG, which can be used as shielding/stealth groupppose aggregation or polyplex
destabilization!°®11° Although outside the scope of this work, other alternatives to PEGylation
which appear to introduce shielding effects have also been investigated including: deoxy/éholate
hydroxyl propyl methacrylattHPMA)!'213galactosylatioft*and various oligosaccharidés!!®
117.

The complexation of cationic polymers and DNA has been found to be strongly pH
dependent’® For example, Rungsardthong et al. demonstrated that DNA binding with the
polymerbasedcarrier dimethylaminoethyl methacrylate (DMAEMA) increased after decreasing
the pH from 8 to 6.6 This may be due to the protonation of the sensitive imino functional groups
of DMAEMA under acidic conditions, which drives DNpolymer electrostatic intaction and
promotes the formation of a polyplex. However, it is important to note that strong binding does
not necessarily mean better transfection. Depending on the structure of the vector and DNA
components, strong interactions may hinder the transfeayig@reventing the release of DNA into

the cytoplasni*®
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Similar to amphiphilic compounds, molecular weight and chain length have a significant
effect on cellular uptake, endosomal escape, DNA unpacking and nuclear internalization with
polyplexest!® Typically, high molecular weight (HMW) polymers show better DNA binding,
cellular uptake and transfection efficiency, while low molecular weight (LMW) polymers show
less cytotoxicity and efficient DNA unloadidé? 1! Several approaches have been utlize
either increase cellular uptake and stability of LMW polymers or decrease cytotoxicity and
enhance DNA unpacking with HMW polymers. For example, decorating the surface of HMW
polymers with hydrophilic moieties, such as PEG, have shown to reducetdiexayity of the
vector!??> More recently, Deng et al. compared the transfection efficiency of LMW vs. HMW
compounds. It was determined that high transfection efficiency was observed with LMW (7 kDa)
disulfide-PEI compared to HMW (400 kDa) disulfidEl, 25k-PEI, and even Lipofectamine
2000122 Optimization of the molecular weight is important and unique for each type of polymer,
as even slight modification to the polymer structure may affect the optimal molecular weight for
transfection. An example of thiis the setbranched triaccharidsubstituted chitosans, which
show efficient cell internalization, low cytotoxicity, and high transfection efficiency compared to
their linear counterpart$?2°The most commonly studied cationic polymers used in trerapy
formulation development will be further discussed in the following sections.

Although outside of the scope of this work, recently biodegradable natural polymers, such
as chitosat? dextrari'® and gelatif® have gained attention as they can be generally acquired from
two major natural sources including proteins and polysacchabdesto their unigue mechanical
properties, low immunogenicity, biocompatibility, and low production costs, natural polymers as

acomponent of \VGDS are of significant interest for gene therapy applications.

1.3.2.3.1 Poly—L—-Lysine (PLL)

The first cationic polymer utilized as a transfection vehicle was-Pdlysine (PLL)
conjugated with asialoorosomucoid for hepatocellular dergeted delivery?* PLL is a linear
polypeptide composed of the amino acid lysine as the repeating uniEigee 1.3-7. At
physiological pH, PLL is positively charged and in the presence of DNA, can form cationic
polyplexes which may facilitate intections with the cellular membrane through electrostatic
attractiont?® Although the peptide linkages are naturally found in proteins, the repeating unit of

PLL (the L-lysine amino acid) is not found in nature. As such, administration of PLL nanopatrticles
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in the circulatory system may cause toxicity, possibly arising from its slow degraitation.*2°
Additionally, Akinc et al. determined that after internalization of the complex, most of the PLL
polyplexes are retained in the lysosomal pathway instela€ling released to the cytoplasm which
lowers overall delivery of genés’

Consequently, gene delivery of PLL polyplexes is poor when applied alone or without
modification?® To enhance their efficiency, weak bases such as ammonium cHbdride
sperminé® and methylamin&* have been added to Pidased transfection formulations since
they are known to induce pH buffering in the endosomal vesicles, but they do not seem to improve
transgene expression. Alternatively, the design of amphiphilic PLL, by linking'®EG
endosomolyit!®3 (e.g. imidazole) or endolytic agehts®® (e.g. chloroquine or dextran) have
shown to increase solubility and reduce toxicity, without compromising their transfection
efficiency. More significantly, the conjugation of histidine residues to PLLbe&n shown to
destabilize the lipid bilayers when in a slightly acidic medium and induce fusion upon protonation
of the imidazole groups by the increase of interaction between this polymeric cation and the
membrane phospholipids, consequently improvingnstiection efficiency2® Furthermore,
recently Kelley et al. has developed nanoparticles comprising a single molecule of plasmid DNA
compacted with lysine peptides conjugated to PEG, known as CK30PisGEGtudy showed that
CK30-PEGDNA nanopatrticles areage and tolerable with multiple (X2) subretinal injections in
baboon retina/RPE as gene expression was achieved without triggering immune ré$ponses.

Figure 1.3-7: General structure of PLL.
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1.3.2.3.2 Poly (ethylene imine) (PEI)

Poly(ethylene imine) (PEI) was first introduced by Behr in 1995, and has now become one
of the gold standards among the naral based vectorS® PEl is a cationic vector which contains
several pHsensitive functionalities, specifically nitrogen groups capable of being protonated,
which as previously described, have been found to increase transfection through disruption of the
endosomamembrane ttoughthesec al | ed “pr ot on sponge” mechani:
seen to enhance intracellular trafficking by buffering the endosomal compartments, thus protecting
the DNA from lysosomal degradation by endosomal release via lysosomal disftiption.

PEI can be synthesized in two forms, linear or branched as showigiire 1.3-8.14°
Compared to the linear structure, branched PEI, including the commercially available reagents
jetPEI and ExGen500, have shown to be more efficient in complexing DNA ititadded and
stable nanoparticles. These condensed patrticles are of spherical shape and have a narrow particle
size distribution, which allows high cellular uptake of the vector compoi®rBesides degree
of PEI branching, molecular weight is also an artpnt element to consider when designing an
effective vector. The transfection efficiency of PEI has been evaluated for a wide range of polymer
molecular weights (MW) and has found to increase with the increase of the polymer molecular
weight. For examplePEI with MW higher than 25 kDa demonstrated higher transfection
efficiency, whereas PElI with MW lower than (82000 Da) revealed low transfection
efficiency#! However, the toxicity associated to the transfection process mediated by PEI
polymers has ab shown to increase with the PEI molecular weléfhas such, focus has been
drawn on the improvement of PEI transfection efficiency and toxicity profile. One strategy that
has been proposed is decorating the surface of PEI with PEG. PEGylation aldarsitation of
complexes with a more hydrophilic surface, which reduces the interaction of complexes with
proteinst® In vivo studies in mice have shown that FEEG copolymebased complexes had
enhanced blood circulation and reduced toxicity, when tegeintravenously*® Additionally,
other molecules have been grafted to PEI in order to improve transfection efficiency. For example,
the grafting of LMW branched PEI (1.8 kDa) with cholesterol moieties has shown to increase
transfection efficiency whileéeducing cell toxicity, but further optimization is likely needét.

Many alternatives have since been synthesized that outperform PEI in transfection efficacy and
maintaining cell viability, one being o | -gn{in® ester) (PBAEY**
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Figure 1.3-8: General structures of linear (left) and branched (right) PEI.

1.3.2.3.3 Poly(p-amino ester)s (PBAE)

PBAEs are a class of polymers first developed by Lynn et al. in 28(0Dver the years, a
library of PBAEbased derivatives have been synthesized and studied for gene déiPB\ES
can complex nucleic acids through electrostatic and hydrophobic intesatddorm nanoscale
positively charged polyplexes that can be internalized into cells due to the positive charge of the
polymer. The amine end groups of PBAEs have the ability to buffer the endosomal compartment
and release the DNA into the cytoplasm tigb the proton sponge mechanism, while the ester
groups promote degradation of these molecules through hydrolysis within hours under
physiological conditions (s&&igure 1.3-9).146 Due to these structural properties, combined with
their increased biodegradility, biocompatibility, and structural diversity, PBAEs have been the

subject of several studies employing them as DNA delivery sysStgi8
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Figure 1.3-9: General structure of polymer PBAE
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Sunshine et al. explored DNA delivery using a large library of PBAE nanocarriers to a wide
range of cells, including cancer cells, immune cells, and human sten*t&l&se transfection
studies revealed that small molecules conjugated to the endssantigebase polymer modified
the gene delivery efficacy. However, some polymergmaip modifications were highly efficient
in delivering the nucleic acid in one cell line, while in other cell lines they performed rather
poorly!®! Since PBAEs are sensi@vto endgroup modifications, their properties can be
manipulated by finduning their molecular weight, degradability, and hydrophobicity to address
the unique challenges of delivering DNA into céflsTo support this theory, a more thorough
study was arried out by Green et al. where o000 PBAEs were developetth varying
molecular weights from 2,000 to 50,000 Da. This study showed that diacrylate monomer
terminated polymers were unable to promote cellular uptake and the optimal formulations were
composed of polymers greater tteamolecular weight af0,000 Dat>2 Similarly in another study,
modifications of PBAEs by endapping with diamines increased the transfection efficiency to
levels comparable to adenovirt?8.More recently, Zhou et al.ave reported a new class of
degradable amineo-ester terpolymers which show great promise in tumor targeting and
suppression2®

Further improvements to the PBAE structure have been made to improve their DNA delivery
capabilities. For example, the surface of the polymer has been decorated with PEG to promote
biological stability at the systemic and tissue levels, which is a criicgderty to facilitate
efficientin vivoutilization and to overcome the extracellular barriét$>°Kim et al. revealed that
non-PEGylated PBAE polyplexes tend to aggregate followindn@dr incubation in acidic and
physiological buffers which presenta challenge for therapeutic use. However, FABAE
polyplexes can successfully maintain particle stability, without compromising their therapeutic
function for intracellular delivery to human small cell lung cancer é&lionsequently,
continuous optnization of polymer properties is important to consider and can contribute to more

rational polyplex design.
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1.3.3 Other Synthetic Non-Viral Vectors

While the transfection efficiency of nerral vectors is still low compared to viral vectors,
several modifications to the simple structures of GS, lipids, and polymers can be made to enhance
the overall efficiency of these carriers. For example, morentgc a lipopeptiddased
nanoparticle, a lipid connected to a peptide, has been studied for use in retinal gene therapy. The
multifunctional  (Xaminoethyl)N-oleicylcysteinyltaminoethyl)  propionamide  (ECO),
composed of an ethylenediamine head group, eaysieine functional linkers, and two oleoyl
lipophilic tails have shown to effectively complex with the therapeutic gene and exhibit high
transfection efficiency in the retina. This
the favourablgroperties of both lipids and polymer carriers: the lipid moieties of these peptides
cause them to seHissemble into nanoparticles to efficiency encapsulate the DNA, while the
protonable ethylenediamine peptide head group aids in DNA escape from endgs@malthe
cytoplasm and trafficking to the nucleus. Sun et al. showed that ECO can efficiently deliver the
RPE65 gene into the retinal pigmented epithel
vision 1%’

Extensive studies and reviews on tieture and effectiveness ofWGDS composed of
various other lipids, surfactants, and polymers as well as their derivatives have previously been
published. Although outside the scope of this work, some promisingiradriransfection vehicles
include: ranoparticles based on g&fisilica'™® or carbon nanotub&8, biodegradable polymers
such as(4-amioobugylLeglycolic acidl®® and poly(4hydroxy-L-proline esterf?,
asymmetrical gemini surfacta#t® and a class of watesoluble nonionic block copolymers
known as Pluronic¥*

Although the design of the synthetic carrier is important to consider, highly efficient gene
therapeutics require the rational design of both the synthetic wagidhe enclosed DNA cgo.

The following section will discuss the essential DNA components and structural features required

to achieve successful transfection.
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1.4 Recombinant Plasmid DNA (pDNA) Vectors

The first successful gene silencing therapeutic strategytietiise of RNA interferences
(RNAI) was observed in the late 1980s by Fire €f%lhis biological process involved the
introduction of RNA molecules, includingmall interfering RNA (siRNA) and microRNA
(miRNA), into cells to interfere with the fution of endogenous gertarough translational or
transcriptional repressiofi® The discovery of RNAi won the Nobel prize in 2006 and has since
then been utilized extensively to diagnose and treat diseases at both the cellular and molecular
levels!® However, despite its promising therapeutic potential, Rb#sed clinical trials
encountered various challenges, including immreiated toxicities, low stability, transient
nature, and low transfection efficientsy.

To address these challengssijentific interest in the use of recombinant plasmid DNA
(pDNA) vectors for gene therapy applications piqued, the first being recognized by Wolff et al. in
19901%® Wolff et al. observed that when pDNA is injected directly into skeletal mus@daaken
up and expressed for long periods of time by a small percentage of skeletal myocytes in the area
of injection!® pDNA vectors are circular covalently closed (CCC) vectors which typically
consists of two essential components, as showigumre 1.4-1: 1) a eukaryotic expression cassette
which comprises the genetic components essential for transgene expfessigene of interest,
intron, promoter, and transcription termination/polyadenylation signal), aral @pkaryotic
backbone with an orig of replication for plasmid amplification and an antibiotic resistance gene
cassette for selectidf® The doublestranded covalently closed ring of pPDNA comprises no breaks
or nicks in the structure which serves to enhance the overall stabilitye gflasmid during the

delivery proces$®1®
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Figure 1.4-1: Schematic of recombinant plasmid DNA (pDNA) vectors. Reproduced*fibmith
permission (See Appendix D).

Compared to viral anBNA-based vectors, pDNA are easier and cheaper to produce in large
guantities, are stable, and have a much longer shelf life. Additionally, due to the modular nature
of pDNA, they are easy to manipulate and design for therapeutit®udewever, thereare
limitations of using plasmid vectors for gene therapy applications. As previously described, naked
pDNA vectors are typically inefficient at delivering their payloads compared to viruses. Therefore,
naked pDNA vectors are often combined with otheivédey methods, such as synthetic vectors
or physical forces, to improve their cellular uptake and nuclear localization. However, when
rational vector design is not considered, some of these delivery methods have shown to lead to
breakage of the pDNA backbe, which then increases the likelihood of genome integration. Also,
if the break occurs in the therapeutic gene sequence, this may lower the efficiency of gene
expressiord/® Additionally, pDNA vectors do have their own safety concerns. Either when
ddivered alone or packaged within a synthetic vector, pDNA comprise a prokaryotic backbone
containing bacterial sequences and antibiotic resistance genes which may enable horizontal gene

transfers, giving rise to antibiotic resistant pathogens. This wagdtively impact longevity of
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gene expression and cause silencing by changing the euchromatin format of DNA to
heterochromatin format. Additionally, unlike vertebrate animals, bacterial DNA have a higher
frequency of unmethylated CpG motifs which may irelimmune responsé&. Hyde et al.
showed that even the presence of a single CpG motif upon intranasal delivery induced
inflammatory responses in BALB/c mice. When delivered to the host, CpG motifs interact with
toll-like receptor 9 (TLR9) which are dradded in the endosomal membrane of immune t2lls.
CpGTLR9 binding then results in the activation of eukaryotic transcription factors and pro
inflammatory cytokine production. Since TLR9 are situated within the endosome, the
administration of synthie vectors may trigger Cp@ediated immunostimulatory responsés.
However, Wolf et al. found that the deletion of pDNA CpG motifs in PEI/pDNA polyplexes and
DOTAP/DOPE/pDNA lipoplexes reduced immune responses and prolonged gene expféssion.
Consequently, removal of the prokaryotic backbone would eliminate the bacterial DNA and

enhance the safety of the vector to satisfy the regulatory requirements for clinical applications.
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1.4.1 Introduction of New Generation DNA vectors

As discussed above, the presence of antibiotic resistance genes and unmethylated CpG
motifs commonly found in prokaryotic pDNA can trigger immune responses, which decreases
their clinical potential’* In order to preserve the advantages of pDNA and Isyphsir
disadvantages, a new generation of DNA vectors were introduced: DNA minicircles and linear
covalently closed (LCC) DNA minivectors, s@&#gure 1.4-2.1° Removal of the prokaryotic
backbone in these new generation of DNA constructs not onlynalies the delivery of unwanted
prokaryotic sequences known to induce immune responses, but it also allows for the formation of
smaller vectors which may enable efficient DNA packaging into synthetic vectors and rapid

intracellular trafficking upon cytopsmic releasé’®

Parental Plasmid DNA DNA Minicircles

(pDNA) Vector

Linear Covalently Closed (LCC)
DNA Minivectors

——1
(- - )

Figure 1.42: Schematic of recombinant CCC plasmid DNA (pDNA) vectors, CCC DNA
minicircles, and Linear Covalently Closed (LCC) DNA minivectors. Reproduced ¥fowmith
permission (See Appendix D).
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1.4.1.1 DNA Minicircles

In 1997, Darquet et al. usetvivo site-specific recombination to turn a single parent plasmid
into two wellcharacterized circular molecules: 1) a discardable miniplasmid comprised of the
prokaryotic backbone, and 2) the DNA minicircle containing the essential expression cassette, as
shown inFigure 1.4-3.17°> Due to the removal of the prokaryotic backbone, CCC minicircles cannot
replicate in bacteria and are therefore, no longer considered pldémiis.a result, CCC
minicircles are smaller and safer than pDNA as delivery vectors for gene therapy. Although, no
clinical trials have been reported to date, several studies have shown that minicircles can provide
an approximate 10 to 1066ld increase idong term transgene expressionvitro’® and in a
variety of organ systesin vivo, including the livet” heart™ skeletal musclé® and lung&®

over conventional pDNA vectors.

3
2
Y

£

Parental 3

plasmid Miniplasmid

Minicircle

Figure 1.4-3: The production of supercoiled CCC minicircle DNA from parental pladwgich
vivo site-specific recombinatiomdapted from referencé?.
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Although the removal of the prokaryotic sequences in DNA minicircles reduces the delivery
of unnecessary prokaryotic sequences to cells (whickraven to induce immune responges
they do still pose other safety concerns with regards to undesirablebiaation eventd®! For
example, in the random event of vector integration into a host chromosome, circular DNA vectors,
including DNA minicircles and conventional plasmid DNA, promote molecular continuity and
vector integration into the host DNvhich maylead to insertional mutagenes#$ On the other
hand, in a similar event, linear DNA vectors with covalently closed terminal ends confer double
strand breaks which disrupt the chromosome and initiate cell death pathways. This pathway then
removes the mutant cell from the proliferating gelpulation, thereby providing a safer option for
DNA vectormediated transgene delivery by preventing the manifestation of oncogenic insertional

mutagenesis®?

1.4.1.2 LCC DNA Minivectors

LCC DNA minivectors are dumbbethaped vectorgossessing hairpin ends which enclose
the essential eukaryotic expression casséttéhese covalently closed hairpin loops provide
stability and protection to the vector from exonucleaaelarrier that significantly affects the
successful delivery ofrlear DNA3 Additionally, the minimized size dhese vectorallows for
the delivery of higher copy numbers of therapeutic genes. For example, like conventional pDNA,
LCC DNA minivectorscan deliver up to 20 kb of DNA to the target cell of interesthich is
approximately five times the payload of viral vectd#st® However, unlike conventional pDNA,

DNA LCC DNA minivectorslack prokaryotic sequences which silence the therapeutic cargo. As
a result,LCC DNA minivectors can inseitherapeutic genes in the genome of target cells to
provide longterm transgene expression with less frequent dd&tiche linear covalently closed
structure of LCC DNA minivectors also reduces the potential of insertional mutagenesis in the
event of chrmmosomal integratio®* Although the manufacturing of DNA constructs is outside
the scope of this work, LCC DNA minivectors may be generated from their parental CCC pDNA
substrates through three distimtitvitro enzymatic mechanisms: 1) pDNA digestion &igdtion,

2) PCR amplification and ligation and 3) protelomerase mediated processing as sliibgurdn
1.4-4.183
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Figure 1.44: In vitro production methods of double stranded LCC DNA minivectors. A)
Production of minimalistic immunogenic defined gene expression vectors (MIDGE) through
targeted pDNA digestion with restrictive enzymes and ligation with hairpin oligonucleotides; B)
Productionof microlinear vector (MiLV) throughpolymerase chain reaction (PCRediated
amplification of the expression cassette from the plasmid constnattigation with hairpin
oligonucleotides; C) Production of LCC DNA minivectors by utilizing TelN protel@seifrom
bacteriophage N15 and its target sequences followed by pDNA proceRsjmmgpduced from?e3

with permission (See Appendix D).

Minimal immunological defined gene expression vectors, or MIDGE, are the first generation
of such LCC DNA minivectors geerated by Schakowski et '8f. The production of MIDGE
involves restriction endonuclease digestion to separate the eukaryotic expression cassette from the
prokaryotic backbone sequencdsllowed by ligation with hairpin oligonucleotides for the
formation of covalently closednds The unprotected prokaryotic backbone sequences are then
subsequently removed by exonucleases which leads to the gemefa¥IDGE vectors!® By
removing the prokaryotic backbone aadtibiotic-resistant genes, MIDGE vectors have greatly
enhanced immunocompatibility, reduced risk of spreading antibiesistant genes the host, and
a transcriptionally active structut.In addition, due to the linear nature of LCC DNA, risks of

insetional mutagenesis from random genomic integration are inhitfftdthe application of LCC
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MIDGE vectors have previously shown improved gene expression in colon carcinoma cells upon
complexation with Lipofectamine and PE§.In another study, upoim vivo hydrodynamic
injection into BALB/c mice, it was shown that MID@&kased vectors improved transfection
efficiency in mammalian cells up to 4@ld to the heart compared to the parental pDWA.
MIDGE vectors also show promising characteristics for useNi\ @accine development For
example, when MIDGE vectors, encoding the LACK antigen, was administered to susceptible
BALB/c mice, it offered protection frorheishmanianfection at lower doses compared to pDNA
vectors!® In another study, MIDGE was introded into human mesenchymal stromal cells
(hMSC), where even after 55 days post treatment, high stability, cell viability, and protein
expression levels were achievét Further studies have shown that MIDG#rticularly when
conjugated with NLS peptidebave greater transfection efficiency as compared to its parental
plasmid bothin vitro andin vivo!®’ Interestingly, MIDGE vector systems have also been used
successfully in clinical applications as DNA vaccines against advanced stage cancers in
conjugation with double stem loop immunomodulator molecules (dSLIM) that serve as effective
immune adjuvant¥® However, despite being more efficient and safer than conventional CCC
pDNA vectors, largescale production of MIDGE through the multistepvitro processes is costly

and time consuming making them less desirable for use in clinical applic&fions.

As an alternative to MIDGE, micrbnear vectors (MiLV) are mini linear vectors which are
generated from PCR amplification of the eukaryotic expression cassette followed by ligation with
hairpin oligonucleotides and finally purified by use of PCR cleanup'¥itMiLV have been
investigated to deliver genes bathvitro andin vivoin EpstrinBarr virus (EBV) positive tumors.

In this study it was revealed that MILV resisted exonuclease degradation, improved transfection
efficiency, reduced immunostimulatogjfects, and prolonged transgene expression compared too
conventional pDNA vector¥?

Continued efforts to optimize LCC minivectors have led to the development of several
proprietary DNA conformations for use in gene transfer. These linear construetsbbem
strategically designed to incorporate specialized sequences to enhance efficiency and safety, while
lowering cost of production compared to MIDGE. For examdkgfjssi & Slavcev developed a
onestepE. colibasedn vivoproduction system for the generation of bacterial sequizaed.CC
DNA minivectors (as illustrated iRigure 1.4-5).1°2 Briefly, the manufacturing process of LCC

DNA minivectors involves passaging the parent plasmid vector through R Teld and Tel
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recombinase expressing cells) under temperatardrolled conditions. Compared to enzymatic
processesghisin vivo approach is more cost effective. Additionally, the recombinatediated
process in E. coli cells removes the bacterial sequences fronCthéNA minivectors, thereby

generating a safer alternative relative to conventional plasmid BNA.
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Figure 1.45: Schematic of the enzymatic estepE. colibasedn vivoproduction system for the
generation of LCC DNA minivectors. At temperatures beloWC3protelomerasis repressed by

the CI[Ts] repressor. A temperature upshift t®@2allows for the controlled expression of
protelomerase. Then, the enzymatic activity of the expressed protelomerase on the parental
plasmid DNA substrate results in the generation of ttepnetary LCC DNA minivectors
Adapted from referencé?

tel / telN

{ Tel'TelN Protelomerase

Mediated DNA Processing

LCC DNA minivectors are dumbbethaped vectors which carry a minimal expression
cassette consisting of the eukaryotic promoter, gene of interest, intron, and polyA sequence, and
nuclear tanslocation enhancing sequences (super sequence), signdficantly reduces the size
of the LCC DNA minivectors compared to the parental pDNAL** In an effort to improve the
efficiency of LCC DNA minivectors systems for gene transfer, ith@itro gene expression after
complexation with GS have been previously evalu&itethis study showed that although these
LCC DNA minivectors produced a statistically significant increase in expression compared to their
parental CCC counterparts, the overall germeidiated transfection efficiencies are still low with

less than 13% cellsansfected®*
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Another novel linear DNA construct which has been engineered for efficient transgene
delivery are closeénded DNA construct (ceDNA).2® ceDNA are linear, double stranded,
covalently closed, DNA constructs which include the gene ofaésteregulatory elements to drive
gene expression, and the eukaryotic expression cassette flanked by two inverted terminal repeats
(ITRs)*>ceDNA are generated through a dedle rapid enzymatic synthesis. A promising feature
of ceDNA is their abilityto deliver large construct payloads (approximately 12 kilobases) to
targeted cells. As such, ceDN#ased therapeutics can potentially treat diseases caused by larger
genes, such as Stargardt disease or Wilson di&®ag&®e most current application of cBlB has
been in a Hemophilia A study in 2021. In this study, uiporivo hydrodynamic injection in CD
1 mice, factor VIII ceDNA showed a greater thanf8l@l increase in construct expression when
complexed within a lipid nanoparticle delivery system coragdo the wildtype mice containing
a factor VIl open reading frame (ORF) sequetféed deeper understanding of the molecular
interactions between these and other LCC DNA minivectors with synthetic vectors (such as lipids,
polymers, and surfactants) is portant to further optimize LCC DNA minivectors for clinical

applications
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1.5 Non-Viral Gene Delivery Vector Evaluation Techniques

As previously discussed, optimal nweimal vectors for gene therapy applications will
consider thalesign of both the cationic and anionic components of thevimahdelivery system
and ensure that they complement each other and work in combination to achieve high gene
expression. For example, during formulation development, there must be a fineelizdameen
the cationic charges of the synthetic vector to the anionic charges of the DNA molecules to not
only effectively complex the therapeutic gene, but to also avoid formulation instability or toxicity
due to excessive cationic chargés.

After succasful preparation of the delivery vector, it is then critical to evaluate and
characterize the resulting formulation. Depending on their application, there are various analytical
technigues which can be used to evaluateva@i vector formulations. Sindke ultimate goal of
N-VGDS is to efficiently transfect the host cell and express its,gaeee analytical techniques
are used as a precursor to deduce a relationship between physicochemical properties of the
formulation to the biological properties tife formulation. The most commonly used techniques
and procedures to characterize swinal vectors prior tdn vitro assessment will be discussed in

the following section.

1.5.1 Dynamic Light Scattering

Dynamic light scattering (DLS) istachnique that can be used to determine the size and size
distribution profile of small particles in suspensighThis technique measures tirdependent
fluctuations in the scattering intensity of particles undergoing Brownian motion, the random
movementof suspended particles, and relates this to the size of the particles. The speed of the
Brownian motion is influenced by the patrticle size. In general, it is observed that large particles
tend to experience slower Brownian motion due to their bulky ndtuoentrast, smaller particles
are separated further by the solvent molecules which allow for rapid motion (as shBigarin
1.5-1).1°8 The velocity of the Brownian motion of the particles in solution is represented by the
transitional diffusion coefficienD), which is used in the Stokdsinstein equation to calculate the
hydrodynamic diameterQ 'Q a measure of the particles size. BtekesEinstein equation is

defined as:
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Q0 — Equation 1.5-1

whereki s Bol t z ma nYiis tee thermodgnaraiontémperature, and the dynamic
viscosity of the mediun®?® It is important to note that the size output of the DLS method is the
diameter of a sphere that has the same transitional diffusion coefficient as the particle being tested.
As a result, the translational diffusion coefficient will not only depend omsiteeof the particle
core, but also on surface structure as well as the concentration and the types of ions in®olution.
In addition to measuring size, DLS can also be used to measure the size distribution of the particles
using a value called polydisity index (PDI). PDI values indicate the honoo heterogeneity of
a sample. The numerical value of PDI ranges from 0O (for a perfectly uniform sample with respect
to the particle size) to 1 (for a highly polydisperse sample with multiple particle size
populations).?&200

DLS is a rapid method to determine the particle size and size distribution of the samples.
However, complex concentrated samples often leaektess partickparticle interactions and

multiple scattering?® Therefore, appropriate dilution is often required to determine the size of the
micellar structured®
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Figure 1.51: Differences in intensity of scattered light due to thermal motion of dispersed
particles. Smaller particles show faster fluctuations of the scattered light, while larger particles
show slower fluctuation®Adapted from referenc&®.
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1.5.2 Scanning and Transmission Electron Microscopy

As previous described, all nanoparticles are defined by their physical and chemical
properties, including particle size, size distribution, shape, and surface features. Since nanoparticle
characterization, both qualite¢ and quantitative, forms an important step in nanotechnology QC
as well as research and development, electron microscopy is a valuable technique not only for
thorough physicochemical characterization of uncomplexed and complexed materials, but to also
explore the effects of nanocomposites on biological systems, providing essential information for
the development of efficient therapeutic atidgnostic strategie’8! More specifically, electron
microscopy can be used to characterize-vical vectors to @irther understand how the structure
and shape of the DNA and complex systems influence the interactions of the components on
biological systems, ultimately learning more about how the complex enters the cell and escapes
from the endosome. This techniquemblalidates the reliability of other routine particle sizing
techniques, such as DI2%.

Both scanning electron microscap¥y (SEM) and transmission electron microsctpy
(TEM) can be used to visualize and accurately characterize the particlshape, as well as
surface area of hydrophobic and hydrophilic nanoparticles through electron Béanmsimary
difference in data output between the two techniques is the way in which the nanoparticle images
are formed. SEM produces accurate 3D imagemdifcles in the dispersion while TEM produces
2D images that require further interpretation. Although the images are 2D, TEM systems can
deliver much greater resolution. TEM views thin specimens such as molecules and tissue sections
while the SEM, is deghed to directly study the surfaces of solid objects with a beam of focused
electrong% Such studies were not undertaken in this work, though electron microscopy is valuable

and are important to consider for future studies.
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1.5.3 Zeta Potential

All particles in an aqueous solution carry an electric charge which may be positive, negative,
or neutrak® The zeta potential is then defined as the electrical potential that exists at the boundary
(“slipping plane?” ) nspnamelyetre rcompastand ldifuseslaysrs, which i o
surround a particle in solution, as shownFigure 1.5-2.2°” The zeta potential is therefore an
indication of the surface charge of a particle. It is important to note here that the zeta potential is
notthe actual surface potential (i.e. surface charge), which would generally be larger in absolute
value compared to the zeta potential. Since zeta potential is an indication of surface charge, factors
such as ionic strength and pH may have an affect th@atgtatial of a nanopartick®

Zeta potential measurements allow for further understanding of the colloidal,
thermodynamic stability, and interfacial behaviours of the transfection complex in the dispersed
medium?°¢ Values either greater than +30 mVless than30 mV are used as a general scale for
particle stability. However, recent studies have revealed that a more accurate measure of stability
is to evaluate the change in zeta potential of the nanoparticles with time or zeta potertfl rate.

Zeta potential can be measured using a DLS instrument which uses a combination of
Electrophoresis and Laser Doppler Velocimetry to measure the speed at which particles move in
an aqueous medium upon application of an electric field (i.e. its velocity) whitobniquated to

charge?206208

56



. . o : S H M L, « »
electrical {dmusc layer Pe— slipping plane

double layer sten layer

«— surface potential
zeta potential

mV

distance from particle surface
Figure 1.52: Schematic showing the electrical double layer (the diffuse and stern layer) which

surrounds a particle in a dispersed medium and the position of the slipping plane. The zeta potential
is defined as the electrical potential at the slipping plane. Adamtedréferencé®”.
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1.5.4 Langmuir-Blodgett Technique

Endosomal escape is the principal biological barrier to effective transféttioAs such,
LangmuirBlodgett studies investigates the interactions between theviran vector
componentg® This experimental procedure involves filling a LangmBiodgett trough, a long
shallow basin with surface barriers on each end, with water, laothg a specific volume of the
sample onto the surface of the water to form a monolayer. Surface pressure, the difference between
the surface tension of the water and the monolayer phase, is monitored throughout the experiment
by using the Wilhelmy platenethod?'? Initially, the area available to the monolayer is large. As
such, the molecules will remain far apart, and there will be minimal interactions between
neighboring molecules. Under these conditions, the monolayer has little effect on the surface
pressure ofvater, and the monolayer is considered to be in the gaseous phase. Subsequently, as
the barriers of the Langmuir trough are closed, the area available to the monolayer begins to
decrease while forcing the molecules to pack closer together. As a resglrtiice pressure of
the monolayer increasés.Further compression of the monolayer continues to decrease the area
available to the molecules of the monolayer, resulting in a phase transition from the gaseous state
to a liquid expanded state to a liqusdndensed state, and finally a sdlkke state where the
molecules are closely packed together. Continued compression of the monolayer after reaching the
solid phase causes the monolayer to collapse at a critical pressure, and this marks the completion
of the experiment. Subsequently, a plot of surface pressure vs mean moleculaft -Area (
isotherms), as shown iRigure 1.5-3, is collected from the experiment, which defines the
thermodynamic relationship between the area available to each moleculenadribkyer, and

the monolayer surface pressure at a constant tempet&ttifeSeveral parameters can be derived
from the* -A isotherm including:the lift off area (A), the molecular area at which the surface
pressure of the monolayer begins to incegéise limiting area (Fb), the area at which the rate of
change in the surface pressure is greatest; the collapse gjear{d the collapse pressufec],
the mean molecular area and the surface pressure at which the monolayer collapses. When
analyzingthe isotherms of a system, emphasis is given to the range betw&SrB8/m since
this is the surface pressure of biological cell membréies.

The phase transitions of the monolayer can be observed using a plot of compression

modulus, G! vs surface prssure that are derived frofmA isotherms?!t Cstis a measure of the
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changes in monolayer elasticity, which is indicative by the phase transitions of the monolayer.
Consequently, the compressibility of the monolayer, and therefore its phase, canrioenddte

using the following equation:

0 0 — Equation 1.5-2

where A is the mean molecular area, T is the temperature, and is the surface preBsure.
example, € values less than 12.5 miN represent a gaseous state, values betweersD2n3N/m
represent a liquigxpanded state, values betweer-ED mN/m represent a liquid condensed

state, and values greater than 250 mN/m indicate a solicstate.
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Figure 1.53: Theoretical surface presstmeea {-A) isotherm obtained by compressing a
monolayer formed at the aivater interface in different phases. Adapted from referérice
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1.6 Rational Non-Viral Vector Design Must Consider the Transfection

Efficiency and Safety of Both the Synthetic Vector and the DNA Cargo

Compared to transfection formulations prepared with pDNA, the small sizes of minicircles
and LCC DNA minivectorsallows for efficient DNA complexation with synthetic vectors,
protection against intracellular and extracellular environments and improved bioavaiftability.
Although lipoplex size and structure do not vary with increasing pDNA length, the number of
pDNA copiesincorporated into each lipoplex increases linearly with decreasing pDNA%iZe.
Transfection activity of lipoplexes is proportional to the number of enclosed pDNA with the most
active lipoplexes possessing the largest amounts of BNAo showcase this, Kreiss et al.
evaluated and compared the physicochemical properties of various catiorpDigi lipoplexes
with pDNA sizes ranging from 900 to 52 500 bp. It was determined that smaller pDNA attained
higher transfection efficiency ovéarger pDNA when lipoplexes were restricted to possess a
single coding cassette in each parti¢tte.other words, the most effective lipoplexes for gene
transfer are those containing the shortest plasmid BINA.

With respect to the efficiency of cell @gite between the circular and linear DNA forms,
Kamiya et al. did demonstrate that LCC vectors elickl®%old increase in transgene expression
over CCC pDNA counterpart after microinjection of vectors into the nucleus of TE&8s for
up t o 1loétingdiognsin thepame study, size dependent effects on transgene expression
were also observed as the GFP expression efficiency increased with decreasing DNA, with the
smallest tested LCC DNA minivectors (2.3 kb) showing the highest expressitiThese results
indicate that the most effective complexes for gene transfer are small, linearized DNA constructs
that are end capped with hairpin lodps.

As previously discussed, efficient noiral formulations require the rational design of both
the DNA cargo as well as the synthetic vector. For gene therapy applications, positively charged
carriers are used to complex DNA into nanoparticles to protect the therapeutic gene from
enzymatic degradation and safely deliver the DNA into the nucleus factiption to initiate:®
Key to improving the transfection efficiency of neimal vectors is by understanding the structural
features of both the synthetic vector and the enclosed DNA cargo and characterizing their
physicochemical properties, including rppele size, zeta potential, polydispersity index,
encapsulation efficiency, and shape as summarizeBignre 1.6-1. These properties also

contribute to the safety profile of the gene therapy nanoparticles. For example, while safer than
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their viral counteparts, norviral transfection complexes often require a net positive charge for
improved cell uptake. This is balanced by the fact that highly cationic materials in the circulatory
system can cause toxicity by inducing platelet aggregation in the oo example, synthetic
vectors which contain an ether bond in its chemical structure have been shown to inortase
transfection. However, ether bonds are associated with high cytotoxicity since they are too stable
for biodegradatiod*® On the otler hand, synthetic vectors which contain biodegradable amide and
ester bonds are associated with less cytotoxicity as they are more susceptible to decomposition in
the systemic circulatioft? Additionally, recall that the preparation of transfection formulations is
guided by the NP charge ratio, and it has been observed that although increasing the charge ratio
favours DNA compaction and enhanced cellular uptake, it also may lead to @jitgt&xFor
example, in study which focused on optimizing3&6/DOPE/pDNA formulations foin vitro
transfection to PAM 212 murine keratinocytes cells, it was revealed thatRrr&dio of 10:1 was
ideal based on both transfection efficiency andaalbility. Although, a 40:1 NP-ratio showed
the highest percentage of transfected cells, the cell viability was compromised as it was reduced
to 20%7° Therefore, a balance between transfection efficiency and cytotoxicity is essential for a
more rationhdesign of NVGDS.

The aim of this thesis is to find this correct balance by designing and characterizing
several non-viral gene delivery components by using various techniques in an attempt to
predict which structural features of the synthetic vector and DNA constructs are essential to
promote the release of the DNA cargo from the particles, while not compromising the safety

profile of the vector.
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Figure 1.6-1: High level summary of important elements to consider when developing efficient
nonviral vectors for gene therapy applications. Rational vector design considers the structural
features of both the cationic synthetic carrier and the DNA cargo. These foomsilanust then

be characterized (through physical, chemical,iandtro methods) to ultimately select an optimal
sample which not only reveals high transfection efficiency, but also high cell viability. Reproduced
from 22 with permission (See Appendi).
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Chapter 2

Project Aims, Hypothesis, and Objectives

2.1 Rational Design of Non-Viral Gene Delivery Vectors Requires
Understanding of the Structural Features and Molecular Interactions
Between the Components

Compared to viramethods, noiviral gene delivery is less immunogenic and less toxic, but
the transfection efficiency of these vectors is limited. The design of the components that make up
the nonviral vector, including both the synthetic carriard endosed DNA cargo, significantly
influences the properties of the system and consequently transfeffitxiency. Major barriers
faced by norviral gene therapy to deliver DNA to targeted cells include a lack of understanding
of the molecular interactionsd structural properties of vector components and their relationship
to transfection efficiency. To make informed decisions regarding the optimizatio’V&fD§, it
is essential to define these features and also consider safety alongside efficacy.

Among the different physical and chemical systems, various lipid and pehased
synthetic vectors have shown the capacity to overcome physiological barriers due to their chemical
composition which favour transfection. For example, lipid materials comgg@ther linker bonds
and polymers which comprise pdénsitive functionalities have shown to produce greater
transfectionin vitro.> Additionally, the rational design of DNA vectors also serves to further
improve therapeutic outcomes, allowing for the elepment of vectors with heightened safety
profile while achieving transfection efficiency that is comparable to their viral counterparts. CCC
pDNA vectors, alone or when packaged within lipid or polymer synthetic vectors, have revealed
a limited safety mfile as they often result in the transfer of antibiotic resistance genes as well as
other unwanted prokaryotic sequences with CpG mbtifs an alternative, LCC DNA
minivectorsare genetically designed to improve intracellular delivery of the DNA caayting
to enhanced transgene expression. In addition, LCC BiNdvectorsoffer a heightened safety as
they inhibit insertional mutagenesis through covalently closed ends conferring -dtrabie
breaks that cause chromosomal disruption and cell dedtl @vent of chromosomal integratibn.

A deeper understanding of the influences of D&iZe,topology, physiochemical properties and

their relationship tan vitro transfection efficiency of formulations prepared with various lipid and
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polymerbased synthat vectors complexed with LCC DN#/inivectorsis important to consider.

These studies can be used to predict which structural characteristics of synthetic vectors favour the
release of the DNA cargo from the nanoparticles, ultimately allowing for a mioweaiadesign

of nonviral gene therapy formulations.

Additionally, gemini surfactants and the helper lipid DOPE possess inherent properties that
make them suitable delivery vehicleBrevious studies have revealed that lipoplex formation and
their perfomance inin vitro andin vivo transfection experiments are strongly influenced by the
electrostatic interactions between its componéfitse molecular interactions governing several
aspects of G®OPE liposome mediated transfection, such as the compaxatid condensation
of DNA by GS° and by DOPE as well as the disruption of cellular membranes byO&ESE
lipoplexest'? are well understoodAdditionally, a previouscomparativestudy evaluated the
physical properties and transfectiaefficiencies of the G®OPELCC DNA minivector
lipoplexes. Overall lowgemini surfactaniediated transfection efficiencies @% cells
transfected) in OVCAR3 cell lines werechievedvith this systent3 To provide insight into these
results, it is important to investigate themolecular interactions and surface miscibility of
specifically GSDOPE (in the absence diCC DNA minivectorg which is currently unknown
The structural activity of the resulting lipoplexasuld further contributes to the rationa¢sign

of novel GSDOPELCC DNA minivectorsas synthetic vectors catered to gene therapy.

2.2 Project Aims

The work presented in this thesis focuses on exploring the molecular interactions and structural
features of notviral vectorcomponents, including various synthetic vectéi@ds or polymers)

and DNA constructs (CCC pDNA or LCC DNainivectos), and characterizing their behaviour
whetherthrough evaluation of physicochemical propertiesvitro transfection efficiencyor
Langmuir monolayer methods, select an appropriate vector combination which not only exhibits
improved efficacy but at the same time exerts minimal or no toxicity. These results will impact
future research which focuses upon the rational desigyriheic vectors incorporating. CC

DNA minivectors for gene delivery applications.
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2.3 Hypothesis

This thesis consists of two distinct yet related projelgtsin examination of the combined effects
of DNA constructand synthetic vector (specifically CCC pD¥Nvs LCC DNA minivectorand

lipid- or polymerbased vector)and 2) a continuation of our groups work using the GS as a tool
to probe lipoplex structuréhrough rational modification to the GS structuvghile a single
unifying hypothesighat encompasses both projestshallenging to express, both projects imply
that a detailedexaminationof the properties ofand the careful selection of both the carrier
component (polymer or lipiddND the DNA componentill lead to the development abn-viral

gene delivery formulations capable of improved transfection efficiency

2.4 Objectives

1) Investigate the influences of DNAize andtopology on physicochemical properties and
transfection efficiency of Lipofectamine 3000 ahgbid 2 incorpording either LCC DNA
minivectorsor the pDNA (CCC) counterpart

(i) Characterize lipoplexes by size, zeta potential, and polydispersity index
(i) Determine than vitro transfection efficiency and cytotoxicity ¢ipoplexesin HEK
239 and ARPEL9 cell lines

2) Determine whether there is a relationship between physicochemical properties and transfection
efficiency with formulations prepared with polyrAeased vectorsPplymer landPolymer 2
incorporating either LCC DNAninivectorsor CCCpDNA

(i) Characterize all polyplexes by patrticle size, zeta potential, and polydispersity index
(i) Determine then vitro transfection efficiency as well as cytotoxicity of each polyplex
mixture in HEK 239 and ARPH9 cell lines

3) Synthesize 1&-18 and 18/NH-18 GS andinvestigate the nature of the intermolecular
interactions and the surface miscibility behaviour of@SPEbinary mixturegin the absence
of LCC DNA minivecto) as well as the effects of mixture composition, GS structure, and pH

on model biological membranes using Langmuir Monolayer Methods.
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Chapter 3

| nfl uence afdolpNvAcoiWVleysi cocher
Properties and Tr ans fBeacsteidon E
Vectors Containing Linear Cova
Mi ni vectors

The work in this chapter is the result of a pharmaceutical collaboration. It contains and utilizes a
number ofproprietary systems. While the introduction will provide context to the results and a
relationship to current knowledge in a particular field, the discussion of specific names, chemical
structures, and manufacturing processes of the lipid and DNA casstarmot be disclosed.

3.1 Abstract

Most recently, lipid nanoparticles, specifically those containing ionizable lipids, have been proven

to be efficient norviral vehicles for mRNAbased delivery. This is due to their unique properties

of: 1) efficiently encapsulating the DNA cargo; 2) protecting the gene from extracellular and

intracellular degradation; and 3) improving the overall delivery of the therapeutic by enabling

endosomal escape which allows for the release of the mRNA cargo into theasgtofor

translation to initiate. However, efficient neiral DNA-based gene therapy not only require the

rational design of the synthetic carrier, but also the enclosed DNA cargo, an area that is often

overlooked. Conventional plasmid DNA vectors aressmommonly used for transfection and

have a significant role in gene therapy; however, the presence of prokaryotic DNA sequences, such

as unmethylated CpG motifs and antibiotic selective markers in plasmid DNA vectors lower their

biocompatibility and satg for clinical studies. In this comparative investigation, the

commercially available reagehipofectamine 3000 and the proprietary Lipid 2 (a lpiased

synthetic vector) incorporating either circular covalently closed (CCC) pDNA or linear covalently

closed (LCC) DNA minivectors were characterized and compared with respect to particle size,

polydispersity index, zeta potential, ammdvitro transgene delivery efficacy. Despite the inherent

differences in DNA size and topology, comparable physicochérproperties were observed.

Even with these similaritiee CC DNA minivectors in combination with Lipofectamine 3000 have

shown to exhibit improved gene delivery and expression over CCC pDNA counterparts while

offering a heightened safety profile.
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3.2 Introduction

Lipid nanoparticles (LNP) have been developed and strategically designed-asahon
vectors to treat genetic and acquired disorders in gene thiehaglie presence of DNA, lipids
(generally composed of a hydrophobic tail group and a hydrofiead group) aggregate into
clusters known as micelles which offers a feasible means of minimizing the free energy of the
systems. Micellization allows the encapsulation of DNA inside the micelle core, while the
hydrophobic tail groups are removed rfrahe water to form the hydrophobic core, and the
hydrophilic head groups face outwards to form a shell that remains in contact witl¥ iatey.

LNPs are made up of ionizable lipids, which are positively charged at low pH (enabling efficient
complexationof the therapeutic gene) and neutral at physiological pH (reducing potential toxic
effects compared to positively charged liposonigd$)e ionizability of the lipids at low pH enables
endosomal escape, which allows release of the cargo into the cytdpldsmcommercially
available transfection reagent Lipofectamine (consisting of the helper lipid DOPE and DOSPA) is
a notable example of a |ipid gene delivery sy
for the safe and efficient delivery of exogeis DNA or RNA into a broad range of cell lirfes.
Lipofectamine contains lipid subunits with ajoldpendent transition due to the polyamine region
of DOSPA which can form LNPs in an aqueous environment and entrap the therapeutic gene to
form a lipoplex wih a net positive chargelhis positivecharge enhancedectrostatic interactions
with the negatively charged cellular membrane of cells and improves cellular apfisies. are
also biocompatible in nature which accounts for their most important advantages as gene carriers,
including: 1) low toxicity and antigenicity compared to viral vectors; 2) their ability to degrade
and be metabolizeth vivo, and 3) control of menthne permeability. As such, they can self
assemble in order to encapsulate and protect the therapeutic gene on their journey to the target
site? More recently, lipid nanoparticles have successfully been utilized for the delivery of mRNA
to cells and ar@mow in clinical use againgtoronavirus disease 2019 (COVIY), an exciting
milestone for notviral gene therapeutics.

While the nature of the cationic component is vital for improved cellular intake and
endosomal escape, the ovetadinsfection efficiency, duration of expression, and-seécific
protein expression are all dictated by the design of the therapeutic® gemeventional

recombinant plasmid DNA are circular covalently closed (CCC) vectors which typically consists
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of a aikaryotic expression cassette and a prokaryotic backt§oRieis prokaryotic backbone
comprises bacterial sequences and CpG motifs which attribute to several safety and efficiency
limitations: 1) it induces cytotoxic reactions to the host immune systermhc@jnpromises the
bioavailability of the vector due to its size; 3) it may be genotoxic due to its potential to integrate
into the host chromosome, thus potentiating oncogetftRsmoval of the prokaryotic backbone

in the new generation of linear coeatly closed (LCC) DNA minivectonsot only eliminated the
delivery of unwanted prokaryotic sequences known to induce immune responses, but also allowed
for the formation of smaller vectors which allows for efficient DNA packaging into synthetic
vectors ad rapid intracellular trafficking upon cytoplasmic rele&s®.

The parental CCC pDNA is composed of a eukaryotic expression cassette enclosed by two
target sitesvhich act as recognition sites for bacteriophage derived Tel protelométdpenin
vivoexpression of Tel protelomerase and following enzymatic activity for excision of the
covalently closed terminal ends, the parental CCC pDNA is converted into two small fragments:
1) a LCC backbone DNA carrying the prokaryotic backbone, and 2) a LC& miNivector1®
LCC DNA minivectors carry a minimal expression cassette consisting of the eukaryotic promoter,
gene of interest, intron, and polyA sequence, and nuclear translocation enhancing sequences,
whichsignificantly reduces their size compareddoventional pDNA!%1¢  Although the specific
manufacturing process of the small dumbisélhped LCC DNAninivectorsutilized in this study
is proprietary, the reader is referred to a previously described-steménduciblen vivo system
for the prodution of LCC DNA minivectors irE. colil?®

When designing vectors for gene therapy applications, it is important to consider the size as
well as the topology, or thetramolecular shapircular vs. linear), of the DNA component. LCC
DNA vectors werelsown to exhibit enhanced transgene expression over CCC pDNA counterparts
as demonstrated by cytoplasmic and nuclear microinjections along with transfection using
Lipofectamine!?>'’ Microinjection of LCC vectors into the nucleus of C@S%ells elicited a 80
fold increase in transgene expression relative to its CCC pDNA countErpantther
Lipofectaminemediated transfection studies involving cytoplasmic microinjection also
demonstrated improved gene expression with LCC DNA minivectors compared @Otp[@NA
counterpart! These results revealed a relationship between nucleic acid size and transgene
expression as higher transgene expression was correlated with decreasing LCC vector sizes with

the highest expression achieved with the smallest LCC DN¥vattor (2.3 kb} Similar results
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were obtained in a comparative study where4& gemini surfactants incorporating either LCC

DNA minivectors or CCC parent plasmid shows minimal differences with respect to
physicochemical properties or gemimediat@ transfection efficiencieS.However, statistically
significant increase in transfection was achieved with LCC DNA minivectors complexed with the
positive control Lipofectamine with approximately 19% cells transfeét@tiese studies reveal

that nucleic acid size and topology do have an influence on transgene expression and should be
defined for every novel transfection formulation. Consequently, to provide further insight into the
interactions between LCC DNA minivectoand lipidbased carriers, we collaborated with a
pharmaceutical partner and developed a comparative analysis study to evaluate the influence of
LCC and CCC DNAsize and topologynd compare the physical properties and transfection
efficiency of the restihg lipoplexes after complexation with either the commercially available
reagent Lipofectamine 3000 or the proprietary Lipidn2erestingly, despite the size and DNA
topology disparities between the 6.3 kb CCC pDNA vectors an#BLZZC DNA minivectors
lipoplexes of comparable hydrodynamic diameters, polydispersity index, and zeta potential
measurements were formed when assessed in deionized water. However, LCC DNA minivectors
exhibited improvedn vitro transfection efficiency when complexed with eith_ipofectamine

3000 or Lipid 2 compared to their parental CCC counterparts.
3.3 Materials

Lipofectamine 3000 (Invitrogen) was purchased from Thermo Fisher Scientific (Burlington,
ON, Canada). Thkipid 2 is aproprietary carrier and was received throwagcollaboration with a
pharmaceuticgbartner The synthesis process, size, structure, and the molecular weight of Lipid
2 isproprietary to thepartner

The CCC parental pDNA and thcterial sequenefeee LCC DNA minivectorscarrying
theenhanced gren florescence proteireGFP)expression cassetiownstream of a (CAG)
promoter was produceda the proprietary manufacturing platform of ghtearmaceuticgbartner
Information on the manufacturing process of these DNA constructs is proprietanctmtpany.

Physicochemical characterization and transfection experiments used deionizedhéater
was purchased from Thermo Fisher Scientific (Burlington, ON, Canada).

HEK 293 (human embryonic kidney) cells (ATCC CRE73) and ARPEL9 (arising retinal
pigmented epithelium) cells (ATGCLR-2302) were purchased from American Type Culture
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Coll ection, ATCC (Manassas, VA, USA) . Dul
formulated with high glucose and pyruvate (Gibco), DMEMZFwithout phenol red (Gibco),
Canalian-origin fetal bovine serum (FBS) (Gibco), OMEM | Reduced Serum Medium (Gibco)
0.25% TrypsiREDTA with phenol red, Penicillistreptomycin 100X (10,000 U/mL) (Gibco), 15
mL falcon tubes, 75cm2 and 175cm2 Nunc 114 EasYFlask cell culture flasks |andltoee
coated 24well plates (Nunc, Thermo Scientific) were purchased from Thermo Fisher Scientific
(Burlington, ON, Canada).

3.4 Methods

3.4.1 Preparation of transfection lipoplexes

The preparation of the transfection lipoplexes was dictateldol/P-ratio, the ratio of the
number of cationic charges of the lipid nanoparticles to the number of anionic charges of the DNA
molecule. Equal amounts (by weight) of LCC DNA minivectors and CCC parent plasmid were
used to prepare all samples (SEsble 3.4-1). All stock solutions and solvents were filtered
through a sterile 0.22m polyethersulfone (PES) syringe filter (Sartorius) prior to use.

Lipofectamine 3000 lipoplexes were made a2:d, 4:1 and 8:1 NP~ charge ratio in
deionized waterBriefly, the tansfection lipoplexes were prepared by mixingdL of diluted
nucleic acid into different aliquots of the Lipofectamine 3000 stock solution.(Z ‘ L, and 8
‘L) all at once. The solution was vortexed immediately and spun down briefly. The mixture was
then allowed to incubate for 15 minutes at room temperature.

Lipid 2 formulations were prepared by mixing 1 ug of diluted nucleic acid into different
aliquots of the lipid stock solution all at once. The solution was vortexed immediately and spun
down brefly. The mixture was then allowed to incubate for 30 minutes at room tempei@ture

allow complexation.
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Table 3.41: Preparation of LCC DNA minivectors and CCC pDMdArived lipoplexes

DNA construct Nucleic acid Molarity (pMol) Molarity (pMol) per
Size (Base Pair) per 1 ug N*/P- ratio

2:1 4:1 8:1
LCC DNA minivector 3170 0.48 0.96 1.91 3.82
CCC pDNA 6280 0.24 0.48 0.97 1.93

3.4.2 Physicochemical characterization of lipoplexes

Hydrodynamic diameter, polydispersity index (PDI), and zeta potential analyses were
performed on all Lipofectamine 3000/DNA ahgbid 2/DNA lipoplexes using a ZetasizBlanc
ZS set to 25°C (Malvern Nano series instruments, UK). Particle sizes and PDI in deionized water
were determined using the scattered light intensity distribution from dynamic light scattering with
a measurement angle of 173°. Disposable Solvent Resiglicro Cuvettes (ZEN0040) used for
particle size and PDI were primed with the sample before loading. Zeta potential in deionized
water was determined from laser Doppler electrophoresis. Disposable folded capillary cells
(DTS1070) used for zeta potentimére primed with the sample before loading. 7Q0sample
was loaded via syringe into a primed Disposable folded capillary cells (DTS1070) and inserted
into the cuvette holder in the Malvern Zetasizer NdSoset to 25°C (Malvern Nano series
instrumentsJK). All samples were freshly prepared, as previously described, immediately prior
to measurement. Three individual experiments were completed per study, and each experiment
included three independent measurements per sample. The results are expribesatcan of
three separate experiments with three replicates (i.e. means of means) + the standard deviation.
Uncomplexed DNA (samples without lipid) served as a positive control group for the

physicochemical characterization experiments.

3.4.3 Cell culture

HEK-293 cells were cultured with DMEM (with pyruvate and high glucose) supplemented
with 10% (v/v) FBS, while ARPE9 cells were cultured with DMEM/E2 without phenol red
supplemented with 10% (v/v) FBS and pXnicillin-streptomycin Cells were inabated at 37°C
with 5% carbon dioxide in a tissue culture incubator (Thermo Scientific). Cells werikuied
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at least once before use in any transfection and viability experiments. Experiments were carried

out with cultures having passage numbers #0to

3.4.4. In vitro transfection assay

Cells were grown at 37°C with 5% carbon dioxide and maintained-8@%0confluency in
75cm2 tissue culture flasks prior to transfection. To initiate transfection experiments, cells were
seeded into 24vell plates at a density of 100, 000 cells/well (HEB32cells) and 200, 000
cells/well (ARPE19 cells) and were incubated at 37°C for 24 h before transfection in complete
media without antibiotics. One hour before transfection, cells were washed with 1X DPBS and the
culture medium was replaced with serfnee medium. Meanwhile, lipoplexes and controls were
prepared freshly under as described above. All stock solutions were filtered through a sterile 0.22
‘m PES syringe filter (Sartorius) before use. An appropriate volume of the transfection
nanoparticles waadded to each well to achieve a plasmid dosé€ gf'well. To ensure consistency
in plasmid and lipid concentrations between wells, first a volume of medium was removed from
each well, then an equal volume of the transfection treatment was added t@llthdrepwise.
The plates were then rocked to ensure even distribution in the wells before being returned to the
incubator. Plates were then incubated at 37° C for 5 hours before the transfection medium was
replaced by fresh DMEM or DMEM/E2 with 10% FBSwithout antibiotic. Cells were then
further incubated at 37° C until 4Bours postransfection at which point the cells were collected,
washed, and resuspended in DPBS. Cells were then harvested for flow cytometry analysis to assess
transgene (EGFP) exgssion and cell viability. Prior to harvesting, the medium was collected from
each well and combined with the corresponding harvesting cells.

To select the appropriate positive control group, Lipofectamine 3000 was complexed with
LCC DNA minivector pDNA @C constructs and formulations were prepare®pt-MEM
Medium by foll owing the rmadrewluaed atuhree/fR charger e c 0 mmr
ratios: 2:1, 4:1 and 8. Optimization of these samples revealed that highest transfection
efficiencies wee achieved when formulations were prepared at a ratio of rati6 gflAINA to 4
‘ L of Lipofectamine 3000 (data shown in TablelBand Figure B3 of Appendix B. To ensure
consistency between the control and test treatments, a final plasmid dosewéll wgé used.

All transfection treatments were freshly prepared one hour prior to transfection.

Additionally, three independent experiments were completed per cell line and each experiment
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included three independent measurements per sample to ensuisteoays The results are
expressed as the mean of three separate experiments with three replicates (i.e. means of means) +

the standard deviation.

3.4.5 Flow cytometry analysis

After 48 hours of transfection, the supernatant medium was collected from each well, then
cells were rinsed with 250L of DPBS, detached with 1 mL 0.25% Tryp£&DTA for 5 minutes
followed by neutralization with 2 mL of complete medium. The cells wesr tiollected in a 5
mL round bottom polystyrene tubes (Falcon, Corning Life Sciences) and centrifuged at 4°C for 10
minutes at 125xg (Sorvall Legend RT, Thermo Scientific). The supernatant was then aspirated,
and the cells were washed twice with 2 mL DRB®r centrifugation. The final cell pellets were
then resuspended in DPBS and stored on ice. Five minutes before flow cytometry analysis, 10
of a 1a g/mL propidium iodide (PI) solution (Sigma Aldrich) was added to each tube. Samples
were analyzed usg a Beckman Coulter CytoFlex S Flow Cytometer (School of Pharmacy,
University of Waterloo). Samples were excited with a 488 nm laser, and 10,000 events analyzed
per sampleUntreated cells (i.e. cells that did not receive any treatment) and cells tieahoie
stained withPl were used as cell controBata files were subsequently analyzed using CytExpert

software.

3.4.6 Statistical analysis

Graphs were plotted and statistically analyzed using the Graphpad Prism 6 software.
Statistical analysis coparing treatment results to a control grougre determined by ongay
analysis of variance (ANOVAand a dependent, two ai | e d, t wo stesmpebte St ud
assumptions included a normal distribution with equal variance at 95% confidence inteneads, w
values of p < 0.05 were considered statistically signifidaath error bar represents the standard
deviation of three independent experiments, where each experiment consisted of three individual

replicates per sample.
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3.5 Results

3.5.1 Physicochemical characterization of nanoparticles

The mean hydrodynamic diameters, polydispersity index (PDI), and zeta potential of both
uncomplexed and complexed nanoparticlesleronized watewere evaluated at 26 using a
Malvern Zetasizer Nang@S (Malvern Nano series instruments, UK). For hydrodyicadiameter
and PDI measurements, samples were diluted 100X deibnized water Resultsfor the
uncomplexed materials are showriliable 3.5-1 and the results for the lipoplexes are displayed
in Table 3.5-2 and illustrated irFigure 3.5-1 andFigure 3.5-2.

The results iriTable 3.5-1 shows that despite the differences in size and topology between
the 6.3 kb CCC pDNA and 3.2 kb LCC DNA minivector, when equal amounts (by weight) of each
nucleic acid is used, only very slight changes in mean lklydiamic diameters were observed.
These differenceshough smallmay be attributed to the structural nature of the two DNA
constructs, with linear DNA minivectors contributing to more compact conformations than their
circular counterparts. With respect teta potentialthe LCC DNA minivector exhibited a greater
(-) value compared to the pDNA (CCC). On the other hand, the PDI of all uncomplexed
nanoparticles ranged between 0-3D57 indicatingsubstantiapolydispersitydue tathe formation

of nanopartias that are highly variable in size.

Table 3.5 1. Mean hydrodynamic diameter, polydispersity index (PDI), and zeta potential of
uncomplexed LCC DNA minivectors, CCC pDNA Lipofectamine 3000, lapai 2 prepared in
deionized vater. Mean values * the standard deviation for three experiments, each experiment
consisting of three individual replicates per sample are reported.

Mean Mean PDI Mean Zeta Potential (mV)
hydrodynamic
diameter (nm)
LCC DNA minivector 324 +10 0.39+0.01 -32+5
CCC pDNA 360+9 0.43+0.02 -26+2
Lipofectamine 3000 212+9 0.30 £0.02 31+3
Lipid 2 321 +4 0.57 £ 0.03 45 + 2
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The preparation of the lipoplexes were dictated by th®MNcharge ratio. Typically, an
excess amount of the cationic lipid component is required to achieve complete neutralization of
the negatively charged phosphate group of DNA to effectively complex the therapeutic gene. As
such, lipoplexes were formulatedat2:1, 4:1, and 8:1 MP- charge ratio via electrostatic and
hydrophobic interactions between the cationic lipid carrier and the negatively charged DNA
constructs.

Table 3.5-2 andFigure 3.5-1 show the mean hydrodynamic diameters and PDI results of
the Lipofectamine/DNA andLipid 2/DNA lipoplexes. Like the trend observed with the
uncomplexed materials, minimal differences in mean hydrodynamic diameters with lipoplexes
prepared with either LCC DNA minivector and CCC pDNA were seen. Compared to the ligoplexe
prepared with Lipid 2, samples formulated with Lipofectamine 3000 formed relatively small
nanoparticles (between 131158 nm) and more uniform particles as indicated by a PDI of less
than 0.3 for all three charge ratios. Based on the literature, gbweryl@anoparticles that form
nanoparticles smaller than 200 nm with a uniform particle size distribiRIDhtypically less than
0.3 are optimal as they have shown to increase cell uptake and DNA release from the eA8losome.
Additionally, small nanopdicles have also shown high transfection efficieimcyitro andin vivo
due to their ability to cross capillary networks, for example in the spleen, lungs, liver, and%idney.
As such, these thresholdluesareimportantand were taken into consideration when designing
these lipoplexes in order to avoid degradation and for efficient DNA delivery to the nucleus.
Figure 3.5-1 illustrates the trend between the mean hydrodynamic diameter, and PDI for all
lipoplexes. Overallthe hydrodynamic diameter decreased as th® Mharge ratio increased.
These results were expected and align well with what has been seen in previous literature reports.
The larger hydrodynamic diameter exhibited at lower charge ratios are likely thlie o€s
aggregation upon charge neutralization and subsequent addition of more of the cationic lipid
carrier component at 4:1 and 8:I/R charge ratios, resulted in a decrease in hydrodynamic

diameter with lower PDIs.
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Table 3.52: Mean hydrodynamic diameter, polydispersity index (PDI), and zeta potential of
Lipofectamine 3000 antipid 2 prepared in deionized water at varying/ratio measured at
25°C. Mean values * the standard deviation for triplicate experiments, gpehraent consisting

of three individual replicates per sample are reported.

Lipid DNA added N*/P- Mean Mean PDI Mean Zeta
ratio hydrodynamic Potential
diameter (nm) (mV)
Lipofectamine no DNA added 0 212+ 9 0.30 £ 0.02 31+3
3000
LCC DNA 2:1 144 + 4 0.26 £ 0.02 15+1
minivector
4:1 121 +5 0.16 £ 0.02 17+2
8:1 111 +7 0.13+0.04 232
CCC pDNA 2:1 158 +£5 0.29 £ 0.04 173
4:1 125+ 4 0.17+0.01 232
8:1 122 +7 0.15+0.02 29+1
Lipid 2 no DNA added 0 3214 0.57 £0.03 45+ 2
LCC DNA 2:1 224 +5 0.33+0.02 21+3
minivector
4:1 152 +8 0.24 £ 0.02 271
8:1 144 + 8 0.17+0.01 282
CCC pDNA 2:1 321+9 0.43+0.01 24 +2
4:1 209+ 11 0.29+0.01 291
8:1 1536 0.17 £0.02 391
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Figure 3.51: Mean hydrodynamic diameter and polydispersity indices (PDIs) of uncomplexed
lipids and lipid/LCC DNA minivector or lipid/CCC pDNA complexes prepared at varyin@N

ratios of each lipid upon 100Hilution with deionized water. Error bars represent the standard
deviation of triplicate experiments, each experiment consisting of three individual replicates per
sample. The dotted line represents the hydrodynamic diameter threshold for an optimal gene
delivery system (200 nm).

High zeta potential values, whether negative or positive, are indicative of high stability as
electrostatically repulsive forces exceed attractive forces, the latter of which lead to coagulation or
flocculation and thus, physicaistability. Forin vivogene delivery application, values above +20
mV are used as a threshold for particle stabifitfable 3.5-2 and Figure 3.5-2 show the zeta
potential measurements of the Lipofectamine/DNA hipdd 2/DNA lipoplexes. Interestingly,
despite the differences in zeta potential values sedmbihe 3.5.1 with the uncomplexed DNA
constructs, lipoplexes formed by LCC DNA minivector and CCC pDNA exhibited comparable

zeta potential measurements. Additionally, all lipoplexes showed a veay toéad: the zeta
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potential increased linearly as the/R charge ratio increased. These results were expected
because theoretically as thé/R ratio increases from 2:1 to 4:1 to 8:1, #mountof the cationic

lipid nanoparticles required to compldetDNA construct also increases, resulting in the presence
of excess lipid cations in the solution that remains uncomplexed in the solution and attributes to
an increase in zeta potentfalAll complexed nanoparticle formulations show zeta potentials
between the ranges of 1539 mV which is generally associated with high colloidal stakalitging

from electrostatic repulsive forcesCompared to samples prepared withid 2, Lipofectamine

3000 formulations resulted in a slightly lower zeta potential, presumably due to the shielding of

the negatively charged DNA phosphate group by the catiipidc

Legend:
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Figure 3.52: Mean zeta potential of unowlexed lipids and lipid/LCC DNA minivector or
lipid/CCC pDNA complexes upon 100X dilution with deionized water at varyin@ Katios of

each lipid. Error bars represent the standard deviation of three independent experiments, each
experiment consistingf three individual replicates per sample. The dotted line represents the zeta
potential threshold for an optimal gene delivery system (+ 20 mV).
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3.5.3 In vitro transfection efficiency and cell viability of HEK-293 cell lines

Gene expression of the ldfectamine 3000/DNA and Lipid 2/DNA complexes prepared at
a carrier:DNA charge ratios of 2:1, 4:1 and 8:1 in water was assesaé®. Equal amounts (by
weight) of the LCC DNA minivector and CCC pDNA were used to prepare the transfection
treatments.

From the results displayed iRigure 3.5-3, transfection efficiency determined by EGFP
expression in viable HEXR93 cell lines was shown to be dependent on two factors/R)dlarge
ratio, and 2) DNA size and topology. Formulations prepared with either the Lipofectamine 3000
or Lipid 2 resulted in an upward trend in transfection as thé#Matio increased, with the 8:1
formulation showing the greatest transfection efficienggiditionally, transfection treatments
prepared with Lipofectamine 3000 resulted in a-feld increase in transfection efficiency
compared td.ipid 2-mediated transfection efficiencies. With respect to DNA size and topology,
direct comparisons with equamounts (by weight) of LCC DNA minivectors and CCC pDNA
indicated no significant differences withipid 2-mediated transfection efficiencies. However,
transfection using Lipofectamine 3000 indicated that the 3.2 kb LCC DNA minivector imparted
statisticallysignificant increase in transfection compared to their 6.3 kb parental counterparts.

As shown inFigure 3.5-3, there was no significant decrease in cell viability compared to
nontreated cells. It is also interesting to note that there was a signifimprvement in cell
viability when the cells were harvested and analyzed 48 hours following transfection treatment as
compared to the results obtained the day after treatment (data not skelable A-1 andFigure
A-3 in Appendix A). This may likely bedue to recovery of the cell membrane following

permeabilization.
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Figure 3.5-3: Transfection efficiency and cell viability in HEK 293 cells treated with lipid/LCC
DNA minivector or lipid/CCC pDNA nanoparticles preparedaiaterat varying N/P ratios of

each lipid. Transfection efficiency is represented by the number of live cplisssing EGFP (as

a percentage of total cells analyzed), while cell viability was indicated by positive propidium
iodide staining (as a percentage of total cells analyzed). Transfected cells were collected 48 hours
post transfection. Means of three sepatperiments with three replicates are plotted with error
bars representing the standard deviation of triplicate experiments, each experiment consisting of
three individual replicates per sampBtars indicate significantly higher transfection efficiesci

of LCC DNA minivectorscompared to its parental CCC pDN@&ontrol conditions consisted of

untreated <cells (Il abelled as “cell only (no
3000*/LCC DNA minivector OR Lipofectamine 3000*/pDNA (CCC)*(R charge ratio of 4:1)
wereprepared in OptMEM Mediumby f ol | owi ng the manufacturer’
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3.5.3 In vitro transfection efficiency and cell viability of ARPE-19 cell lines

ARPE-19 cell lines were used to assess the transfection efficiand cell viability of the
Lipofectamine 3000/DNA and Lipid 2/DNA complexes in retinal cell lines. Transfection
treatments were prepared at a carrier:DNAPNcharge ratios of 2:1, 4:1 and 8:1 in water and
equal amounts (by weight) of the LCC DNA minivector and CCC pDNA were used to ensure a
direct comparison between the two DNA constructs.

Similar to what was observed in HEK 293 cells, transfection efficidetgrmined by EGFP
expression in viable ARRE9 cells was dependent ori/R charge ratio as well as DNA size and
topology Figure 3.5-4). However, here the effect of'NP charge ratio on transfection was not
consistent for all lipoplexes. For example ARPE-19 cells, formulations prepared witlpid 2
resulted in an upward trend in transfection as thé#Matio increased, with the 8:1 formulation
showing the greatest transfection efficiency (23.0% cells transfected by LCC DNA minivectors
and 16.1% cdd transfected by CCC pDNA). On the other hand, relative to Lipid 2 lipoplexes,
formulations prepared with Lipofectamine 3000 in water showed greater expression with the
highest transfection efficiency achieved at the 4:1 charge ratio (40.9% cells trechdfed CC
DNA minivectors and 34.1% cells transfected by CCC pDNA). With respect to DNA size and
topology, a statistically significant increase in transfection was observed with formulations
prepared with the smaller LCC DNA minivector construct in comsparto their larger parental
CCC counterpartsAs also shown irFigure 3.5-4, cell viability was not significantly reduced by
any of the transfection treatments when compared to the negative control group (untreated/cell

only, no plasmid).
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Figure 3.5-4: Transfection efficiency and cell viability in ARPB cells treated with lipid/LCC

DNA minivector or lipid/CCC pDNA nanoparticles preparedwaterat varying N/P ratios of

2:1, 4:1 and 8:1. Transfection efficiency is characterized by the number akligeexpressing

EGFP as a percentage of the total cells analyzed, while propidium iodide was added to measure
the cell viability of the transfection treatments and is shown as a percentage of total cells analyzed.
Transfected cells were collected 48 hoyrsor post transfection. Means of three separate
experiments with three replicates are plotted. The error bars represent the standard deviation of
triplicate experiments, each experiment consisting of three individual replicates per stangle.
indicatesignificantly higher transfection efficiencies of LCC DNAInivectorscompared to its
parental CCC pDNACont r o | conditions consisted of untr
plasmid)oand cells treated with L Lipdaeindg a mi ne
3000*/pDNA (CCC) (N/P charge ratio if 4:1)vere prepared in OpMEM Medium by following

the manufacturer’”s recommendations.
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3.6 Discussion

Compared to viral vectors, nefral DNA-based gene delivery is a safaternative
method. However, the transfection efficiency of nnmal vectors is lower, likely due to inefficient
DNA uptake by cells, poor cytoplasmic diffusion, and low nuclear upfak@esign and
optimization of highly efficient synthetic carrieesmd the DNA construct will significantly
influence the properties of the system, and consequently improve transfection efficiency. This
work aimed to study the influence of DNA size and topology on nanoparticle physicochemical
characteristics in deionized wateandin vitro transfection efficiency which may inform the
development and optimization of LCC DNA minivector formulations.

With respect to the influences of DNA topology on the physicochemical properties and
transfection efficiencies, direct comparisdregween the LCC DNA minivectors (3.3 kb) and the
CCC pDNA (6.3 kb) cannot be made due to the inherent differences in the size of the two vectors.
By preparing samples based on equal amounts by weight, the results from this work would translate
to more cothg units for the DNAminivectorscompared to the CCC pDNA. For example, since 1
ug of each DNA construct was used to prepare the samples and knowing that the average molecular
weight of a nucleotide pair is 660 g/rffahis would translate to approximate).48 pMol of LCC
DNA minivector/sample and 0.24 pMol of CCC pDNA/samgdeoutlined iriTable 3.4-1 above
Therefore, a true comparison would result from approximately doubling the concentration of CCC
pDNA/sample while keeping the concentration of LCC AMinivector/sample the same
Nonetheless, results from this study even when equal amounts (by weight) of LCC DNA
minivectors and CCC pDNA are compareglveal certain differences arising from the influences
of DNA size and topological conformations.

First, to study the effect of DNA size and topology on physicochemical properties,
uncomplexed as well as complexed CCC pDNA and LCC DNA minivectors with either
Lipofectamine 3000 or Lipid 2 nanocarriers were prepared in deionized water and assessed.
Compactio of the DNA construct through electrostatic and hydrophobic binding of cationic lipids
lead to the formation of lipoplexes. Measurements of the mean hydrodynamic diameter, PDI, and
zeta potential measurements of the lipoplexed transfection treatmepteseated iTable 3.5-

2, Figure 3.5-1, and Figure 3.5-2. Mean hydrodynamic diameter values for the lipoplexes
prepared with the LCC DNA minivectors ranged between 111 nm to 223 nm, their PDI ranged
from 0.13 to 0.33, and their zeta potential measuremanged from 15 mV to 28 mV. On the
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other hand, mean hydrodynamic diameter values for formulations prepared with the parental CCC
counterparts ranged between 122 nm to 321 nm, their PDI ranged from 0.15 to 0.43, and their zeta
potential measurements rangéom 17 mV to 39 mV. These results suggest that direct
comparisons with equal amounts (by weight) of DNA constructs reveal no statistical differences
in physicochemical properties despite the distinct differences in DNA size and topology.
Nanosized lipopbees were formed, suggesting efficient compaction of DNA.

Despite having comparable physicochemical properties as lipoplexes, certain differences
were observed with the uncomplexed materials which may provide further insights into the
influences of DNA size and topology. As showrTuble 3.5-1, the mean hydrodymic diameter
of the pDNA CCC DNA (360 nm £ 9) was comparable to the LCC DNA minivectors (324 nm %
10) despite being the larger sized plasmid (CCC pDNA: 6.3 kb vs. LCC DNA minivectors: 3.2
kb). DNA supercoiling may have led to the formation of compactaramdtions which may have
attributed to the comparable particle sizes. With respect to zeta potential, lower effective negative
surface charge for CCC pDNAZ6 + 2), was obtained compared to LCC DNA minivectof82(

+ 5). The supercoiled conformation GCC pDNA may have shielded a fraction of the negative
charge attained from the phosphate groups of DNA, which explains the lower effective negative
charge for CCC pDNA. In contrast, the linear structure of LCC DNA minivectors contributed to
more prominensurface charges, which may explain the lower negativepgential charge (see
Figure 3.6-1).%°
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Figure 3.6-1: Schematic of the differences between the negative charge distribution (predicated
by the phosphate groups of DNA) of the LCC DNA minivector and the CCC supercoiled parental
DNA. Due to the supercoiled nature of the CCC parental DNA, a fraction of theveegarges

may be masked whereas, due to the linear structure of LCC DNA minivector, the negative charges
are more prominent leading to a higher zatéential relative to their CCC counterpart.
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In relation to lipoplex formation, if the less negativeéazaotential with the CCC pDNA is
due to supercoiling and charge shielding, then it is expected that there will be less lipid binding at
lower N/P charge ratios (lipid not in excess) which would result in the formation of larger
particles due to less cdansation. This theory aligns with the results display€&tlaivle 3.5-2.
From these results, it is evident that these particle sizes were larger at lower charge ratios (lipid
not in excess). However, as the concentration of lipids in solution incredsgbetcharge ratios,
this may have altered the supercoiling structure of CCC pDNA such that the previously shielded
negative charges have now become more prominent. As such, this may have enhanced interactions
between the cationic and anionic componergsulting in efficient complexation between the
lipid-DNA construct and the formation of smaller particles with a higher positive zeta potential.
The ultimate goal of these transfection treatments is to efficiently transfect the host cells and
express itgene. Therefore, the ability of the LCC DNA minivectors and CCC pDNA complexed
with the lipidbased nanocarriers to transfect cells was assesgib using HEK 293 and ARPE
19 cell lines. Cell viability was assessed alongside transfection efficisimy low cytometry.
Cell viability for all transfection treatments remained high and comparable to the positive control
group which indicates that the tested samples caused minimal toxicity in both HEK 293 and ARPE
19 cell lines. With respect to transfien efficiencies, a number of relationships were identified
between formulations that may give further insight into the influences of DNA size and topological
conformations. As presented Figure 3.5-3 and Figure 3.5-4, direct comparison with equal
amourts (by weight) of LCC DNA minivectors and CCC parent plasmids revealed no statistically
significant differences with Lipofectamine 3000 dngid 2-mediated transfection efficiencies at
the lower charge ratios of 2:1 and 4:1. However, transfection uspodatamine 3000 indicated
that LCC DNA minivectors showed significantly higher transfection efficiency compared to their
parental CCC counterparts at the 8:1 charge ratio. Similarly, LCC DNA minivectors complexed
with Lipofectamine andLipid 2-mediated tansfection efficiencies in ARRE9 cell lines,
specifically at the higher charge ratios of 8Higare 3.5-6), imparted higher transfection
efficiency compared to its CCC counterpart. This observation is similar to the findings by Sum et
al. where LCC DNAvectors were shown to exhibit improved transgene expression over the CCC
pDNA counterparts using LipofectamiteThis may be explained by the fact that the LCC DNA
vectors are markedly smallby weight (CCC pDNA: 6.3 kb vs. LCC DNA minivectors: 3.2 kb)
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compared to the corresponding CCC parental counterpart. Due to their smaller size, LCC DNA
minivectors allow for efficient packaging of a higher copy number of the cistron into the lipid
nanopaticle relative to the CCC pDNA. Although lipoplex size and structure do not varying with
increasing DNA length, the number of DNA molecules incorporated into each lipoplex has shown
to increase linearly with decreasing DNA si?és such, the transfectiagfficiency of lipoplexes

is proportional to the number of enclosed DNA molecules in the lipoplexes, with higher
transfection efficiencies achieved with lipoplexes incorporating a higher number of DNA
molecules as observed in these resifthese observmnsare comparable to thosea previous

study byCameronret al. where smaller pDNA complexes attained higher transfection efficiency
over larger pDNA when lipoplexes were restricted to possess a simple coding cassette in each
particle?® Additionally, smaller sized DNA constructs have previously revealed rapid intracellular
trafficking upon cytoplasmic release which may also attribute to the increased transfection
efficiency observed by the LCC DNA minivectors in this wétkWith respect to topology,
previous atomic force microscopy studies have shown that CCC DNA form compact spherical or
cylindrical condensates with cationic lipids whereas LCC DNA minivectors form extended pearl
necklacelike structure which may help promote faster cytoplasmic didfusnuclear uptake, and

gene expression rate relative to its parental CCC countefpdrtss could also explain the
observations made in a previous study on different types of linear closed vectors, where LCC
MIDGE vectors improved gene expression layelto 17fold in specific tissues compared to the
corresponding plasmitf. These results suggest that DNA topology is importantidovitro
transgene expression.

Additionally, based olrigure 3.5-3 andFigure 3.5-4, the transfection efficiencies wereals
influenced by the nature of the synthetic lipid component. Overall, higher transfection efficiencies
were observed with samples prepared with Lipofectamine 3000 compared to samples prepared
with the Lipid 2 (chemical structure andompositionunknown). This may be attributed to the
general structural composition of Lipofectamine. Lipofectamine consists of thé |gdtioleoyt
snglycero3-phosphoethanolamine (DOPE and dioeyloxysperminecarboxamindoethyl
dimethylpropanaminiunOSPA).?2 The hdper lipid DOPE aids in forming stable and fusogenic
liposomes which initiates the endosomal escape pathway in th® @&lé high transfection
efficiencies achieved by formulations incorporating DOPE has previously been attributed to the

structural tran®rmation of these lipids accompanied by their interactions with the negatively
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charged cell membrane. For example, the morphology of DOPE can transition from a bilayer to
an inverted hexagonal structure (d&gure 3.6-2) which aids to destabilize the essbmal
membrane and release the DNA cargo in the cytopfastoynova et al. supported this theory
suggesting that formulations that form phases with a highly negative interfacial curvature, such an
inverted hexagonal, would be the most effective carri@@SPA is also expected to have a-pH
dependent transition due to the polyamine region which is likely to aid in endosomal release and

enhance transfection efficienéy.

Figure 3.62: Prediction ofLipofectamine structure upon lipoplex formation with LCC DNA
minivectors in water. In the presence of LCC DNA minivectors, Lipofectamine magssafnble
to form an inverted hexagonal phase structwinech may aid in destabilization of the endosomal

membane.

Additionally, based on the results presentefiable 3.5-2 andFigure 3.5-3 andFigure 3.5-
4, it is clear that physicochemical properties have a direct influende weiiro transfection
efficiency. Highest transfection efficiency was achievechveinaller lipoplexes with a higher
cationic surface charge. These results are in agreement with literature as small nanoparticles can
easily enter the cell to exert their function, while the high positive charge allows for favourable

interactions with theell surface consequently improving cell uptak&.
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3.6.1 Effect of N"/P-charge ratio on the physicochemical properties of LCC
DNA minivector-based lipoplexes

The transfection treatments for this work were prepared and assessedditfémesd N/P
charge ratios (2:1, 4:1 and 8:1) by systemica
while fixing the number of phosphates (from DNA) in the system. Previous studies have shown
that the N/P character of a lipid/DNA complezan influence many lipoplex properties such as
its hydrodynamic diameter, particle size distribution, as well as net surface gh&rghese
relationships are well defined for lipid/CCC pDNA complexes However, as previously observed,
the prominent nedave charge distribution attained from the phosphate groups of DNA LCC
minivectors may have influences on DMiaid binding. As such, the effect of N/P ratio on
physicochemical properties is an important property to further study for linearized DNA
construets.

Based orTable 3.5-2, Figure 3.5-1, andFigure 3.5-2, there are some trends betweeviFN
charge ratioand physicochemical properties which are clear. Smaller and more uniformly
distributed aggregates possessing high positive zeta potentials weed farimgher NP charge
ratios, of 8:1. Similarly with respect to transfection efficiency, improved gene expression was
achieved at higher WP ratios of 4:1 and 8:1. At higher'NP ratios, there is an excess of positive
surface charges for extensiviedrostatic interactions with the negatively charged phosphate
groups on the DNA backbone, leading to reduced lipid head group repulsion and the formation of
smaller and more stable lipoplexes through synergistic interactions. Lipoplex stabilities at the
higher N/P ratios (4:1 and 8:1) were exemplified by high zeta potential values (with low
variability) for both the LCC and CCG@ased lipoplexes (sdéable 3.5-2). Additionally, previous
studies have revealed that when the cationic component is usedugheaxcess, the overall
positive charge aids to facilitate interactions with the cellular membrane via electrostatic attraction
and cellular uptake fdn vitro transfectior’! However, forin vivo applications, the tradeff to
higher gene expression is the higher toxicity and instability that accompanies it. For example, the
cationic charge is often necessary for efficient transfection, however, delivery of highly cationic
materials, with a highxeess of free cationic lipids in the circulatory system, can cause toxicity by
adhering to and destabilizing the plasma membrane of red blood cells (hemolysis) which carry a
negative surface charge. The presence of particles carrying a high cationie shaiae also have

the potential to induce platelet aggregation in the bfdddhen the excess free lipid is purified
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from the complexesn vivo toxicity is drastically reduced. Thus, it is expected that the tendency
of the complexes to interact with regtyely charge blood cells will also increase with/iN
ratios® Consequently, foin vivo applications, it is important to understand the implications of
using cationic lipids at various™™ ratios from the context of not only gene expression, bot als

short and longerm toxicity.

3.7 Conclusion

Despite the inherestructuraldifferences between LCC DNA minivectors and CCC pDNA,
the physicochemical properties of the transfection treatments were surprisingly similar. However,
statistically improvedransfection efficiency was achieved with formulations prepared with LCC
DNA minivectors. More specifically, highest transfection efficiencies were associated with
Lipofectamine 3000/LCC DNA minivector lipoplexes at highéfcharge ratios. These retul
suggest that a relationship between DNA size, topology, and transfection efficiency do exist, and
an excess cationic charge is important for efficiamtvitro transgene delivery. Further
experimentation through additional physical characterization adsethin particular using
transmission electron microscopy or scanning electron microscopy methods, would add to the
results found in this work and would help to gain more insight into the properties of these
transfection nanoparticles. More specificallge tinfluences of DNA topology can further be
investigated through evaluation of nucleic acid condensation or through the evaluation of coiling.
These studies would lead to an improved understanding of the effects of DNA size and topology

on transfection gqaacities of lipidbased synthetic vectors.
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Chap4er

Physi cochemical Properties and
Cationi cB®xodg méact ors I ncorpo
Covalently Cl osevdec@&loGC) DN/

The work in this chaptas a continuation of the work presented in Chapter 3 and it of a
pharmaceuticatollaboration. Whilethe introduction will provide a review of the background
literature relevant to this work, the polymeric and nucleid aomponents utilized in this work

are proprietary and the specific names, chemical structures, and manufacturing processes cannot
be disclosed.

Non-viral gene therapies have the potential to overctiteeseveral drawbacks associated with
viral gene theapy, including theirhigh immunogenicity, limited packaging capacity, and
insertional mutagenesis leading to oncogend3isthe various noiviral vectors developed,
cationic polymersspecifically those which comprise pd¢nsitive functionalities, aggromising
candidates due to their unique properties of forming polyelectrolyte complexes with genes and
their ability to protect DNA from various enzymes to ultimately enhance transfection efficiency
by promoting endosomal escape through the proton spongeamism.The keyto improving

their efficiencyand to realize their full clinical potentid to rationally design all components of

the vector, including both the synthetic vehidad the therapeutic cargopCompared to
conventionalcircular covalently closed (CCQlasmid DNA vectors|inear covalently closed
(LCC) DNA minivectos havepreviausly demonstrated higher transfection efficiency and their
smaller size allows for the delivery of higher copy numbers to delthis study, theroprietary
polymeic carriers)inearPolymer landbranchedPolymer 2incorporating either thECCpDNA

or the LCCDNA minivectos were formulated and characterized to determine their particle size,
polydispersity index, zeta potential, amd vitro transfection efficiencyA clear relationship
between the transfection efficiency and the particle size ardpméntial was observedith

higher transfection being associated with smaller, uniformly distributed nanoparticles comprising
an excess positive chardef note, polyplexes composed of branched polymers compesitey
linkagescomplexedwith linear DNA constructs exhibited higher transfection, confirming the

importance of rational newiral vector design.
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4.2 Introduction

Successful gene therapy requires the efficient delivery of the therapeutic nucleic acids to the
cells of interest to &at diseasesHowever, challenges still remain with introducing DNA to
targeted cells and the mechanisms by which these processesmstilirnot well understood.

There are two types of delivery vehicles that can be used in gene therapy, virahairain
vectors, both of which have their own benefits and drawbdegsexample, although viral vectors
are effective in achieving high efficiency for both gene delivery and expression, limitations of
small carrying capacity, toxicity, high cost andmmnogenicity make viral vectors unattractive.

On the other hand, compared to viral vectors-vioal vectors are not only advantageous from a
safety perspective, btibeir properties can also be fitened by manipulation of the molecular
composition, uimately allowing for a more simplified productiénhile preferential from a
safety and design perspective, na@ttors vectors exhibit low transfection efficiencies)
important obstacle that must be addressed for such systemsetmobaized as effective vehicles

for gene delivery.Transfection efficiency can be improvedunyderstanding thgeneraktructural
features of both the synthetic vector and the enclosed DNA cargo and characterizing their
physicochemical and transfectiproperties. These properties also contribute to the safety profile
of the gene therapy nanoparticles.

Early studieshave revealedhat incorporation ofcationic components containing pH
sensitive functionalities, specifically polymers with nitrogen gratggsableof being protonated,
may enhance transfection through disruption of the endosomal membrane througicatedso
“prot on s p o n’ghe’protomdalcencarmoxyksgroups and alkyl chains of these peptides
tend to resist the acidification of @msomes due to their high buffering capacity, as a result easing
one of the critical steps of the transfection proeessdosomal escagélhese functional groups
have since been mimicked in synthetic-péhsitive polymers. The commercially available esdg
from Polyplus TransfectionetPEI® is an engineerelihear polymer ands one notable example
of a gene delivery material capable of inducing this proton sponge effect under the acidic
conditions of the endosome, which has been credited, in partheitiigh transfection efficiency
achieved by PEl.To validate this hypothesis, Akinc et al. designed a comparative study to assess
the transfection processes of thiequaternizedand therefore neproton sponge) version of PEI

and native PEI, capable of endosomal escape through the proton sponge mechanism. The results
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from this study were consistent with the proton spahgeryand suggested that the transfection
efficiency of naive PEI vectors is due to their unique ability to avoid acidic lysosomal
degradatiort® Additionally, polymericvectors also offer numerous other advantages, including:
1) high positive charge for effective DNA compaction at low concentrations to enbelce
uptake; 2) versatility in structural confirmation; 3) high biodegradability; and 4) efficient DNA
compaction generating smaller and uniform nanopartié¢les.

Since the names and the specific structures of the cationic carriers utilized in this work are
proprietary and cannot be disclosed, the generic structural components of the carriers will be
described to provide insight to their composition.

The proprietary Polymer 1 ia simple, linear polymer which is broadly based upon a
common polyethyleneimingtructuret! Dueto the ethylenimine core, Polymer 1 has the potential
to adopt a membrane disrupting conformation as the functional groups, such as the secondary and
tertiary amines, become protonated with decreases in pH (proton sponge-¢ffeist)eads t@n
increae is osmotic pressure and eventtigtuption of the endosomal membrane to facilitate
endosomal escap®.

Thebranchedgroprietary Polymer Basbeen synthesizeshdoptimizedto possesseveral
unique solution properties that are ideal for gdakvery. For example, due to the presence of
several different types of diamines and polymerized esters of amino acids, Polymer 2 can be
engineered to be watspluble or water insolubjer to have very high or low cationic charge
densities. Additionally, the presence of secondary and tertiary amine groups in the Polymer 2
structural backboneontributesto this polymer being suitable for the intracellular delivery of
DNA. These amine groups, particularity when positively charged, will not only pronradendi
to nucleic acids, but it will allow the complexes to remain stable in the cytosol due to their ability
to buffer the pH of their surroundings. Also, the buffering capacity of these molecules will also
promote the release of the DNA from the endosonteethe cytoplasm through the proton sponge
mechanisnt®

Rational design of both the synthetic carrier as well as the DNA cargo is essential to consider
when designing efficient WGDS. Conventional recombinant plasmid DNA, commonly used for
transfection are circular covalently closed (CCC) vectors which are composed of a eukaryotic
expression cassette and a bacterial backbombe eukaryotic expression cassette consists of

genetic components such as the gene of interest, intron, promoter, and transfection
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termination/polyadenylation signal, all essential for successful gene expression in transfected cells.
The bacterial backb@nconsists of an origin of replication for plasmid DNA replication and an
antibiotic resistance gene cassette for seleé¢ti@ompared to viral vectors, plasmid DNA are
easier and cheaper to produce in large guantities, are stable, and have a mucthé&hlifer
PlasmidDNA vectors do however have their own safety concerns. When delivered alone or
packaged within a synthetic vector, plasmid D#&ntransfer antibiotic resistance genes which
may enable horizontal gene transfers, giving rise to atithiesistant pathogens. Additionally,
unlike vertebrate animals, bacterial DNA have a higher frequency of unmethylated CpG motifs
which can induce immune respon$&3o overcome the various safety concerns associated with
plasmid DNA vectors, the dumblbahapedproprietarylinear covalently closed (LCC) DNA
minivectors are introduced as an alternat®*@.LCC minivectors have been specifically designed
and engineered to provide advantages of efficiently trafficking the nucleic acids into the cell
nucleus?! Compared to their supercoiled CCC parental counterdp@@, DNA minivectors lack
a bacterial backbone its structure it not only enhances the safety features ofriheeic acig
but also condenses the DNA size to improve intracellular traffickimtfycytoplasmic diffusiaf?
The linear nature of DNA mimectoralso minimizes the potential for insertional mutagenesis from
random genomic integratidf Although the manufacturing process of the LCC DNA minivectors
is proprietary and cannot be disclosélde reader is referred to a previously described the
production system for LCC DNA minivectots*®

Currently, a great deal of research is being carried out that focuses upon the rational design
of efficient synthetic vectorso address the major challenges associatitll conventional CCC
plasmid DNAgene therapy including, efficie@NA encapsulation, targeted delivery, cellular
uptake and internalization, endosomal escape, and nuclear localitttiwaver, as previously
described, convention&@CC pDNA suffer from several safety and efficiency liatibns so it
essential to rationally design an alternative strategy to traditional plasmid vectors, such as LCC
DNA minivectors. LCC DNA minivectors complexed with lipid nanoparticles were previously
studied in Chapter 3 to gain insight into the influencdsDNA size and topology on
physiochemical properties and transfection efficiency. Although a clear relationship between these
properties were observed, the overall transfection efficiency of the proprietary Lipid 2 in
complexation with LCC DNA minivectar(23.2% cells transfected) and CCC pDNA (15.3% cells

transfected) were low in APRID cells.To optimize and improve the transfection efficiency of
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LCC DNA minivectors, this work was completed in collaboration with a pharmaceptcaler
which aims to eplore the currently unknown molecular interactions and evaluate the efficiency
between LCC DNA minivectorafter complexation with either thinear Polymer lor the
branchedPolymer 2carriers Polymer 1 and Polymer 2 were selectgdthe pharmaceutical
partner for this work due to their versatilenorphological andstructural characteristics, as
describedabove and their transfection efficiency was compared to a-kredwn transfection
reagent, jetPEIA key finding is thatompared to the lipoplexetuglied in Chapter 3ransfection
usingPolymer 2LCC DNA minivectoss reported significantlymprovedtransfection efficiencyn
ARPE19 cells (60.1% cells transfected) suggesting thatsthgctural features of both the
synthetic carrier and the DNA constt are vital to optimizing newmiral vectors for gene therapy
applications. The results from this study also reveal thatntbkecular interactions and the
physicochemical properties between LCC DNA minivettased polyplexes differ from lipid

based syems.

4.3 Materials

The CCC parental pDNA anbacterial sequeneieee LCC DNA minivectors, carrying
theenhanced green florescence prot€atP) expression cassettnd a (CMV) promoter, was
received through a collaboration with a pharmaceupeainer Since these DNA constructs are
proprietary, information regarding the manufacturing processes cannot be disclosed.

Similarly, the proprietary Polymer 1 and Polymer 2 carriers were alsovegctirough a
pharmaceutical collaboration. Information regarding their name, chemical structure, and synthesis
process cannot be disclosed.

Physicochemical characterization experiments used either deionized wratéX
Dul becco’ sbufferddosahp withoue magnesium and calcium (DPBS) which was
purchased from Thermo Fisher Scientific (Burlington, ON, Canaldansfection experiments
useddeionized water.

HEK 293 (human embryonic kidney) cells (ATCC CR&73) and ARPHE.9 (arising retinal
pigmentel epithelium) cells (ATCECLR-2302) were purchased from American Type Culture
Coll ection, ATCC (Manassas, VA, USA) . Dul bec
formulated with high glucose and pyruvate (Gibco), Canadiayin fetal bovine serum (FBS)
(Gibco), DMEM/F-12 without phenol red (Gibco), 0.25% TrypsDTA with phenol red,
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Penicillin-Streptomycin 100X (10,000 U/mL) (Gibco), 15 mL falcon tubes, 75cm2 and 175cm2
Nunc 114 EasYFlask cell culture flasks and cell culture coatedeMplates (Nunc, Thermo

Scientific) were purchased from Thermo Fisher Scientific (Burlington, ON, Canada).

4.4 Methods

4.4.1 Preparation of transfection polyplexes

All stock solutions and solvents were filterdtdough a sterile 0.22m polyethersulfone
(PES) syringdilter (Sartorius) prior to use. Transfection polyplexes were prepared basédon N
ratio, the ratio of positively charged polymer amines (N = nitrogen) groups, to the ratio of
negatively charged nucleic acid phosphate (P = phosphate) gi@upssure airect comparison
by weight, an equal mass of LCC DNA minivectors and CCC pDNA were used to prepare all
transfection complexe%able 4.4-1 below provides insight into the*/P charge ratio as well as
the molar: molar ratio based on the base pair sieadf construct.

Polymer tbasedpolyplexes were prepared a2:1, 4:1 and 8:1 NP charge ratio in either
deionized water or PBS buffer. Briefly,{Ig of diluted nucleic acid was mixed into different
amounts of théolymer 1stock solution all at onc&.he solution was vortexed immediately and
spun down briefly. The complex was then allowed to incubate for 15 minutes at room temperature
to allow complexation.

Polymer 2basedpolyplexes were made at2al, 4:1, and 8:1 NP charge ratio in either
deiorized water or PBS. Briefly, different aliquots of the 1 riRlymer 2polymer stock solution
were mixed into 1 g of DNA. The solution was vortexed immediately and spun down briefly.

The mixture was then allowed to incubate for 30 minutes at room temggeratur
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Table 4.41: LCC DNA minivectors and CCC pDN#Aerived transfection polyplexes

DNA construct Nucleic acid Molarity (pMol) Molarity (pMol) per
Size (Base Pair) per 1 ug N*/P- ratio
2:1 4:1 8:1

LCC DNA minivector 3439 0.44 0.88 1.76 3.53

CCC pDNA 6506 0.23 0.47 093 1.86

4.4.2 Physicochemical characterization of nanoparticles

4.4.2.1 Particle size and polydispersity index of polyplexes

Hydrodynamic diameter along with polydispersity index (PDI) measurements were
performed on alPolymer ZDNA and Polymer IDNA polyplexes using a Malvern Zetasizer
NanoZS set to 25°C (Malvern Nano series instruments, UK). Particle sizes and PDI in eléioniz
water or PBS were determined using the scattered light intensity distribution from dynamic light
scattering with a measurement angle of 173°. Samples were diluted 100X based on the instruments
recommendations that particle sizes in the rate éfA@ m be prepared as 1% w/w solutions.
5001 L sample was pipetted into a disposable Solvent Resistant Micro Cuvette (ZEN0040) and
inserted into the cuvette holder. All samples were freshly prepared, as previously dascribed
section 4.4.1immediately priord measuremenResults are expressed as an average of three
separate experiments with three independent measurements per sample (i.e. meansbfmeeans)

standard deviatiarGraphs were plotted in Graphpad Prism 6 software.

4.4.2.2 Zeta potential of polyplexes

Zeta potential measurements in deionized water or PBS was determined from laser Doppler
electrophoresis taking three independent measurements per samplie séd@ple was loaded via
syringe into a primed Disposable folded capillary cells (DTS1070) aedt@usinto the cuvette
holder in the Malvern Zetasizer NaZ& set to 25°C (Malvern Nano series instruments, UK). All
samples were freshly prepared, as previously described, immediately prior to measurement. The
results are expressed as the average ettimdependent experimentgith three measurements

per sample per experimenthe standard deviation. Uncomplexed DNA formulations (i.e. samples
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prepared under the same conditions but without polymer) served as a positive control group for
the physicochmical characterization experiments. Graphs were plotted in Graphpad Prism 6
Software.

4.4.3 Cell culture and in vitro transfection of HEK 293 and ARPE-19 cells

HEK-293 cells were cultured with DMEM (with pyruvate and high glucose) supplemented
with 10% (v/iv) FBS. ARPEL9 cells were cultured with DMEM/E2 without phenol red
supplemented with 10% (v/v) FBS and pXnicillin-streptomycin Both HEK 293 and ARP#9
cell lines were incubated at 37°C with 5% carbon dioxide in a tissue culture incubator (Thermo
Scientific) and sulzultured at least once before initiating transfection or cell viability experiments.
Experiments were carried out with cultures having passagers 4 to 10.

Prior to transfection, cells were grown at 37°C with 5% carbon dioxide and maintained at
70-90% confluency in 75cm2 tissue culture flasks. Cells were then seeded-wtl Mates at a
density of 100, 000 cells/well (HEK 293 cells) a1@D, 000 cells/well (ARPH9 cells) and were
returned to the incubated at 37°C for 24 h prior to transfection in complete media without
antibiotics. One hour prior, cells were washed with 1X DPBS and the culture medium was replaced
with serumfree mediumPolyplexes and controls were then prepared freshly as described above.
To initiate transfection experiments, first a specific volume of medium was removed from each
well, and then an equal volume of the transfection treatment was added dropwise tole@ch we
achieve a plasmid dose ofth/ per well. All transfection treatments were repeated in three
independent experiments with freshly made polyplex solutiéash experiment included three
independent measurements per samplee plates were then rockegently to ensure even
distribution of the transfection treatments in the wells and then were returned to the incubator at
37°C for 5 hours. After 5 hours, the transfection medium was replaced by fresh DMEM or
DMEM/F-12 with 10% FBS without antibiotic. Ris were then incubated for an additional 48
hours at 37° C. 48ours post transfection, the cells were collected, washed, and resuspended in
DPBS. Cells were then harvested for flow cytometry analysis to assess gene (GFP) expression and
cell viability.

Formulations prepared with in vitro jetPEI served as the positive transfection control and
were evaluated simultaneously with each transfection experiment. To select the optimal control

group, in vitro jetPEl complexes were prepared in {30 of 150 mM NaClaccording to the
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manufacturer recommendations at three differePtharge ratios: 2:1, 4:1 and &4The final

DNA dose per well was kept consistent between both control and test treatmengévas|iL

4.4.4 Flow cytometry analysis

Cells were hevested for flow cytometry 48 hours after removal of the treatmeitse
supernatant medium was collected from each well, then cells were rinsed with 25@®PBS,
detached with 1 mL 0.25% TrypsEDTA for 5 minutes followed byeutralization with 2 mL of
complete medium. Following this, the cells were collected in a 5 mL round bottom polystyrene
tubes (Falcon, Corning Life Sciences) and centrifuged at 4 °C for 10 minutes at 125xg (Sorvall
Legend RT, Thermo Scientific). After cetfiugation, the supernatant was then removed, and the
cells were washed twice with 2 mL DPBS. The final cells were thauspended in DPBS and
stored on ice.

Five minutes before analyzing the cells using flow cytometry,tLOof a 11 g/mL
propidium iodde (PI) solution (Sigma Aldrich) was added to each tube. Samples were analyzed
using aBeckman Coulter CytoFlex S Flow Cytometg&chool of Pharmacy, University of
Waterloo). Samples were excited with a 488 nm laser, and 10,000 events analyzed per sample.
Cells that did not receive any transfection treatments and unstained cells (cells that were not stained
with PI) served as contraldData files were subsequently analyzed using CytExpert software.

Graphs were plotted in Graphpad Prism 6 software.
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4.4.5 Statistical analysis

All data were statistically analyzed using the Graphpad Prism 6 softtaeek.error bar on
the graphs represents the standard deviation of three separate expewimer@®ach experiment
consisted of three individual replicatesy gampleStatistical analysis comparing treatment results
to a control groupvere determined by ongay analysis of variance (ANOVA) araldependent,
two-t ai | ed, t wo <4eatmgst assunfptiomgirciunded & normal distribution with equal
variance at 95% confidence intervals, where values of p < 0.05 were considered statistically

significant.

4.5 Results

4.5.1 Physicochemical characterization of nanoparticles

Colloidal stability, cell internalization, and DNA release aresghificantly influenced by
the particle size, uniformity, and surface charge of the nanoparticles. Consequently, the mean
hydrodynamic diameters, polydispersity index (PDI), and zeta potential of both uncomplexed and
complexed nanoparticles were evaluaté®3C using a Malvern ZetasizétanoZS (Malvern
Nano series instruments, UK). For hydrodynamic diameter and PDI measurements, samples were
diluted 100X with deionized water. Results for the uncomplexed materials are shdahlén
4.5-1, while the results for the polyplexes are showiable 4.5-2 and illustrated irFigure 4.5-

1 andFigure 4.5-2.

As noted inTable 4.5-1, differences in zeta potential are slightly more prominent than the
differences in the mean hydrodynamic diameter and PDI of the uncomplexed DNA con&sucts.
previowsly discussed in Chapter 3, tb&A topology (linear vs. circular structure of DNAhay
attribute to these differences where the DNA supercoiling in pDNA (CCC) masks the negative
charge of the DNA phosphate group, thereby shielding the negative chariipe. @iner hand, the
linear nature of the DNAminivector (LCC) allows for a more prominent surface charge

distribution of the negative charges. These results alignabilervationsliscussedn ChapterS.
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Table 4.51: Mean hydrodynamic diameter, polydispersity index (PDI), and zeta potential of
uncomplexed.CC DNA minivector and CC(DNA. Deionizedwater was used to dilute all
samples before measurement aP@5Mean values + the standad#®viation for triplicate
experiments, each experiment consisting of three individual replicates per saenpjeorted.

Mean hydrodynamic Mean PDI Mean Zeta Potential
diameter (nm) (mV)
LCC DNA minivector 348 £ 9 0.41+0.03 -31+6
CCC pDNA 362 £7 0.45x0.01 -27%3

Polyplexes were formulated via electrostatic interactions between the cationic polymer and
negatively charged DNA constructs. Rorvivo applications, previous literature on nanopatrticle
design and characterization reveal that a nanocarrier diamete20éf km and PDI of 0.3 are
optimal as anything greater are shown to accumulate in the liver and spleen and may also have an
impact on cell internalization as well as DNA release from the endo%dnigh respect to zeta
potential, nanoparticles are cldssd to be relatively stable when < + 20 mV as this allows for
favourable interactions with the cell surface to improve cellular uptake, well potentially
eliminating the excess positive charge which has been known to lead to serum instability or
toxicity.?3

The mean hydrodynamic diameters and PDI measurements oblyyrae? YDNA and
Polymer 2DNA polyplexes are shown iRigure 4.5-1 and Table 4.5-2. All polyplexes formed
relatively small (97 125 nm) nanoparticles and exhibited the progressive formdtiamformly
sized particles as indicated by a RD0.3 for all three charge ratios. A general trend was noted
wherethe hydrodynamic diameter decreased as tiie bharge ratio increasedth nanoparticles
prepared withPolymer 1complexed with eithetCC DNA minivectorand pDNA (CCQ. The
larger hydrodynamic diameter exhibited at lower charge ratios was likely the result of aggregation
upon charge neutralization as subsequent addition of Rayener lat 4.1 and 8:1 NP charge
ratiosresulted in @ecrease in hydrodynamic diameter with lower PDIs. Interestingly, the opposite
trend was observed with nanoparticles prepared Rotiimer 2complexed with eithet CC DNA
minivectorandCCC pDNAwhere we observed thiite hydrodynamidiameter slightly increased
as the N/P charge ratio increased. This suggdéisait DNAcomplexatiorby thePolymer 2carrier

may occur more efficiently at lower'® charge ratio compared to higher charge ratios (e.g. 8:1).
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This may be attributed to theanched nature of Polymemhich is promoting the electrostatic

interactions between the nucleic acids and the polymer side chains at lower concentrations.
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Figure 4.51: Mean hydrodynamic diameter and megolydispersity indices (PDIs) of
uncomplexed polymers and complexed polyplexes upon 100X dilution with deionized water at
varying N/P ratios of each polymerMean values for three independent experiments, each
experiment consisting of the three samplglicates are reportedrror bars represent standard
deviation, and the dotted line represents the 200 nm hydrodynamic diameter threshold.
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Table 4.5-2 and Figure 4.5-2 show the zeta potentia¢sults forthe Polymer IDNA and
Polymer 2DNA polyplexes. IFom these results, a clear relationship between zeta potential and
N*/P charge ratio was observddnsurprisingly,asN*/P ratio increased from 2:1 to 4:1 to 8:1,
there was a presence of an excess number of uncomplexed polycations in solution, resulting in an
increase in the zeta potential. Additionally, all polyplexes show zeta potentials between the ranges

of 15—28 mV, whch as previously discussed, is associated with high colloidal stability.
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Figure 4.52: Mean zeta potential of uncomplexed and complexed polyplexes upon 100X dilution
with deionized water at varying ‘WP ratios of each polyer. The mean of three separate
experiments with three replicates are reportedor bars represent standard deviation, and the
dotted line represents the zeta potential threshold for an optimal gene delivery system.
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lonic strength can have @ampact on the physicochemical properties of polyplexes. Salts can
disrupt polymeiDNA interactions during nanoparticle formation, which may impact the transport
of the DNA cargo to the targeted cell and ultimately affect gene expres#isrsuch, to brify
assess the effect of ionic strength on physicochemical properties, the polyplexes were diluted in
PBS (to mimic the cellular ionic environment) and the hydrodynamic diameter, PDI, and zeta
potential were measured at varying charge ratios and undsaitie experimental conditions as
described above. The results are showRkabhle 4.5-2 and illustrated irFigure 4.5-3 andFigure
4.5-4. Aside from the uncomplexed polymer samples, the mean hydrodynamic diameters, PDI,
and zeta potential measurements uridese conditions were not significantly different from the
measurements obtained in deionized water & 2bherefore, we can conclude that the presence

of salts does not significantly influence the physicochemical properties of polyplexes.
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Figure 4.53. Mean hydrodynamic diameter and polydispersity indices (PDIs) of uncomplexed
and complexed polyplexes complexes upon 100X dilution in PBS with varyiifgratios of each
polymer.The mean of three separate experiments vhitbet replicates are reportdekror bars
represent the standard deviation from triplicate measurements and the dotted line shows the
threshold for hydrodynamic diameter (200 nm).
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Figure 4.54: Mean zeta potential ahcomplexed and complexed polyplexes upon 100X dilution
with PBS at varying NP ratios of each polymeihe mean of three separate experiments with
three replicates are reporterror bars represent standard deviation, and the zeta potential
threshold 6r a gene delivery system is represented by the dotted line (+ 20 mV).
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Table 4.52: Meanhydrodynamic diametex(h>), mean polydispersity index (<PDI>), and mean zeta potential <ZP»lgimer 1
andPolymer 2prepared in deionized water or PBS at varyingPNatio, the ratio of the number of positive charges of the polymer
amine groups, to the number pégative charges of the DNA phosphate groups, measuredGt T2 mean of three separate
experiments with three replicates are reporteithe standard deviation are reported.

Polymer DNA added N*/P-  <dw>(nm) <dn> (nm) <PDI> <PDI> <ZP>(mV) <ZP>(mV)
(water) (PBS) (water) (PBS) (water) (PBS)
Polymer 1 no DNA added 0 140+ 9 145+11 0.34+0.04 0.31+0.02 39%1 42 +2
LCC DNA minivector 2:1 125+5 125+6 0.25+0.02 0.25+0.04 172 22+2
4:1 118+ 2 117+5 0.19+0.02 0.20+0.02 191 271
8:1 93+6 103+6 0.14+0.04 0.17+0.02 28%3 312
CCC pDNA 2:1 125 +7 127+4 0.27+0.03 0.27+0.04 19%3 19+1
4:1 123 +8 122+7 0.20+£0.01 0.23+0.03 212 23+3
8:1 104 £4 106 +8 0.19+0.04 0.21+0.01 27%2 30+2
Pdymer 2 no DNA added 0 160 +5 236 +4 0.38+0.04 0.35+0.04 321 35+£2
LCC DNA minivector 2:1 97 +5 101+9 0.13+0.04 0.14+0.01 161 19+3
4:1 100 +£9 109+6 0.14+0.03 0.19+0.02 19%2 23+2
8:1 103 +5 110+8 0.19+0.04 0.22+0.03 241 27+3
CCC pDNA 2:1 100 £ 7 107+3 0.14+0.02 0.15+0.01 17%2 18+2
4:1 110+ 9 108+4 0.17+0.01 0.21+£0.02 22+2 24+1
8:1 115+8 121+2 0.23+0.04 0.24+0.03 271 26+2
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4.5.2 In vitro transfection efficiency and cell viability of HEK-293 and ARPE-
19 cell lines

The commercially available polymer, in vitro jetPEIl, served as the positive control group for
this work. To select the optimal control group, the transfection efficiency of in vitro jetPEI
complexed with LCC DNA minivectors and CCC pDNA at three diffeNsii® charge ratios: 2:1,

4:1 and 8:1were evaluated in HEK 293 cell lines. The results are presenkigure 4.5-5. This
optimization data revealed that the highest transgene expression was achieetPatlzarge
ratio of 4:1with 67.3% cells transicted by LCC DNA minivectorbase complexes and 57.9%
cells transfected CCC pDNBased complexes. Consequently, the M*AP chargeratio (1 t ¢
DNA to 4t L of in vitro jetPE) served as the positive control for the in vitro evaluation of this

work.
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Figure 4.55: Transfection efficiency and cell viability in HEK 293 cells treated with in vitro
jetPEI/DNA minivectorsor in vitro jetPEI/pDNA (GCC) complexes at varyingWP ratios of each

polymer. Transfection efficiency is represented by the number of live cells expressing GFP (as a
percentage of total cells analyzed), while cell viability was indicated by positive propidium iodide
staining andhown as a percentage of total cells analyzed. Mean values are plotted with error bars
representing standard deviation. All treatments were repeated in three indemxpeements,

each experiment consisting of three replicates per sam@aetrol condiions consisted of
untreated cells (|l abelled as “cell only (no p
observed between the LCC DNAinivectorand CCC pDNA.



Results of transfection efficiency determined by GFP expressittinthe Polyner 1 and
Polymer 2 carriers in complexation with LCC DNA minivectors and CCC pINAEK 293 and
ARPE-19 cell lines showed a clear relationship between transfection efficiency*#PidiNarge
ratio. As seen ifFigure 4.5-6 andFigure 4.5-7, as the N/P charge ratio increased from 2:1 to 4:1
to 8:1, the transfection efficiency also increased, with fBrinulation showing the greatest
transfection efficiency for both polyplexes in HEK 293 and ARIPEcell lines.

In HEK 293 cell lines Figure 4.5-6), stdistically significant increasein transfection was
observed with formulations prepared with tAelymer 2LCC DNA minivector constructs in
comparison to their parental CCC counterparts and these observations were consistent between the
4:1 and 8:1 chargeatios as determined by ongay analysis of variance (ANOVA) ana
dependent, twd ai | ed, t wo dgeat(sanie eesulis obtdired bydeth methodgese
differences may be attributed both the effects of DNA topology on transfection efficognas
previouslydiscussed in detail in Chaptéas well ashe structural composition of Polymer
comparison to the average transfection efficiency obtained with the in vitro jetPEI positive control
(67.3% cells transfected by LCC DNAinivectorsand 57.9% cells transfected by CCC pDNA)
the 8:1Polymer 2DNA formulations outperformed the control group with a transfection efficiency
of 74.4% for LCC DNAminivectorsand of 59.6% for CCC pDNA. On the other hand, transfection
efficiency in ARPE19 celllines (Figure 4.5-7) showed no statistically significant differences with
formulations prepared with the LCC DNAinivectorconstructs in comparison to their parental
CCC counterparts and this was consistent across all transfection treatments. Additionally, higher
transfection efficiencies were demonstrated by the Rolymer ZDNA-based formulations
(60.1% by LCC DNAminivecors and 48.6% by CCC pDNA) compared to the in vitro jetPEIl
positive control group (43.5% cells transfected by LCC DNwaivectorsand 38.2% cells
transfected by CCC pDNA). These observations indicate that transfection efficiency is influenced
by the naturef the synthetic vector as well as the design of the DNA constidih respect to
cell viability, bothFigure 4.5-6 andFigure 4.5.-7 show that cell viability remained high (> 92%)
and was not significantly reduced by any of the transfection treatrmemisared to the negative

control group (untreated/cell only cells).
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Figure 4.56: Transfection efficiency and cell viability in HEK 293 cells treated with
polymerLCC DNA minivectorg or polymerCCC pDNA complexes at varying WP ratios.
Control groups consisted of wuntreated cell s (
with in vitro jetPEI/LCC DNA minivector OR jetPEICCC pDNA Transfection efficiency is
represented by the number of liels expressing GFP and as a percentage of total cells analyzed,
while cell viability is represented by propidium iodide staining and shown as a percentage of total
cells analyzed. Transfected cells were collected and analyzed 48 houtsapsigiction.Mean

values are plotted with error bars representing standard deviation. All treatments were repeated in
three independenéxperiments, each experiment consisting of three replicates per sample.
Statistical differences werdetermined by oneay analysisof variance (ANOVA)and a
dependent, twd ai | ed, t wo destispanheaesuiis abthired byoboth metho&ars
indicate significantly higher transfection efficiencies of LCC DN#nivectorscompared to its
parental CCC pDNA.
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Figure 4.57:. Transfection efficiency and cell viability in ARPE cells treated with
polymerL.CC DNA minivectoror polymerCCC pDNAComplexes were prepared at/R ratios

of 2:1, 4:1, and 8:IMean values are plotted with error bars repreing standard deviation. All
treatments were repeated in three indepenegpéeriments, each experiment consisting of three
replicates per samplé@ransfected cells were collected and analyzed 48 hours post transfection.
Transfection efficiency is repsented by the number of live cells expressing GFP (as a percentage
of total cells analyzed), while cell viability was indicated by positive propidium iodide staining
and shown as a percentage of total cells analyzed. Control conditions consisted cddinaksat
(labelled as “cell only (no pl as mi dnnivectord cel |
OR jetPEI/pDNA (CCC). No statistically significant differences were observed between the LCC
DNA minivectorand CCC pDNA.
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4.6 Discussion

To advance clinical application for naral gene therapy, optimal design of two key
components anequired, namely an efficient synthetic vector and an optimal DNA cargo structure.
The work in Chapter 3 provided an insight into the influences of DNA size and topology on LCC
DNA minivectorbased lipoplexes. However, the overall transfection efficiehtdyese lipoplexes
were low. To further improve the efficacy of linear DNA, this work was designed in collaboration
with a pharmaceutical partner to assess the physicochemical properties and transfection efficiency
of LCC DNA minivectors when complexed thi linear and branched polymeric carriers
Ultimately, these studies would allow usselect an optimal synthetic carrier amdve forward
with developing efficient LCC DNAminivectorsfor gene therapies in piinical and clinical
settings.

Polyplex sze and surface charge are important vector design features which drive several
biological phenomena with discrete @ff size ranges, including circulation hdilfes,
extravasation through leaky vasculature and macrophage éptakieough the geometrgrives
initial internalization of the nanoparticle, size and surface charge ultimately determine survival of
the nonviral vector from extracellular and intracellular cell barri@rsarge plasmids (> 30 kb)
offer the advantage of the delivery of large&zed therapeutics, while smaller plasmids (> 5 kb)
have shown to enhance cellular and nuclear upfaketi-cancer gene therapy nanomedicines
aim to develop gene nanocarrier sizes which range approximately betweer2@D nm?*
Nanoparticles within this size range would not only avoid renal cleararvdeo, which removes
particles smaller than 30 nm from circulation, but would also contribute to longer blood circulation
times?? In this study, the physicochemical propertied gnansfection efficiency of two different
plasmids were evaluated in complexation wRiolymer 1 and Polymer:21) LCC DNA
minivectors(3.4 kb) and 2) parental CCC plasmid (6.5 Hiyble 4.5-2, Figure 4.5-1, andFigure
4.5-2 show the physical charactdrcs of the polyplex nanocarrier systems in deionizeder.
Resulting hydrodynamic size, PDI, zeta potenaald transfection efficiency fétolymer 2LCC
DNA minivectorpolyplexesshow promising characteristics for the usgene therapy application
and these characteristics are discussed below.

Polymer 1 and Polymer-Based polyplexewill both be stabilized by similar molecular
interactions, as the amine groups of the polymer molecules primarily interacted with the nucleic

acid phosphatgroups through electrostatic and hydrophobic interac&foAshough only small
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(statistically insignificant) differences were observed when comparing the mean hydrodynamic
sizes for polyplexes across the different charge ratios as presefitdalérd.5-2 andFigure 4.5-

1, some general trendsan benoted.The results confirm that a relationship between polymer
structure and physicochemical properties exist, where linear polymers (Polymer 1) form smaller
and more uniform particle sizes compared to brangodymers (Polymer 2) at highit/P charge

ratios, of 8:1 This is because linear polymers have a simple structure comprising no sidethains.
As a result, in the presence of DNA, Polymer 1 can form tightly packaged polyplexes through
electrostatic irgractions compared to Polymer 2, as evidenced by a small particl& size.
Additionally, at lower concentrations, linear Polymer 1 monomers may have only partially
dissociated upon dilation in water, resulting in weak electrostatic interactions with Dwxépr

“l oose” aggregate structur es Onthesotherhand glc ed by
N*/P condition with thebranched Polymer-Basedpolyplexesmay haverepresented a situation
wherethereis excess polycationfom uncomplexed side chains which remained in solution,
leading to the formation of slightly larger amdriable particle size®. Similar trends were
observed when these polyplexes were prepared and assessed in PBS, as Jabhendis-2,

Figure 4.5-3, andFigure 4.5-4, suggesting that variations ianic strengthdo not significantly
influence the properties of the polyplexes.

The zeta potential of nanoparticles is also an important vector design parameter that can be
tailored to prolong circulation timend selectively enhance accumulation at specific sites of
interest.Nonviral vectors with a positive zeta potential are often desirable in order to facilitate
interactions with the cell membrafeAs presented iTable 4.5-2 andFigure 4.5-2, some general
trends with respect to zeta potential were noted. IncreasingtRer&tio increased the net positive
charge of the system and these results agreed with litef&t8itethe amount of DNA is fixed,
and the amount of added polymer is systemically irca s e d , this increases t
(from the polymer) to phosphates (from the DNA construct) in the system. Therefore, increasing
the net cationic chargs the polyplex2® These results also provide insight into the thermodynamic
stability of the transfection complexes in solution. In general, polymeric complexes prepared at
the N*/P charge ratio oB:1 formed highly stable nanoparticles, as evidenced by the high zeta
potential values (26 m¥ 31 mV) at this concentration.

Previous work have shown high cell internalization of positively charged/inainvectors,

compared to their negatively charged wtauparts, in different cancer cell types, such as HelLa
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cell” MCF-7 cell$® and endothelial cell® Particularly, a particle size of 10050 nm is
generally optimal to facilitate endocytogisAll polyplex sizes reported here are within this range
and carry a net positive charge when complexed with either the CCC pDNA and LCC DNA
minivectorls. However, not surprisingly, formulations prepared at &P Nharge ratio of 8:1
formed particles of smaller sizes with a higher zeta potential and these satipksed the
highest transfection efficiencieFigure 4.5-6 and Figure 4.5-7). Theseresultsconfirm trends
found in previous work in this fielthat transfection influenced by the physicochemical properties
of nonviral formulationsand also compositiofe.g. theN*/P charge ratip of polymer/DNA
complexes®

It is howeverimportant to note that althouglomviral formulations with an excess positive
charge may be a desirable property for efficientitro application,but there are several other
elements to consider when optimizing these samplés favo applications? In vivo, delivery of
vehicles wih a high positive charge may promote interactions with negatively charged opsonin
proteins through a process called opsonization. Particularly at highcNarge ratios where there
is likely to be an excess of free polycations, these nonspecific itiermare expected to be even
more apparent than at/® charge ratios closer to the neutralization point of the complexes where
the excess charges are minirffaf.amamoto et al. showed the advantage of designing neutral (1.3
mV) and anionic 10.6 mV) pdyplexes to enhance systematic circulation. The group also
demonstrated that negatively charged nanoparticles resulted in lower accumulation in the liver and
spleen?

On the other handas previously described, the positive surface charge of nanogarsicle
also important as it facilitates endosomal release through mechanisms such as the proton sponge
effect for most polymebased vector@ncluding Polymer 1 and Polymer, 2lindering degradative
effects of the endosomal compartment on the DNA cHrboorder to preserve the advantages of
neutral and charged nanoparticles, while overcoming the disadvantages, the work done by Yuan
et al. was of great significance which designed zwitterionic nanoparticles with a changeable charge
based on environmentalirsuli, such as pH, in order to prolong circulation, maximize tumor
accumulation, and enhance cellular uptdk€pon administration to tumor sites with lower pH
values 0fD6.8, the anionic component of the surface was shed, leaving a positive surf@ee char
on nanoparticles which improved tumor cell entry and enhainceido response$ Therefore,

for applicationin vivo, these polyplexes would need to be further tailored to precise dimensions of
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high monodispersity, while also possessing an initial neutral or slightly negative nanopatrticle
surface charge which then switch to a positive charge upon arrival at the it@rget s

In this work, transfection samples prepared atN&/P ratio of 8:1 with LCC DNA
minivectors and the branched Polymer 2 achieved the highest transfection efficiency in both HEK
293 and ARPEL9 cell lines compared to samples prepared with the linglgner 1 and CCC
pPDNA (seeFigure 4.5-6 andFigure 4.5-7). These results reveal a structir@nsfection activity
relationship As previously described, Polymer 1 is a linear polymer and its chemical structure is
broadly based on an ethylenimine comereas PolymeR is a branched polymer comprising
hydrolysable ester linkages and secondary and tertiary amine giolipEhere are currently
mixed findings in the literature regarding timevitro transfectionefficiency of both linear and
branched polymearin complexation with conventional recombinant plasmid &3’ For
example, some findings have shown improved transfection efficiency with linear polymers due to
improved cytoplasmic diffusion and intracellular traffickiftgiVhereas some have revealed that
the branching structure of the polymer has more favourable properties due to the presence of the
side chains which may help to further protect the encapsulated DNA from degradation by
endosomal enzymes?’

Our resultsreveal that ompared to the linedPolymer 1/LCC DNA minivector polyplex
interactions betweethe branched Polymerdhd linearized DNA minivectors appear to be more
favourable for transfectiofror example, the branched nature of the polymay have effiently
protected the LCC DNA construct from intracellular degradation and promote cellular uptake.
Then, once th& CC DNA minivector was released into the cytoplasm, the linear nature of the
DNA construct may have promoted a fast cytoplasmic diffusioneauciptake, and ultimately
enhanced transfection efficiency compared to their CCC pDNA countérpattlitionally, a key
structural feature which is present in Polymer 2 and not present in both the control group (in vitro
jetPEI) or Polymer 1 arbydrolysable ester linkaget®)nder transfection conditions, teester
linkages may have interacted with water to undergo hydrolysis. This may have led to the
degradation of these functional groups andximized the density of the buffering amines to
facilitate and improve endosomal escape through the proton sponge effect resulting in improved
transfectior’. As such, thecombination between the branched polymer and the linear DNA, in
addition to the presence of these ester linkages in Polymer 2 may have wgetbadrtto improve

the transfection efficiency of these polyplexes
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4.7 Conclusion

A clear relationship between polyplex physicochemical properties and transfection
efficiency was observed, with highest transfection associated with thieo8uher 2LCC DNA
minivector sample which formed small, uniformly distributed nanoparticles withigh zeta
potential.Of note,DNA topology also influenced the complexation of the polymer nanocarriers
during polyplex formation. Such differences may be attributed to the supercoiling effect for CCC
pDNA and variations in particle sizAdditionally, thebranched nature of Polymer 2 as well as
the presence of ester linkages in their structure may have contributed to the high transfection
efficiency of these polyplexe$he trends revealed here as well as the trends discussed in Chapter
3 may lead to great understanding of the influenceshafth the synthetic vehicle &NA size,
topology and physicochemical properties on transfection efficiency of synthetic based vectors.
Further investigationthrough electron microscopy studies or small angleay scétering, is
warrantedo fully understand the relationshifmind in this workultimately allowing for a more
rational approach to the formulation of LCC DNinivectorpolyplexes for future gene therapy

in vivo applications.
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Chapter 5

Surface miscibility of Gemini Surfactants and DOPE in
binary mixed monolayers
This side project was designed to briefly assess the impact eslipidctant energetics to provide

insight into the low transfection efficiencies achieved byBIPELCC DNA minivectas, a
system which was previously studied and published in our droup.

5.1 Abstract

Sur f ace pmolealarareadA) isathgrms were gathered to characterize the packing
of binary mixed Langmuir monolayers of igbleoytsnglycero3-phosphoetharamine
(DOPE) and one of two gemini surfactants;7t88 or 187NH-18. Information about miscibility
behaviour was -lecuvedsfbymexami ming the) exces:
that was calculated through the surface area additivity @depressibility modulus (£) was
also used to characterize intermolecular interactions. Attractive interactions due to GS
condensation by DOPE dominate at most monolayer compositions leading to the formation of
condensed monolayers which indicates & liiggree of miscibility between these compounds. An
exception to this is that a net repulsive force is found in @i X0.5 monolayers studied. The
prevalence of attractive synergistic interactions in the monolayers studied differs from a previous
finding of antagonistic mixing behaviour in GS/DOPE micell2ge to the previously determined
low transfection efficiency of these lipoplexes, further transfection studies with LCC DNA
minivectors were not undertaken in this particular work. Nonethelessegresults contribute to
the understanding of Glipid interactions and packing that are critical to the stability of liposomes

composed of these molecules used for-vioal gene therapy applications.
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5.2 Introduction

Several types of vectors are usedyane therapies for the prevention and treatment of a
variety of inherited and acquired genetic diseds¥#al vectors transfect cells with high
efficiency but serious safety concerns including cytotoxicity and the risk of severe immune
responses to the viral vector and their transgene products remain unrédohaehtrast, non
viral vectors formulated &m a mixture of neutral and cationic lipids and/or surfactants are
generally noimmunogenic, noitoxic, and inexpensive to produte. In addition, there is no
limit on plasmid size and they allow for the incorporation of other components that impart
bereficial features to the formulation such as enhanced circulation times, targeted delivery, and
stimuli-dependent relea$®&. However, plasmid DNA delivery using synthetic gene therapy
carriers continue to suffer from poor transfection efficiehcy.

In Chagers 3 and Chapter 4, timaportance of the protonatable amine group was clear in
the transfection result§.o further study their importance, gemini surfactants (@&Sglass of
surfactants compounds, with pdénsitive amine groupgrovide an opportunityo control the
chemical structure of the cationic component of the delivery system very accuraislallows
for aunique insight into possible origins of interactions within the lipoplex (or polysiestem
when DNA is introducedConsequently, the rsicture of GSs of interest particularityfor gene
therapy applicationsdue to their favourable solution behaviour and biocompatibitfity The
addition of a pHsensitive amine group to the spacer group 9Fm GS, the m7NH-m series of
GS, led to Igher transfection efficiencies compared to the unsubstituted®G%is is a
consequence of both the ability of the/ldH-m lipoplex to adopt various complex morphologies
and the proton sponge mechanism of endosomal e&cépe. compared to viral vectors,
transfection mediated by-fiNH-m GS is still poor. Only upon theddition of the helper lipid
DOPE to the lipoplex do transfection efficiencstightly increase for both ,s-m and m7NH-m
type G2This is attributed to DOPE's fusogenic pr
endosomal membrane allowing thease of the genetic load into the cytosol.

Numerous studies have shown that lipoplex formation and performameeritno andin
vivo transfection experiments are strongly influenced by the electrostatic interactions between its
component3?* The mokcular interactions governing several aspects ofDG®PE liposome
mediated transfection, such as the complexation and condens&tDNA by GS 22 and

DOPE?%?* as well as the disruption of cellular membraaasd transfection efficienciasy GS
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DOPEDNA lipoplexe€>® are well understood.In spite of thisthere is a distinct lack of
information specifically about G®OPE molecular interactions and surface miscibility. These
features of GDOPE mixtures are related to surface molecular packing and acelcfor
liposome stability and effective DNA transfection.

Consequently, sincthere is a distinct lack of information specifically about-GOPE
molecular interactions and surface miscibjlésystematic study was designed to investigate the
nature of the intermolecular interactions and the surface miscibility behaviourDfOPE binary
mixtures as well as the effects of mixture composition, GS structure, and pH on this behaviour. To
accomplis this, the molecular organization and strucfoaeking behaviour of 18-18-DOPE
and 187NH-18-DOPE mixtures were studied using Langmuir monolayers as a confined two
dimensional environment at the air/water interface. These methods have often beeo used t
investigate packing in binary and ternary mixtures of various lipids but, GS containing mixtures
have not been extensively studied in this way. A clearer understanding -®OB&
intermolecular interactions could guide the rational design of such Iyegptemprising LCC

DNA minivectors for norviral gene therapy applications.

5.3 Materials

1,2-dioleoytsn-glycera3-phosphoethanolamine (DOPE) (>99% purity) is a synthetic lipid
that was purchased from Avanti Polar Lipids and used without further purification.

The synthesis of the gemini surfactants used in this study has previously been dés&ribed.
Briefly, the synthesis oN,N-bis(dimethyloctadecyi)l,7-nonanediammonium dibromide (78
18) involved a single bidlenshutkin reaction between 1 equivalent of the spacer group 1,7
dibromoheptane (Sigmaldrich), and 2.1 equivalents of the taill group N,- N
dimethyloctadecylamine (ACROS Organics].he reaction was carried out in HPigtade
acetonitrile (CHCN) under reflux for 48 hours at 82. Subsequently, the solvent was removed,
and the acquired product was purified by recrystallization fieraneethylacetate to obtain the
pure 187-18 GS. Moreover, the synthesislgf-bis(octadecyhl,1,9,9tetramethy5-amino 1,9
nonanediammonium dibromide (F&H-18)involved a single bidenshutkin reaction between
1 equival ent of -iminbbes(NNdraethgpropytamioel (Bignga|drich) with
2.1 equivalents of-bromooctadecane (ACROS Organics). The reaction was carried out inrHPLC
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grade acetonitrile under reflux for 48 hours &t@2Subsequently, the solvent was removed, and
the acquired product wasipfied by recrystallization from hexanethyl acetate to obtain the pure
187NH-18 GS.

5.4 Methods

5.4.1 Monolayer measurements

Onecomponent and mi x ed monol ayers were pre
chloroform solutions (2.5 mM total concentration) over either a pure water (pH 7) or acetic acid
acetate (pH 4) buffer subphase contained in a large Langmuir trough (KSV Indsuhesinki,
Finland) using a micrayringe (GASTIGHT®, HamiltorBonaduz, Schweiz, Switzerland). Note
that the buffer subphase was left to equilibrate for 30 minutes before the addition of the sample.
After the addition of the sample, 15 min were allovi@dsolvent evaporation and surface pressure
stabilization. The monolayer was then compressed by moving the lateral barriers at a rate of 10
mm/min. Surface pressure was monitored using a metal Wilhelmy plate and recorded as a function
of mean molecular aa. The experiments were performed at 25.0 £ 0.9'h€.isotherms were
recorded at least in triplicate using a fresh sample for each trial to avoid chemical modification.
The extracted parameters described in Section 5.4.2 represent the avest@adad deviation
of the parameters obtained for each of the triplicate measurenigfiesences in isotherm
measurements resulted from random error, particularly solution preparation and sample delivery

to the surface.

5.4.2 Data analysis

The measured iso#hms were analyzed through the main features of monolayersfflift
area (A), minimum mean molecular area o) , col | apsc), apdr fudaseu r e (
compressional modulus £8.2°3° Also, the deviation of the mixed monolayers from the ideal
surface mixture from the molecular surface area additivity rule and excess free energy of mixing

( ARBwere calculated® as described below.



5.4.3 Excess free energy of mixing (AG¥)

The interactions between GS and DOPE in the binary monolayers were investigated by
calculating the excess free energy of mixing accordingg¢wation 3.4-1 and Equation 3.4-2.

A G were then plotted as a function of monolayer composition at several spiréaseres.
30 . 0 o Q- Equation 3.4-1

0 WO O Equation 3.4-2

where,0 is the measured mean molecular atea,is the ideal mean molecular area, anéid
A: are the mean molecular areas of pure GS and pure DOPE monolayers, respAcG/algs
then plotted as a function of monolayer composition at several surface pressures.

Because GS have significant surfaagivities, Gibbs excess energies were not calculated
from m = 0 mN/m but rather fr omaddbtermiredfromace p
the respective isotherms of the pure GS monolay@rs.t e r mi n a t allovs forothe A G
identification d attractive and repulsive intermolecular interactions in the mixed monolayer.
Attractive interactions arfandthendoremegatieedhe bajue a n e
the more stable the mixed monolayer is compared to the pure films. Conveostiyepvalues

o f Elndicate repulsive intermolecular interactions and mixed monolayer instability.

5.4.4 Compressibility modulus (Cs™)

Cs'was derived from the isotherms accordindgtmation 3.4-3 and plotted as a function
of surface pressure. The resulting curves were smoothed through adjacent averaging. The value of
Cs1 gives information about the molecular packing in the monolayer and the higher the value the

more condensed the monolayer.

0 0o — Equation 3.4-3
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5.5 Results

5.5.1 18-7-18/DOPE binary monolayers (pH 7)

T h e-A isotherms for 18-18/DOPE binary mixtures under pH 7 conditions are presented
in Figure 5.5-1A. The isotherm profiles of all 18-18/DOPE binary mixtures are characteristic of
expanded liquid phases and do not exhibit phase transitions. In géneraigher the GS molar
fraction, the more expanded thnolayer becomesscan be seen from the shift of the isotherm
to larger molecular areasp otherchange in theésothermsis observed. In addition, due to their
high surface activity, the highenég GS molar fraction generally the higher the initial surface
pressure of the GBOPE mixture. All mixed monolayers are more condensed than the pure 18
7-18 monolayer but more expanded than the pure DOPE monolayer except fag the=x0.1
monolayer wvhich is also more condensed than the pure DOPE monolayer. The monolayers become
more condensed as the proportion of7188 decreases, as seen in the general trend of decreasing
values for liftoff area (A) and minimum crossectional area (#n) which ae approximately 211
A2 and 130 A& respectively for the ¥%7.18= 0.9 mixed monolayer and approximately 93akd
60 A2 respectively for the %718 = 0.1 mixed monolayeiSge Table C-1 in Appendix C). The
X1s7-18 = 0.5 monolayer is significantly more expanded than expected wit#nA Amin values
similar to those of the pure 4818 monolayer (approximately 25¢ &nd 166 A&, respectively).
The col | apces,efthp mxed manalagers remains relativehcbhanged, and similar to
that of the monolayers of the pure components, ranging from 38 to 41 mN/m, w4vas X0.4-

0. 9. coBfuhte bimary mixtures increases to ~48.5 mN/m when X718 0. 3 wi t h T
increasing with increasing 1818 mola fraction.

The excess fr ee Fplote Fignye 5.5618) smivsnegatige valuesSfor Gigh

(X187:18  0.6) and GSoor (Xs718 0.4) 187-18/DOPE mixed monolayers at all surface
pressures studiedvith A G increasing in magnitude with increasing surface pressthe

indicates that attractive interactions betweet71l8 and DOPE dominate in the mixed monolayer

at these compositin s . T h e mafdsrusuallylarger irotfie GAcl monolayers than the
GSpoor monol ayers, for afréachsstaminimene=5klimelsis ur es
the Xis718= 0. 9 mi xed monol ayer at m = 8skivewdllé m. No

of EA6 7 kJ/ mol at m =1873s5 0.5 Nhicmipdicates that thereisnacheta t X
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repulsive force in the equimolar mixed monolayer and that-18 and DOPE are immiscible at
this particular composition.

The influence 5DOPE on 187-18 monolayers was also evaluated frog-@ cur ve s, a
presented inFigure 5.5-1C). When Xs718 0.5, the mixed monolayers exist in the liquid
expanded phase withs€ranging between 32 mN/m and 45 mkh  w h e 35 mN/m, wBich
are pressures similar to those of biological membrén&tsthe same surface pressure rangs, X
718 0.4 mixed monolayers are in the liquid exparigdid condensed coexistence phase with
higher G values ranging fromBmN/m to 78 mN/m. Pure 1818 and pure DOPE monolayers
have maximum €' values of 39 mN/m and 72 mN/m, respectively. The maximyghwv&lues of
the mixed monolayers when#¢-1s = 0.1-0.3 is slightly greater than that of pure DOPE but when
X1s718 0.5 the maximum € values of the mixed monolayers are similar to those of the pure
GS monolayerTable C-1 in Appendix C).
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Figure 5.51: 187-18/DOPE oneomponent and binary mixed monolayers under pH 7
conditions: A) Surface pressura r e aA) isotherms of 18&-18/DOPE mixed monolayers

formed at the air/water interfacB)( The excess fr e®vsecanposiionfoo f mi x
18-7-18/DOPE mixed monolayers at various constant surface press@eSoMmpressibility

modulus (GY)—1t ¢ u r v e7€8/00FE mixe®monolayers.
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5.5.2 18-7-18/DOPE binary monolayers (pH 4)

T h e-A isotherms for 18/-18/DOPE mixtures in pH 4 conditions are presentefigare
5.5-2A. The isotherm profiles for the®enary mixtures are again characteristic of expanded liquid
phases with no observable phase transitions. TRe DOPE mixed monolayers tend to be
more expanded at pH 4 than at pH 7 as indicated by larger valuesntl Anin; although when
X1s7-18 0.3, Amin is smaller at pH 4 than at pH(ZeeAppendix C, Table G1). AL and Anin
were approximately 240%and 151 A respectively for the %7.18= 0.9 mixed monolayer and
approximately 115 Aand 56 & respectively for the ¥7-18 = 0.1 mixed monolger under acidic
conditions.In addition, the Xs7.1s8 = 0.5 monolayer is significantly more expanded than the pure
187-18 monol ayer . pH kafthe 187-18/DORE mixdd imenoclayergatpH he 1
4 comranges between 37 mN/m and 44 mN/m Xas7-1s = 0.9-0.4 with no clear trend with
composition. However, no collapse point is reached fer-% 0.3 indicating that these mixed
monolayers could be compressed further than allowed for by the experimental setup.
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Figure 5.52: 187-18/DOPE oneomponent and binary mixed monolayers under pH 4
conditions: A) Surface pressura r e aA) isotherms of 18-18/DOPE mixed monolayers

formed at the air/water interfac)( The excess fr e®vsecanposiionfoo f mi x
18-7-18/DOPE mixed monolayers at various constant surface pressGieSoMmpressibility

modulus (GY)-1t ¢ u r v e7€8/0OFE miXe® monolayers.
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Notably, the isotherms of %718 = 0.9 and 0.8 mixed monolayers are much more similar to
the pure 187-18 monolayer under pH 4 conditions than under neutral conditions. Thcatesl
that the expected condensation effect upon adding a small amount of DOPE to the GS monolayer
is not as strong under acidic conditions. In fact, monolayer expansion is confirmed by positive
rather than nefdaXiirwe OaBuadgdof. 8GKkAGmMOT5 and A
kJ/mol, respectively, sdéigure 5.5-2B, indicating that repulsive interactions predominate in these
mi xed monol ayer compositions.Fislabout@ ddolatd-on, un
18= 0.6ard atX1s7.18= 0.7it is slightly negativeN e g at i v e ¥adobsersed forfall GSG
poor (Xis7-18< 0. 4) monol ayers confirmingeg-1laadDORE t r ac't
in the monolayers and their miscibility only at these compositlnsmi ni mum ¥bW(@+ ue of
4 kJ/mol) is achieved wheni¥Xz1is= 0. 3. Agai n Fofthh ¥s7i¢=a0.5untxedo f AG
monol ayer is highly positive (~ 14 kJ/ mol at
GS-DOPE interactions in the monolayegrthis particular composition.

The Gt p | o t-B18/DOPE mike8l monolayers at pH 4 are presentdigare 5.5-
2C. Again, all monolayers are in the liquid expanded phasez(» 0.7) or the liquid expanded
liquid condensed coexistence phases(s 0. 6 ) wh €36 mNm. Fhe Bnaximum £
values of the pure 18-18 and pure DOPE monolayers are slightly higher in acidic conditions, 43
mN/m and 78 mN/m, respectively. Likeetmeutral conditions presented above, maximurh C
values generally increase with decreasingzXs ranging between 43 mN/m and 79 mN/m under

acidic conditions.

5.5.3 18-7NH-18/DOPE binary monolayers (pH 7)

T h e-A iBotherms for 18/NH-18/DOPE mixture in pH 7 conditions are presented in
Figure 5.5-3A and are again representative of expanded liquid phases and do not show any phase
transitions. Compared to the monolayers composed with the unsubstituted B\8;-18/DOPE
mixed monolayers are more conded at a given composition as indicated by smallearl Anin
values. These monolayer parameters were approximately 15@dA88 & respectively for the
X1s7nn18= 0.9 mixed monolayer and approximately 10afd 61 & respectively for the %
7nH18 = 0.1 mixed monolayer. The isotherms akxh-18= 0.8, 0.9 are more condensed than the
pure 187NH-18 monolayer but are very similar to each other with nearly identigalAlues of

~ 85 A2 Also, the profiles of th&S-poor monolayers (¥%7nH18 = 0.1-0.4) are similar to that of
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the onecomponent DOPE monolayer, with thesXn-18= 0.1, and 0.2 monolayers being slightly
mo r e C 0 ncdloéthegperel L& NHEe18 monolayer is 43.5 mN/m which is higher than that of
187-18 wunder n e utiofallthe @8FNMHILB/DOPE miged mamolayers ranges from
43 mN/m to 49 mN/m which is slightly higher than the collapse pressures of-a3/8OPE
mixed monolayers.

Like the 187-18/DOPE mixed monolayers at pH Kigure 5.5-3B shows negative values
o f EMmi@imums when Xs7nh1s 0.6 and Xs7nw1s 0.4, confirming the miscibility of the
monol ayer components, at all surface f@uesssur e:c
are smaller in the 28NH-18/DOPE mi x ed monol a ¥ elues are &thiavedrau m A G
X1s7nH-18= 0.7 for GSrich monolayers and ati¥7nw-18 = 0.4 for GSpoor monolayers G ~ —
4.5 kJ/ nfe-+3 .a5n dk JNGno |l , respectively, atfat = 35
Xigrnw1s= 0. 5 i sEsmhald ekd/(mMdGl at mm = 1&B=0bNnixed) c o mp
monolayer under neutral conditions.

The G-t p | Figures5.5-8C) show that all monolayers, pure and mixed, exist in the
liguid expandediquid condensedt o e x i st enc e -gbhmNAneG!engestironF~553 0
mN/m to 100 mN/m in this range of surface pressures with génerally increasing as the
proportion of GS decreases. The maximurg! Walues of the 1&NH-18/DOPE mixed
monolayers are greater thdrat of the 187-18/DOPE mixed monolayers, at a given composition,

ranging from 59 mN/m to 100 mN/m and increasing with decreasinguXis.
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Figure 5.53: 187NH-18/DOPE oneomponent and binary mixeshonolayers under pH 7
conditions: A) Surface pressura r e @A) igotherms of 18&NH-18/DOPE mixed monolayers
formed at the air/water interfac®)( The excess fr e'®vsecangosiion foo f
18- 7NH-18/DOPE mixed monolayers at various dams surface pressure€)(Compressibility
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5.5.4 18-7NH-18/DOPE binary monolayers (pH 4)
T h e-A imotherms for 18NH-18/DOPE mixtures in pH 4 conditions are presented in

Figure 5.5-4A. The isoherm profiles of all these binary mixtures are again characteristic of
expanded liquid phases with no observable phase transitions. TANHL&8/DOPE mixed
monolayers have smaller values of &nd Amin at a given Xs than the 18/-18/DOPE mixed
monolayeraunder acidic conditions. This indicates that the substituted GS mixed monolayers are
more condensed..Aand Anin were determined to be approximately 18%Ad 102 Arespectively

for the Xus7nn18= 0.9 mixed monolayer and approximately 94akd 55 & respectively for the
X1s7nk-18 = 0.1 mixed monolayer at pH 4. Also, though still more expanded than expected, unlike
other monolayers of this composition, thes#-18 = 0.5 mixed monolayer in this series is more
condensed than the pure-IBH-18 monolayer as indicated by smaller values 0dAd Anin. All

the isotherms with 28NH-18 molar fractions in the range of 8014 have very similar isotherms
which are comparable to that of pure DOPE. None of thei&S1L8 7NH-18/DOPE monolayers
reached a collapse point in acidic conditions meaning they could be compressed further than the
experi ment al coeféhe GSpooral87Nid-1BEOOPE nonolayers was similar to that

of pure DOPE at pH 4 ranging from ~ 44 mN/m to 45 mN/m.
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Figure 5.54: 187NH-18/DOPE oneomponent and binary mixed monolayers under pH 4
conditions: A) Surface pressura r e -a) igothierms of 1&NH-18/DOPE mixed monolayers
formed at the air/water interfac®8)(The excess free engrg o f  mi Exvis. mampasittoifor
18- 7NH-18/DOPE mixed monolayers at various constant surface presduygsoipressibility
modulus (GY)-1t ¢ u r v e78H-18/O®PE In&ed monolayers.

Again, negative values oA G were determined for %7nn18< 0 . 4 1878Hnsd 0.
mixed monolayers, as seenkigure 5.5-4B, indicating a net attractive interaction between 18
7NH-18 and DOPE in these mixed monolayers. A minimum is reachecbatiés= 0. B~ ( AG
—6 kJ/mol)and a maximum at ¥7nr18= 0 . 5~ 454k3@mol). Also, like all the other series,
there is a significant positive deviation fotsxn+-18 = 0.5 suggesting a net repulsive interaction
at this particular monolayer composition.

The G-t p | ot s-7NHf18/DORE miXe® monolayers under pH 4 conditions are
presented irFigure 5.5-4C. Like at neutral conditions, under acidic conditions all the’NI8i-
18/DOPE mixed monolayers are in the liquid expardigdd condensed coexistence phagen
m  =-33ntN/m with G* values ranging from 54 mN/m to 84 mN/m in this surface pressure
range. Maximum €' values are slightly lower (586 mN/m) at pH 4 than at pH 7 but also

generally increase with decreasing amount o7 i$i-18.
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5.6 Discussion

18-7-18 and 187NH-18 are synthetic gemini surfactants with essentially the same molecular
structure except for the substitution of the central methylene) (@t in the spacer group of 18
7-18 for an amine (NH) group in 1BNH-18. This slight modificabn was made so that the head
group of 187NH-18 would resemble the structure of spermidine which is known to condense
DNA more effectively than other polyamingm addition, the inclusion of the pbkensitive amine
group in the GEDOPE lipoplex is thougtto promote the proton sponge mechanism of endosomal
escape in a similar way as other polyethylenirtiased notviral vectors3* However, the 7NH
spacer is less flexible that the s = 7 spacer due to a hydrogen bond formed between the amine
substitution and the aqueous subphase. Zwitterionic lipids, like DOPE, are commonly used as
helper lipids in nofviral vectors. DOPE has a relatively small polar headgroup compared to its
C( 1 &) :1 AC (®)hwiroghdbic tail group. As such DOPE has a truncated foomeand tends
to aggregate in the inverted hexagonal phase in aqueous dispersions.

The monolayers of pure 1818 and pure 1-dNH-18 are extremely expanded due to the
large size of the head groups of these molecules, consisting of two cationic @ysemmonium
groups as well as the GS spacer group, and strong intermolecular repulsion between these cationic
chargesKigure 5.6-A). In contrast, the highly condensed nature of the monolayer of pure DOPE
is a consequence of the ability gfosphatidylethanolamine (PE) lipids to form lateral ingénad
intermolecular hydrogen bonds. These lateral interactions reduce the hydration of the PE
headgroup resulting in densely packed monol&)Fégure 5.6-1B). The behaviour of the mixed
GS/DOPEmonolayers depends on the balance between repulsive and attractive intermolecular
interactions and can be explained in a similar way as the behaviour of cationic lipid/DOPE mixed
monolayers?
The significant degree of monolayer condensation that is \wx$erpon adding a small

amount of DOPE to the pure-I/818 monolayer when %718 0.6 (Figure 5.5-1A) results from
the reduction of repulsive forces between the cationic quaternary ammonium head groups of the
GS through the introduction of attractivdier act i ons bet ween the GS h
phosphate group (seBigure 5.6-1D). The interspersion of DOPE molecules between GS
molecules significantly reduces the mean area occupied per molecule as reflected in the negative
deviations from the surfager ea addi ti vity rul e EqRigdred.5aB)ge neg

over this range of monolayer composition. In contrast, the addition of a small amouri-6818
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(X18718  0.4) expands the pure DOPE monolayer. The presence of a small quantitionicca

polar head groups disrupts intermolecularfEinteractions and the formation of hydrogen bonds
(Figure 5.6-1E). However, even when the GS content of the monolayer is low, the effect of
attractive interactions due to the condensation ef-18 by DOPE is strong enough that there is

a net attractive interaction in @&or monolayers. As such, negative deviations from ideality and
negative Vadalseabsemwed ovArhis range of monolayer composition, though the
magnitude of these values smaller than observed for the @& compositions. The equimolar
composition, X%s = 0.5, is the only composition at which the repulsive interactions due to the
disruption of DOPE packing by cationic charges due to the presence of GS is stronger than the
attractive interactions resulting from GS condensation by DOPE. This leads to a net repulsive force
in the monolayer at only this composition resulting in the formation of highly expanded

monolayers.
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Figure 5.55: Schematic representation of-I8.8, 18 7NH-18, and DOPE oreomponent and
mixed monolayers at the air/water interface) OQne component 1&-18 monolayer. The cationic
guaternary headgroups of the GS are representedely gircles. The parallel arrows represent
electrostatic repulsion between headgrou@®) (Onecomponent DOPE monolayer. The
zwitterionic headgroup is represented by grey circles. Intramolecular interactions that result in a
densely packed monolayer arepitted (compression represented by blue arrowd).Qne
component 1&NH-18 monolayer under acidic conditions. The amine substitution in the spacer
group of this GS is protonated in a higher proportion of molecules under acidic conditions than
under neutal conditions resulting in increased intermolecular repulsion and a more expanded
monolayer. D) GSrich 187-18/DOPE mixed monolayers. A small addition of DOPE reduces GS
headgroup repulsion (arrows represent remaining repulsive interactions in mondlagesame

effect occurs under pH 4 conditions and inB&$H 18 7NH-18/DOPE mixed monolayerE£)GS

poor 187-18/DOPE mixed monolayer. A small addition of GS disrupts intermoleculaPEPE
interactions (arrows represent monolayer expansion). The samet effcurs under pH 4
conditions and in Goor 187NH-18/DOPE mixed monolayers.

The balance of forces is altered when the aqueous subphase of the monolayers is changed
from neutral pH to acidic conditions. Under acidic conditions, the phosphate greupigter
proportion of DOPE molecules is protonated than under neutral conditions. Without the anionic
charge, the protonated DOPE molecules are unable to condefis&818nd instead there is a
repulsive interaction. As such, when the amount of DOPREemrtonolayer is small (10920%),
the attractive effect of 18-18 condensation by unprotonated DOPE molecules is outweighed by
repulsive DOPEGS interactions resulting in a monolayer that is more expanded than expected.

This change in behaviour is evidémthe results of the %7-18 = 0.8-0.9 mixed monolayers whose

131



isotherms are similar to that of the pure Gfg@re 5.5-2A) and have positive deviations from the
addi tivity r uf(Egura $52B)yauses undervaeidic Zdhditionshereas these
metrics are negative under neutral conditions. When the proportion of DOPE is increased (30%
40%), the number of unprotonated DOPE molecules is also correspondingly increased and
sufficient to reduce intermolecular repulsion between the raatiguaternary ammonium head
groups of some GS molecules such that this attractive force just outweighs the protonated DOPE
GS repulsion force. As such, ats%-1s = 0.6-0.7 very slight negative deviations from surface area
additivity and very small negatv e v a | flae ®bservied. As@e amount of DOPE increases
in the mixed monolayers there is a sufficient number of unprotonated DOPE molecules present to
minimize intermolecular repulsion between the relatively small number-@fZ8molecules in
GS-poor monolayers. Like under pH 7 conditions, this attractive force outweighs the DOPE
monolayer expansion effect resulting from the disruption of -rdarad intermolecular RPPE
interactions by the presence of a small amount of polar cationic GS head.grbup, when %
718 =010 . 3, negative deviations f rFowith nagnguddsi t y a
similar to those at pH 7 are observed. Again, the results obtained for the equimolar composition,
Xi1s7-18 = 0.5, under acidic conditions indieathat repulsive interactions are dominant at this
composition. The magnit ud efisthbdbwevdremuch greateoundef r o m
pH 4 conditions due to the decreased ability of DOPE to minimize repulsion between the cationic
GS head groups dnincreased G®OPE repulsion due to phosphate group protonation on a
greater proportion of DOPE molecules.

The behaviour of the %7.18= 0.8 and 0.9 mixed monolayers is particularly interesting. At
pH 7, typical liposome preparation conditions; 7488 and DOPE show synergistic behaviour
(negative deviations from i &dFagurex5yB)buaunder | ar ge
acidic conditions, like those encountered in the endosome, the monolayers of these mixtures are
more expanded than undezutral conditions. Antagonistic mixing behaviour predominates under
acidic conditions as seen from positive deviations from ideality and poAiti¥ezalues Figure
5.5-2B). Thisobservation is a critical arnichportant findingof this studyas it suggestthat there
issome degree of 1818/DOPE aggregate disassembly in aciicditionswhichmayultimately
promote the release of the genetic load from the GS/DOPE lipoanchenprove transfection

efficiency.
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The results of the 28NH-18/DOPE mixed morayers can be explained in a similar way
to the results of the 18-18/DOPE mixed monolayers previously discussed. WhenNI8-18 is
the major component of the mixed monol ayer, af
and the cationic quaternary dt groups of the GS dominate, effectively reducing the mean
molecular area occupied per molecule resulting in more condensed monolayers. In general, the
magni tude of t he de vAvaluesarsnsalleffor tBNH-1I8/H@REIMixedy and
monolayers than the 1B18/DOPE monolayer of the same composition. This is likely simply
since the pure 18NH-18 monolayer is itself more condensed than the pu/g 18 monolayer.
A mi ni muFfis obsarveddb % 7nH18= 0.7 indicating that the optium balance between
the induced dipoles from the zwitterionic DOPE and the cationic charges from the GS head groups
is achieved at this mixed monolayer composition. The repulsive effect of the disruption of DOPE
packing by the cationic charge of-I8/H-18 is again outweighed by the large attractive force of
18- 7NH-18 condensation by DOPE in gf®or monolayers leading to an overall net attractive
force as seen from negative deviati F@Figurd r om s
5.5-3B) when Xs7nHa1s = 0.1-0.4. Again, the equimolar composition is the only one where
repulsive 187NH-18/DOPE interactions dominate leading to an expanded monolayer, positive
deviations from additifvity, and a positive va
The balance of forces is agalifferent in the 18/NH-18/DOPE mixed monolayers under
acidic conditions than in the other series studied. At pH 4, the amino substitution in the spacer
group of 187NH-18 is protonated in a greater number of molecules than at pH 7. As such, it is
unsurpising that the pure monolayer of-¥8IH-18 is more expanded at pH 4 than at pH 7 due to
increased intermolecular repulsion as a result of the increased charge of the mBigame5(6-
1C). Unlike the 187-18/DOPE series, attractive GSOPE interaction®utweigh the repulsive
nature of intermolecular GS interactions and the disruption of DOPE packing by GS at all 18
7NH-18/DOPE compositions, exceptig¥nw1s = 0.5, under acidic conditions. Thus, the
condensation effect of DOPE on the-7218H-18 monolayeiis stronger under acidic conditions
than neutral conditions leading to larger magnitudes of the negative deviations from ideality and
A Gvalues. Again, the equimolar composition is the only one where repulsiv8.8/DOPE
interactions dominate leadinig an expanded monolayer, a positive deviation from additivity, and
a positivé Thaudhuhe magiitudé @ this positive deviation is larger under acidic
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conditions than neutral conditions due to the increased intermolecular repulsion betphgen tr
charged 18NH-18 molecules.

An evaluatiorof the transfection efficiency of 1818 and 18/NH-18 GS in combination
with DOPE has beerpreviously completed in PAM 212 cell lines using a flow cytometric
approach’ Overall low transfection efficiency was observed with both7418/DOPE (3.4 %
cells transfected) and IB\NH-18/DOPE (3.9% cells transfected) lipoplexes. Interestingly,
comparable transfection efficiency was observed between the two lipoplexes degpitsdnee
of the pHsensitive functional group of the -/ANH-18 GS. However, when comparing the
different series of GS, the 18 series GS exhibited the highest transfection efficiency followed by
the 16 serie€2.3% cells transfected) and the lowest transfection efficiency was revealed by the 12
series GS (0.9% cells transfectedis trend was attributed to the C18 GS having longer alkyl
tails, resulting in efficient encapsulation of the nucleic acid and thengtrpved gene deliverd/.
Considering the overall low transfection achieved by th&-18/DOPE and 1:dNH-18/DOPE
lipoplexes these formulations were not further studieditro for this work However, the results
of this work do provide insight into thresults of a previous study conducted in our group which
investigatedhe physicochemical properties and transfection efficiency betwedd@S=LCC
DNA minivectors! Overall, low transgene expression was observed with these systems (13% cells
transfecteyl compared to the Lipofectamine control grotipe results obtained from this work
may now be used to explaithe low transfection efficiencies of @3OPELCC DNA
minivectorst The molecular interactions between the-BSPE may be synergistic which may
hawe resulted in an insufficient release of the LCC DNA minivector from the vector complex,
resulting in low transgene expression.

It is alsoimportant to note that the results obtained in this study, namely that attractive
interactions predominate in GS/D8nixed monolayers at nearly all monolayer compositions
for both 187-18 and 187/NH-18 GS and under both neutral and acidic conditions, differ from a
previous study by our group.This earlier study examined 8616 and 167NH-16 mixing
behaviour with DOE in mixed micelles and concluded that interactions were predominately
antagonistic due to a difference in the preference of curvature of the GS and DOPE monomers. GS
tend to aggregate in micellar structures whereas DOPE aggregates in inverted hexagturaisst
or bilayers in aqueous solution. The characterization of GS/DOPE mixed aggregates is key to

advancing our understanding of the liposome structure 6b&8d lipoplexes but the stark
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difference in conclusions that are drawn from the study of nageoland micellar structures
underscores the importance of morphological considerations when interpreting the electrostatics
of mixed GS/DOPE systems.

5.7 Conclusions and Future Directions

We have studied the interaction betweengthesphatidylethanolamine lipid DOPE and two
gemini surfactants, 18-18 and 187NH-18, used for notviral vector formulation in gene therapy
applications. Strong attractive interactions resulting from the condensation of GS by DOPE
dominate in most of théinary mixtures studied indicating the miscibility of GS and DOPE.
Repulsive interactions dominate incX = 0.5 monolayers resulting in highly expanded
monolayers. The results obtained farXis= 0.8, 0.9 mixed monolayer indicate the potential for
GS/DOPE lipoplex disassembiyhich may promote transfectiorlowever, considering the low
transfection efficiency achieved I&S-DOPE basedipoplexes from previously published work
in our group, this system was not pursued as a viable transfection produethé&less, the results
achieved are interesting from the perspective of monolayer structure, fundamental chemistry, and
lipid-surfactant energetics andntributes to the understanding of GS/DOPE interactions for future

projects involving GShased lipoplegs.
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Chapter 6
Conclusions, Future Directions, and

Scientific Contribution

6.1 Conclusions

Non-viral gene delivery systems require a rational design approach, where each of the vector
components are selected based on properties which are known to favour transfection efficiency.
This thesis has focused on the importance of a detailed undergtahtioth main components of
a potential gene therapy: the carraard the therapeutic carge namely the DNA. Given the
enormous range of materials that have been investigated and reported on in the literature, this is
particularly important for nowiral gene delivery systems; however, this work also demonstrates
the importance of DNA topologyn this work, interactions between synthetic carriers (lipiold
polymers) anchucleic acidLCC DNA minivectois or CCCplasmidDNA) were evaluated to
further understand which structural features are involved in the formation of these nanopatrticles.
From our observationgherational design approach should not only be considered for the design
of the synthetic cationic componeft it should also extend out to the design of the DNA
construct as well since DNgize andopology do influence transfection efficiency.

Until recently, most efforts have focused on the rational design of synthetic vectors for
improved delivery of theherapeutic gene to the target cell. However, efficient gene therapeutics
also require the rational design of the enclosed DNA cargo such that optimal gene expression and
the corresponding therapeutic effect can take place in the cell. Modifying the cbomposthe
DNA cargo may also contribute to improving their bioavailability, biocompatibility, durability,
and safety. Prokaryotic DNA sequences, such as CpG maotifs, origins of replication and antibiotic
selectable markers, in recombinant CCC plasmid Oidge the potential for eliciting unwanted
immunostimulatory responses in the administered host which reduces their biocompatibility,
safety and consequently their clinical potentiRemoval of the unnecessary plasmid sequences
in the design of LCC DNAminivectors enhances their overall safety profile compared to
recombinant CCC plasmid DNAUpon exploring the interactions between various lipid and

polymer based nanocarriers complexed with LCC DhNiAivectors and the parental CCC pDNA
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in Chapter3 and Clapter 4, some important relationships between DN#xe, topology,
physicochemical properties and transfection efficiency have come to light. Most notably, no
differences were seen for particle size and polydispersity index measurements that could be
attributed to influences from different DNAizes ortopological conformations. Most of the
formulations evaluated produced nanoparticles uniformly distribiBd yaluesbelow 0.2) with
sizes below 200 nm, which is desirable for futurevivo applications toreduce clearance by
glomerular filtration. Furthermore, compared to LCC DNw#ivectos (zeta potentiak 32 mV)
the supercoiling effect shielded a fraction of the negative charges of CCC pDNA which led to
slightly lower (-) surface charges (zeta potehti&26 mV). Of note, the N/P charge ratio used to
prepare the transfection treatment influenced their physicochemical properties. Generally,
increasing the NP charge ratio to 8:1 produced smaller and uniformly distributed nanoparticles
with a high positive zeta potential. These characteristics are desirable to facilitate interactions with
cell membranes and enhance cell internalization. In termiis witro transfection efficiency in
HEK 293 and APREL9 cells, gene expression varied significantly depending on the
physicochemical properties of the nanocarrier and tHE harge ratio of the formulations and
this trend aligns with previously reported literatureansfection showed a general increase with
smaller and more positive zeta potentials which are known to facilitate interactions with cell
membranes and improve cell uptake.

From ChapteB, transfection treatments prepared with Lipofectamine 3000 atrchhaege
ratios (4:1 and 8:1) showed greater transfection, while a statistically significant increase in
transfection efficiency was achieved with formulations prepared Rallgmer 2at the 8:1 N/P
charge ratio as seen in ChapteConsidering the findgs reported in Chapt&and Chapted, it
is clear that regardless of the type of carrier or size, formulations prepared with the LCC DNA
minivectors exhibited statistically significant higher transfection efficiency confirming that DNA
properties such asize composition, and topology do play a role in gene delivery and should not
be ignored. The differences in transfection efficiencies observed in these systems reflect some of
the trends previously reported in the literature between intracellulackiatjiand DNA topology.
In particular, due to their linear topology, LCC DNwinivectoss are known to show improved
cytoplasmic diffusion and intracellular trafficking which is expected to help promote gene

expression.



In Chapter5, synergistic interactios dominated in most of the binat§-7-18 or 187-18 -
DOPE mixtureswhich provided insight into the low transfection efficiencies observed by a
previous study with G®»OPELCC DNA minivectors. Anexceptionto this was theXes = 0.5
monolayers which showedntagonistic mixing. Based on the changes in mixing behaviour
detected using Langmuir monolayer methods under both neutral and acidic condtiensgs

0.6 andXes 0.4, attractive interactions dominatkie to GS condensation by DOPE which

led to the formation of condensed monolayers, indicating miscibility between these two
compounds. The magnitude of the synergistic interactions responsible for the mixed micelle
stability was influenced by the compasit of the mixture. Conversely, repulsive intermolecular
interactions were highly favourable at¥= 0.5 monolayers suggesting that DOPE packing is
significantly influenced by the cationic charges of GS. Interestingly, under neutral conditions, 18
7-18 ard DOPE at mole fractions ofiX7-18 = 0.8 and 0.9 showed a typical synergistic behaviour,
while under acidic conditions, the monolayers of these mixtures were more expanded and show
antagonistic mixing. This is an important finding as it reveals thetalofi 187-18/DOPE
aggregate disassembly under acidic conditions which may promote the release of the genetic load
from the GS/DOPE liposonend should be investigated further

Based on the result from Chap&and Chapted, statistically significant iarease in LCC
DNA minivector expression was observed with formulations prepared withPigmer 2
nanocarrierWhile the proprietary nature of Polymer 2 does not allowaoim-depthanalysis of
specific structural features, our results over all dernnatesl the greatest let¢ of transfection for
the LCC DNA/Polymer 2 combinatioand suggest that polymer nanocarriers have higher
compatibility with LCC DNAminivectoss than lipid nanopatrticles. As such, thelymer 2LCC
DNA minivectormixtures should have the greatest potential for maximized transfection efficiency
and this formulation is recommended for further evaluahonvoto assess the biodistribution of

this combination in living organisms.
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6.2 Future directions

To bridge the gap between this thesis work and clinical applicability, additional mixtures
and techniques have been identified as possible extensions of this work to further investigate the
interactions between synthetic carriers and DNA constructs and optirege filrmulations for
gene therapy applications.

Synthetic gene carrier and DNA shape is an important property to characterize as it also
contributes to the efficiency and safety profile of gene therapy nanoparticles. As such, electron
microscopy studies auld be a valuable addition to the physical characterization of the lipid and
polymerbased transfection treatments.otB scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) can be used to visualize the shape as well as saface ar
of hydrophobic and hydrophilic nanoparticles through electron beams, while also further
confirming the particle sizes of the nanopartiéléglditionally, pH is a critical factor to consider
in the rational design of newiral nanocarriers because itshan impact on nanoparticle solubility,
stability, and efficiency. All nanoparticles possess different physicochemical properties at varying
pH conditions® For example, at pH 4, imino functionalities are expected to be protonated which
are known to inducendosomal escape through the proton sponge mechanism, while at pH 7, these
imino groups will not be protonatédihe current study focused on evaluating the mixtures at pH
7. However, characterizing the transfection treatments at pH 4 would allow fonpravied
understanding of how the nanoparticles will interact in the endosome to facilitate endosomal
escape one of the critical steps of the transfection process. Evaluatingiradrformulations
under various conditions that contribute to higher orelowwansfection efficiency is valuable in
further optimizing more successful ngmal gene delivery vectors.

The work presented in Chaptgrand Chapted focusa on testing various carridDNA
candidates usingn vitro cell culture systems. Previously reported literature has found a weak
correlation betweein vitro andin vivo transfection efficiency and so further studies must be
carried out to optimize newiral formulations?* As an example, a study using a hitnoughput
in vivo approach which pairs carrier candidates with plasmid vectors containing unigue DNA
barcodes would allow for the evaluation of various carriers in combination with DNA of different
topdogies simultaneously in the same aninmalivo, allowing for direct comparison of their
transfection ability in the target tissue of intefestor this technique, using highroughput

microfluidic mixing, 2530 carrier candidates can be formulatedhwifch one carrying a unique
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DNA barcoded plasmid. Meaning that carrier candidate 1 can carry DNA barcode A, and carrier
candidate 2 will carry DNA barcode B, etc. Following formulation, each cddfiék candidate
is QC tested to ensure proper particlenfation (20 nm < nanoparticle diameter > 300 nm).
CarrierDNA candidates that pass QC are then usethfeivotesting. Each carrieDNA is kept
separate until just prior fa vivoinjection, to avoid prolonged mixing of unique barcoded carriers
and the ptential for fusion into hybrid carriers, which would contaminate downstream DNA
barcode analysis. Just prioritovivo injection, the carrieDNA samples are pooled together in
PBS. To determine the best performing carrier molecules for each tisstexe$tinpooled carrier
DNA candidates are delivered to specific organ systems using commonly used routes of
administration. At the end of the study, tissues are harvested, and cells are lysed to make a DNA
library extract. These DNA libraries are then egal for deep sequencing and DNA barcode
analysis>® Consequently, DNA barcoding has the potential to advance the science of selecting
nanoparticles for delivering gene therapeutics as it allows for researchers to skip the cell culture
screening altogetine

Finally, the relationships betwe& S molecular structure and interactions with DOPE could
be strengthened by testing various o3& This is especially important because finevalence
of attractiveinteractiondoundin this work contradictsa previousstudythatexaminedGS DOPE
micelles.As such,additionaldatawill help confirm the effectof intermoleculainteractions and
the surface miscibility behaviour of @3OPE binay mixtures as well as theffects of mixture
composition and GS structure on this behaviour. Furthernfteaesults obtained for X718 =
0.8, 0.9 mixed monolayer indicate the potential for GS/DOPE lipoplex disassembly which may
promote transfectianAs such, these lipoplexes should be further investigateditro after
complexation with LCC DNA minivectors as these results could be used to further optimize LCC

DNA minivectors for gene therapy applications.
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6.3 Scientific contribution

With respet to the contribution of this work to formulation science, the results clearly
demonstrate that researchers designing and optimizing safeirabnectors for gene therapy
must consider the rational design of both the synthetic carrier and the DNA cago the
combination of these two components have shown to influence transgene expression. Current gene
therapy studies typically overlook optimizing the design of the therapeutic gene, ahithe
resultsfrom this workshow, may compromise the safety and transfection efficiency of the gene
delivery system. As such, an increased focus on important DNA design factors such as molecular
weight, size, topology, composition, and even DNA mixing behaviours will circumvent limitations
associated with conventional plasmid DNA vectors and lead to the develogndenptimization
of highly efficient synthetic carriers comprising the LCC DNA minivesfor futuregene therapy

formulatiors.
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Table A-1 Control group selection for ChapterTransfection efficiency and cell viability in HEK

293 cells treated with Lipofectamine 3000 complexed with either DBI& minivectorand in

vitro jetPEICCC pDNAcomplexes at NP ratios 2:1, 4:1 and 8:1. Formulations were prepared
iNOptt-tMEM Medi um by foll owi ng t h e Tramafectoh edficiencyr er ' s
is represented by the number of live cells exgires GFP and as a percentage of total cells
analyzed, while cell viability is indicated by PI staining and represented as a percentage of total
cells analyzed. Mean values are reportedtandard deviation. Control conditions consisted of

untreatedcellsi(abel | ed as “cell only (no plasmid)?”.
N*/P-ratio Treatment Transfection Cell viability
efficiency

0 Cell only (no plasmid) 0.0(n=1) 96.3 (n=1)

2:1 Lipofectamine 3000*/LCC DNAminivector 59.9 9.1 953 1.2

2:1 Lipofectamine 3000®ZCC pDNA 48.6 8.5 941 15

4:1 Lipofectamine 3000*/LCC DNAminivector 75.7 3.6 942 23

4:1 Lipofectamine 3000®CCC pDNA 69.5 24 944 1.2

8:1 Lipofectamine 3000*/LCC DNAminivector 71.6 2.3 953 1.6

8:1 Lipofectamine 3009CCC pDNA 56.3 5.4 93.8 2.1
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Figure A-3 Control group selection for Chapt8r Transfection efficiency and cell viability in

HEK 293 cells treated with Lipofectamine 3000 complexed with either LCC BiNMvectorand

in vitro jetPEI/pDNA (CCC) complexes at*™NP ratios 2:1, 4:1 and 8:1. Formulations were
preparedin Opt-MEM Mediumby f ol |l owi ng the manubtnddheur er '
transfected cells were collected and analyzed 48 hours post transfection. Transfection efficiency

is represented by the number of live cells expressing GFP (as a percentage of total cells analyzed),
while cell viability was indicated by positive propidium iodide staining and shown as a percentage

of total cells analyzedvean valuesf three independent experiments (each experiment consisting

of three measurements per samg@e) plotted with error bas representing standard deviation.
Control conditions consisted of untreated cel
data revealed a*i\P ratio of 4:1 (1f g DNA to 4t L of Lipofectamine 3000) achieved the highest
transgene expression awds selected as the control group for transfection studies in Chapter 4.
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Table A-2 Transfection efficiency and cell viability in HEK 293 cells treated with
Lipofectamine/LCC DNAminivectoror CCC pDNAandLipid 2/LCC DNA minivectoror CCC

pDNA prepared at NP ratios of 2:1, 4:1 and 8:1 in deionized water. Transfection efficiency is
represented by the number of live cells expressing GFP and as a percentage of total cells analyzed,
while cell viability is indicated by PI staining andpresented as a percentage of total cells
analyzed. Cells were collected and analyzed 48 hours post transfé¢gan. valueof three
independent experiments (each experiment consisting of three measurements peraample)
reported standard deviatiartCo nt r o | conditions consisted of
only (no plasmid)"”.

N*/P-ratio Treatment Transfection Cell viability
efficiency
0 Cell only (no plasmid) 0.0(n=1) 95.4 (n=1)
2:1 Lipofectamine 3000/LCC DNAninivector 38.2 2.2 954 0.2
2:1 Lipofectamine 300 CC pDNA 36.4 3.7 94.8 0.6
4:1 Lipofectamine 3000/LCC DNAninivector 55.8 2.7 95.2 0.9
4:1 Lipofectamine 300@CC pDNA 491 6.1 935 1.9
8:1 Lipofectamine 3000/LCC DNAninivector 59.5 3.7 95.1 0.2
8:1 Lipofectamine 300 CC pDNA 454 3.8 936 1.2
2:1 Lipid 2/LCC DNA minivector 16.2 4.6 943 2.1
2:1 Lipid 2/CCC pDNA 10.8 3.9 939 11
4:1 Lipid 2/LCC DNA minivector 175 4.6 943 2.3
4:1 Lipid 2/CCC pDNA 16.3 3.7 95.8 0.5
8:1 Lipid 2/LCC DNA minivector 26.4 3.1 93.8 1.6
8:1 Lipid 2/CCC pDNA 252 7.2 918 2.3
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Table A-3 Transfection efficiency and cell viability in ARPB cells treated with
Lipofectamine/LCC DNAminivectoror CCC pDNAandLipid 2/LCC DNA minivectoror CCC

pDNA at varying N/P ratios in deionized water. Transfection efficiency is represented by the
number of live cells expressing GFP and as a percentage of total cells analyzed. Cell viability is
indicated by positive propidium iodide staining and shown as a percentage of total cells analyzed.
Cells were collected and analyzed 48 hours post transfieatid mean valued three independent
experiments (each experiment consisting of three measurements per samapleported

standard deviation. Control conditions consi s

pl asmid)?”.
N*/P-ratio Treatment Transfection Cell viability

efficiency

0 Cell only (no plasmid) 0.0(n=1) 96.2 (n=1)
2:1 Lipofectamine 3000/LCC DNAninivector 24.5 5.2 944 1.6
2:1 Lipofectamine 300 CC pDNA 191 2.6 948 1.3
4:1 Lipofectamine 3000/LCC DNAninivector 40.9 7.4 946 1.7
4:1 Lipofectamine 300@CC pDNA 341 59 942 14
8:1 Lipofectamine 3000/LCC DNAninivector 38.2 1.8 95.7 1.2
8:1 Lipofectamine 300 CC pDNA 29.3 4.6 93.2 1.8
2:1 Lipid 2/LCC DNA minivector 126 2.8 95.2 15
2:1 Lipid 2/CCC pDNA 9.7 44 938 14
4:1 Lipid 2/LCC DNA minivector 134 26 96.5 1.7
4:1 Lipid 2/CCC pDNA 109 25 93.6 1.3
8:1 Lipid 2/LCC DNA minivector 23.2 4.6 945 0.7
8:1 Lipid 2/CCC pDNA 153 1.7 93.6 2.1
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Appendix B
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2nd gen msDNA CMV-U-W
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Figure B-1 2"4 generation LCC DNAninivectorCMV-U-W plasmid encoding enhanced green
florescence protein (GFP)
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Table B-1 Control group selection for Chapt#rTransfection efficiency and keiability in HEK

293 cells treated with in vitro jetPEI/LCC DN#inivector and in vitro jetPEI/pDNA (CCC)
complexes prepared at a 2:1, 4:1 and 8!/PNatios of each polymer. Transfection efficiency is
represented by the number of live cells expres@RP and as a percentage of total cells analyzed.
Cell viability is represented by positive propidium iodide staining and shown as a percentage of
total cells analyzed. Cells were collected and analyzed 48 hours post transkéetonalueof

three individual experiments, each experiment consisting of three independent replicas per sample

standard deviati on. Control conditions consi
pl asmid)?”.
N*/P-ratio Treatment Transfection Cell viability
efficiency
0 Cell only (no plasmid) 0.0(n=1) 96.7 (n=1)
2:1 In vitro jetPEI/ LCC DNAminivector 185 4.2 94.2 0.8
2:1 In vitro jetPEICCC pDNA 16.2 25 93.6 2.6
4:1 In vitro jetPEI/LCC DNA minivector 67.3 4.6 953 1.6
4:1 In vitro jetPEICCC pDNA 579 11.7 94.8 1.8
8:1 In vitro jetPEI/LCC DNA minivector 39.2 3.8 946 1.3
8:1 In vitro jetPEICCC pDNA 36.8 8.6 928 2.2

18¢



Table B-2 Transfection efficiency and cell viability in HEK 293 cells treated Wwithymer 1LCC

DNA minivectoror CCC pDNAandPolymer 2LCC DNA minivectoror CCC pDNAprepared at

a 2:1, 4:1 and 8:1 NP ratios of each polymer. Transfection efficiencyrépresented by the
number of live cells expressing GFP (as a percentage of total cells analyzed), while cell viability
was indicated by PI staining and shown as a percentage of total cells analyzed. Meaafvalues
three individual experiments, each expeamncomprising three independent replicas per sample,
conditions

arereported st andard deviation. Control

only (no plasmid)"”.
N*/P-ratio Treatment Transfection Cell viability

efficiency

0 Cellonly (no plasmid) 0.0(n=1) 96.2 (n=1)
2:1 Polymer ILCC DNA minivector 26.6 6.6 95.1 0.7
2:1 Polymer 1CCC pDNA 246 5.6 945 2.1
4:1 Polymer 1LCC DNA minivector 38.1 5.1 956 14
4:1 Polymer I1CCC pDNA 327 2.2 93.3 25
8:1 Polymer ILCC DNA minivector 57.7 6.2 96.1 2.1
8:1 Polymer 1CCC pDNA 544 57 955 15
2:1 Polymer 2LCC DNA minivector 432 5.6 948 24
2:1 Polymer 2CCC pDNA 36.4 5.7 948 0.7
4:1 Polymer 2LCC DNA minivector 69.7 4.1 948 24
4:1 Polymer 2CCC pDNA 574 24 942 1.2
8:1 Polymer 2LCC DNA minivector 744 5.4 953 1.1
8:1 Polymer 2CCC pDNA 59.7 3.5 95.1 1.3
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Table B-3 Transfection efficiency and cell viability in ARPB cells treated witRolymer 1LCC

DNA minivectoror CCC pDNAandPolymer 2LCC DNA minivectoror CCC pDNAprepared at

a 2:1, 4:1 and 8:1 MP ratios of each polymer. Transfection efficiency is represented by the
number of live cells expressing GFP (as a percentage of total cells analyzed), while cell viability
was indicated by positive Pl staining and shown as a percentage of total cellscndae
valuesof three individual experiments, each experiment comprising three independent replicas per
sampleare reported standard deviatiarControl conditions consisted of untreated cells (labelled

as “cell only (no plasmid)”.
N*/P-ratio Treatment Transfection Cell viability
efficiency
0 Cell only (no plasmid) 00(n=1) 97.1(n=1)
2:1 Polymer ILCC DNA minivector 17.8 3.2 94.3 0.7
2:1 Polymer 1/CCC pDNA 152 5.3 96.1 1.1
4:1 Polymer ILCC DNA minivector 304 4.2 95.3 2.1
4:1 Polymer 1/CCC pDNA 19.2 6.8 95.6 0.5
8:1 Polymer ILCC DNA minivector 38.7 3.5 95.2 15
8:1 Polymer 1/CCC pDNA 30.1 44 939 24
2:1 Polymer 2LCC DNA minivector 22.4 3.9 96.1 0.4
2:1 Polymer 1/CC(GQDNA 186 3.6 955 21
4:1 Polymer 2LCC DNA minivector 36.8 2.1 953 14
4:1 Polymer 1/CCC pDNA 355 5.2 935 23
8:1 Polymer 2LCC DNA minivector 60.1 5.1 948 2.2
8:1 Polymer 1/CCC pDNA 48.6 5.5 94.3 0.8
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Appendix C

Table C-1 Monolayer properties of GS/DOPE binary mixed monolayers.

Xes pH AL Amin teol (MN/m) Csmax’! AGF
(A¥molecule)  (A%molecule) (mN/m) (kJ/mol)
18-7-18/DOPE

1 4 237.4 £ 155 164.1+£3.4 38.0+£0.2 42.8+0.1 NA
0.9 4 227.9+9.9 151.4 £ 0.02 36.7+0.1 43.2+0.3 0.77+£0.2
0.8 4 228.6 +5.7 154.2 £ 8.0 40.3+0.6 44.0£0.2 2.51+0.9
0.7 4 213.1+£10.4 127.7+5.4 37.8+0.4 41.0+0.9 -1.02+0.8
0.6 4 192.9+3.3 110.7+£0.9 441 +£0.1 54.2+0.2 0.09£0.2
0.5 4 255.1+£0.2 203.9+1.7 41.5+0.6 51.9+0.7 13.75+ 0.9
0.4 4 166.4 + 18.6 85.1+0.7 41.7 £ 0.7 66.7£ 0.5 0.91+0.7
0.3 4 131.2+£6.0 505+24 NA* 54.3£0.4 3.82+£ 0.5
0.2 4 113.7+4.1 62.7+1.3 NA* 77.8+£0.1 3.82+0.1
0.1 4 114.8 +£0.3 559+1.6 NA* 60.2+ 0.5 1.98+0.5

0 4 98.9+4.9 60.0 £ 0.7 43.2+£0.2 77.6£0.4 NA

1 7 236.9 £ 3.7 1776 £4.4 38.0+£0.01 38.7£0.7 NA
0.9 7 211.5+1.0 129.8 £+ 3.3 405+£0.2 41.6+0.2 5.10£ 0.5
0.8 7 198.7 £ 4.6 139.1+1.9 39.4+0.3 40.1+04 2.92+0.4
0.7 7 192.7+ 2.0 112.6+4.0 39.9+0.3 447+ 0.7 3.93£0.6
0.6 7 1625+1.7 104.1£0.3 38.7+£0.3 38.7+£0.8 454+ 0.3
0.5 7 246.3+£12.0 166.0£1.2 41.4+£0.5 45.7+0.2 7.18+£0.5
0.4 7 1346 +£5.9 85.1+1.5 41.5+0.7 55.2+0.3 2.59+0.1
0.3 7 117.2+2.3 70.3+£0.6 44.4 £0.01 77.4+0.9 3.11+£0.2
0.2 7 106.9+2.4 71.8+0.5 42.7+0.5 78.9+£0.4 1.97+£0.9
0.1 7 97.3+0.3 60.1+1.1 NA* 78.3£0.2 2.22+0.5

0 7 113.0+£8.1 68.4+2.3 405104 72.3£0.8 NA

18 7NH-18/DOPE

1 4 206.4+£6.8 123.8+1.8 41.8+0.9 61.1+£ 0.5 NA
0.9 4 185.2 £ 0.7 102.3+1.5 30.8+0.3 55.9+£0.2 3.37£0.6
0.8 4 169.7+£1.8 82.9+0.1 34.0+£0.2 57.6£ 0.6 5.07+£0.2
0.7 4 1445+ 12.7 776+1.4 37.2+0.2 58.8+£0.2 456+ 0.1
0.6 4 1329+ 35 65.7£0.3 36.7+0.1 60.3£ 0.8 53104
0.5 4 199.4+£59 113.4+£0.4 450+£04 65.0£0.9 4.05+04
0.4 4 116.1+4.1 61.4+2.3 429+35 80.3+0.4 3.38+£0.8
0.3 4 101.8+4.6 60.1+£2.2 44.6 £0.01 86.5+ 0.7 254+ 0.5
0.2 4 97.8+£4.9 555+ 3.6 428+ 45 78.7£0.1 3.05+ 0.6
0.1 4 945+2.2 55.3+0.5 41.1+£5.3 85.2+0.2 1.51+0.2

0 4 98.9+4.9 60.0 £ 0.7 43.2+0.2 77.6x0.6 NA

1 7 173.2+0.4 101.7+4.4 41.0+£ 3.5 554+ 04 NA
0.9 7 157.1+£1.0 88.9+3.2 443+7.1 59.4+ 0.7 2.15+0.1
0.8 7 134.1£0.8 83.3+1.0 414 +45 69.5+£0.1 1.42+0.9
0.7 7 111.2+1.7 68.4+1.2 40.7 £ 0.2 71.1+£0.2 4.13+0.7
0.6 7 124.7 £ 3.2 72.7 £ 0.8 45.2+0.9 81.3x0.5 0.72+£0.2
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0.5 7 164.7+3.4 103.7 + 2.6 49.1+0.2 80.8+0.6 3.80+0.2

0.4 7 93.7+2.2 61.1+0.7 456 £ 0.2 85.7+0.7 3.22+0.9

0.3 7 106.6 +4.1 65.0+0.8 40.5+5.5 83.4+ 0.6 2.31+0.6

0.2 7 101.5+3.8 68.6+24 445 +0.1 90.7+0.2 0.97+0.7

0.1 7 101.4 +5.7 60.8+15 449+0.4 100.9+0.1 0.97+0.4
0 7 113.0+8.1 68.4+23 40.5+0.4 72.3+0.4 NA

*NA — The mixed monolayer did not reach a collapse point in experiments.
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Figure C-1 Mean molecular area ¢4 vs. composition plots for GS/IDOPE mixed monolayers;
the dashed lines were drawn based on the additivity (a)e18-7-18/DOPE mixed monolayers
under pH 7 conditiongB) 18-7-18/DOPE mixed monolayers under pH 4 conditi@q$.18-7NH-
18/DOPE mixed monalers under pH 7 condition@) 18-7NH-18/DOPE mixed monolayers
under pH 4 conditions.
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