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Abstract

Glaucoma is a retinal neurodegenerative disease where the retinal ganglion cells (RGCs) suffer from
damage and die over time due to multiple factors, including a persistently elevated intraocular pressure
(IOP). Glaucoma is a leading cause of blindness worldwide, but with protective new treatments
significant progress could be made to prevent and regenerate vision loss in patients. Current glaucoma
management relies on reducing and maintaining IOP by pharmacological and invasive surgical
treatments. Neuroprotective approaches have the potential to prevent RGC damage and could be
essential to preserve vision in patients over time. Neurotrophic factors and other neuroprotective
compounds have been shown to be useful, however, efficient and reliable delivery of these agents to
the retina is still a major obstacle. One of the neurotrophic factors (NTFs), brain-derived neurotrophic
factor (BDNF) has been shown to protect RGCs, but in glaucoma there is a local deficiency due to

decreased retinal levels of both local and retrogradely transported NTFs.

Gene therapy with BDNF-encoding gene could be a suitable approach to locally express BDNF in the
retina long-term. We designed multifunctional non-viral peptide-targeted gemini surfactant-based gene
delivery systems to deliver BDNF-encoding plasmid to retinal cells in vitro and in vivo. The main
objective was to develop a new generation of nanoplex (NPX) system based on cell adhesion peptide
(CAP)-modified dicationic gemini surfactants (m-s(p)-m) (m=C;s) for targeted delivery of BDNF gene

to the retina.

First, a new synthesis method was developed for second generation m-7NH-m (m=C,, and C;s) gemini
surfactants which were then used as building blocks for conjugation of selected CAPs at the amino
group in the spacer. The modified synthesis protocol was developed with a solvent-free, 4-
Dimethylaminopyridine (DMAP)-free, one-pot synthetic scheme to synthesize m-7NH-m gemini

surfactants with Boc,O protection, quaternization with 1-bromoalkanes and deprotection with
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trifluoroacetic acid cocktail to improve the purity of the m-7NH-m gemini surfactant. The new
synthesis method provides a two-fold improved yield and the production of a pure species of m-7NH-
m without DMAP and trimeric m-7N(m)-m surfactants as impurities. Also, for the first time, a one-pot
method for the synthesis of trimeric gemini surfactants (bis-quaternary trimeric (m-7N(m)-m) (m=16

and 18)) was developed.

Second, using m-7NH-m gemini surfactants as building blocks two integrin-binding (pi-2) and three
immunoglobulin superfamily (IgSF)-peptide (ps-s) modified m-sN(pi-s)-m gemini surfactants (m-alkyl
tail [12-18C], s-spacer 7C with amino-peptide substitution) were synthesized and purified. Nanoplexes
(NPXs), lipoplexes (LPXs), peptide-modified nanoplexes (pNPXs) and peptide-modified lipoplexes
(pLPXs) of dimeric, trimeric second generation gemini surfactants and peptide-conjugated m-7N(pi-s)-
m third generation gemini surfactants with gWIZ-GFP plasmid were formulated and optimized with
and without 1,2-dioleyl-sn-glycero-3-phosphotidylethanolamine (DOPE) helper lipid, respectively, at
various charge ratios and characterized for particle size , zeta potential, transfection efficiency and

toxicity in A7 astrocytes using flow cytometry and confocal microscopy.

Third, the NPXs and LPXs were evaluated both in vitro and in vivo: for corneal interactions in MatTek
EpiCorneal® tissue equivalent model, for transfection efficiency in a 3D environment using MiEye8
retinal neurospheres, and for delivery and transfection ability in vivo. In the in vivo CD1 mouse model
18-7N(p3)-18 pNPXs administered by IVT injection delivered tdTomato/BDNF plasmid to retinal cells
and produced higher gene expression than the 18-7N(pi)-18 pNPXs, the parent 18-7NH-18 NPXs and
Lipofectamine® 3000 as demonstrated by confocal microscopy of whole mount retinas. The BDNF
gene expression, assessed by ELISA, showed significantly high levels of BDNF with 18-7N(ps3)-18
(422.60 + 42.60pg/eye), followed by 18-7N(p1)-18 pNPXs (230.62 + 24.47pg/eye), 18-7NH-18 NPXs

(245.90 + 39.72pg/eye), Lipofectamine® 3000 (199.99 + 29.90 pg/eye) and untreated controls (131.33
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+20.30 pg/eye). In summary, the 18-7N(p3)-18 pNPXs induced 3.4-fold higher BDNF level compared

to controls and 2-fold higher than 18-7N(p1)-18 pNPXs.

Fourth, it was shown that A colocalizes in the apoptotic RGCs in experimental glaucoma models and
induces RGC apoptosis, targeting the AP pathway has resulted in reduction of RGC apoptosis and
helped in the protection of RGCs from degeneration, previously it was reported that amphiphilic gemini
surfactants have potential to inhibit AP aggregation. Hence, some complementary exploratory studies
were carried out on the amyloid A4 aggregation inhibition properties of some of the new peptide-
gemini surfactants by a fluorescence kinetic assay and on the binding affinities of CAP-gemini
surfactants by molecular modelling. In vitro AP4o peptide aggregation inhibition studies showed that
18-7N(p3)-18 and 18-7N(pi1)-18 gemini surfactants have the potential to inhibit APso peptide

aggregation and formation of higher order oligomers.

In conclusion, the novel multifunctional IgSF peptide and integrin-binding peptide conjugated gemini
NPXs provide a promising non-viral in vivo gene delivery approach to retinal cells. The pNPXs with
CAPs from the neural IgSF represent a novel approach to non-viral gene delivery to the retina. The
IgSF peptides are known to elicit a cell adhesion and binding interaction between the neural IgCAMs
and have potential to engage in homophilic and heterophilic interaction with other cell surface proteins.
This property of IgSF CAPs was exploited to improve the adhesion and delivery of pNPXs to the retinal
cells by conjugating them on to gemini surfactant gene vectors. The conjugation of peptides to the 18-
7NH-18 gemini surfactant and the pNPXs prepared from the IgSF peptide-modified gemini surfactants

have enhanced transfection efficiency with low toxicity.
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Chapter 1 Introduction

The primary goal of drug delivery research is to preserve or improve health by developing new
treatment modalities by designing effective delivery systems for both old and new therapeutic agents.
This is achieved either by targeting or circumventing various barriers that act as hindrance through
physical and chemical modifications for safer and more effective delivery of therapeutic agents to the
designated target. Our current research also focuses on a similar long-standing problem in
ophthalmology for the treatment of glaucoma by developing a non-viral gene delivery system. The
design and development of these systems especially become more complicated when considering the
in vivo structural and physicochemical barriers faced by the gene medicine intended to reach the
posterior segment of eye, that is the location of neurodegenerative processes. Work carried out and
embodied in this thesis focuses on the development of a non-viral system for neurotrophic factor (more
specifically brain derived neurotrophic factor (BDNF)) (NTF) gene therapy to the back-of-eye. The
thesis presents the design, formulation and evaluation of peptide-targeted gemini nanoparticles (NPs)

as gene delivery systems to the retina.

1.1 Ocular anatomy, barriers, routes of delivery and treatments in glaucoma

therapy

1.1.1 Ocular barriers to treatments targeting the posterior segment

The cornea and conjunctiva represent the outermost layers of the eye. Both structures are covered by
an approximately 10-pm-thick film of tear fluid, that is produced by the lachrymal gland. Tear fluid is
the first barrier encountered when a formulation is administered into the eye as a topical formulation.
This film consists of an outer lipid layer (mostly sterol esters, phospholipids, triglycerides, free fatty
acids and free sterols), an aqueous layer (salts, glucose, urea, and various proteins), and an inner mucus
layer (mostly mucin [MUCI1], a high-molecular-weight transmembrane glycoprotein), and it provides

a barrier between the air and the hydrophilic surface of the cornea. Some of the physicochemical
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properties of various barriers are shown in Table 1-1. The osmolality (310-350 mOsm/kg), surface
tension (44 mN/m), pH (7.4), rheological behavior (non-Newtonian), polarity (negatively charged) and
anti-adhesive properties (caused by glycosyl and sialic acid moieties on MUC1; pKa=2.6) of the tear
film have been established in detail (1). The tear film is produced by the nasolacrimal drainage system,
which has multiple functions, including the lubrication and protection of the eye, as well as the
clearance of foreign bodies that enter the eye. This latter function constitutes the second major barrier
affecting drug and macromolecule delivery into the eye. In humans, the normal tear production rate is
0.5-2.2 pL/min. This rate increases to approximately 300 pL/min upon mechanical or chemical
irritation, including drug administration, resulting in the removal of most foreign materials (2, 3). The
dose volume, pH, electrolyte concentration, lipid and surfactant composition of a drug molecule may
affect tear stability and result in adverse reactions. Altering the pH from physiological levels (e.g., from
6.5 to 7.6) (4) stimulates the production of excess tear fluid, which may cause drainage of ocular
therapeutics via the trabecular meshwork (TM), resulting in the elimination of these therapeutics from
the ocular cavity. Indeed, lacrimation and tear drainage limit the delivery of therapeutic molecules to
the intraocular layers, to the extent where less than 3% of administered dose may pass into these layers.
Furthermore, interactions between biomolecules and tear proteins also reduce the effective

concentrations of therapeutics delivered to the eye (5).



Table 1-1 Physicochemical properties of various barriers in eye

Barriers Properties
Thickness o Thickness between 7.0-7.5 pm (6)
Outer lipid layer (Hydrophobic) e Sterol esters, phospholipids, triglycerides,
free fatty acids and free sterols
Aqueous layer (Hydrophilic) e Salts, glucose, urea and various proteins
(7)
Mucus layer e Mucin (MUC1), acts as barrier between
air and hydrophilic surface of cornea (7, 8)
pH e 74
£
iE Osmolality e 310-350 mOsm/kg
]
= Surface tension e 44 mN/m
Charge e Negatively charged
Anti-adhesive e Glycosyl and sialic acid moieties on MUC
1 provide anti-adhesive property of tear
film
Tear volume e 0.5-2.2 pL/min increases to 300 pL/min
after mechanical or chemical irritation
which is a major barrier for delivery of
therapeutics (2, 3)
Thickness e 500-700um (9)
Surface area e 1.04cm?
Charge e Negatively charged
Epithelium
§ Thickness e 50 pum/(6)
o
3 Lipophilicity/Composition e Lipophilic, Tight junction cells 5-6 cell

layers, Bowman’s layer 15 pm below the
epithelium.

Stroma

Cornea is composed of 85% stroma,
mostly made of water other connective
tissue such as fibroblasts and collagen are
present. Despite of its hydrophilic nature




this layer does not act as a barrier for
lipophilic compounds.

Endothelium

Thickness

15 um (10)

Nature

Lipophilic, hexagonal arrangement of
cells.

Vitreous

pH

7.0-7.4

Nature

Composed of 80% water,
glycosaminoglycans (GAGs),
proteoglycans, hyaluronan and chondroitin
sulfate. Acts as a potential barrier for
cationic systems, can precipitate nucleic
acids due to charge interactions. (11, 12)

Conjunctiva

Thickness

240.1+29.8 um (13)

Nature

Composed of mucus cells, tight junction
cells are present beneath the apical cells,
vascularized.

Lipophilicity

Hydrophilic; helps in permeation of
hydrophilic moieties and large molecules
(14). Drug delivery through conjunctival-
sclera is a potential pathway that can be
explored for delivery of large molecules

(15).

Sclera

Thickness

550-850 pm

Nature

Composed of tight junction cells,
connected by fibrin, elastin and collagen
which act as a barrier for movement of
ocular therapeutics.

Charge

Negatively charged (due to scleral
proteoglycans), molecules possessing
negative charge are highly permeable
compared to cationic compounds due to
reduced interactions with scleral
proteoglycans (16).




Thickness e 100-200 um

Nature e Fenestrated epithelium allows small
molecules to pass.

e Sclera and choroid are effective barriers to
lipophilic delivery systems, which tend to
be transported through non-corneal routes
(17).

e A thin, pigmented, vascular network that
supplies blood to outer layers of the retina
and RPE.

e Also contains other cells such as
melanocytes, fibroblasts and smooth
muscles (18).

Choroid

Lipophilicity e Hydrophilic
e  Conjunctiva-sclera-choroid is a potential
permeation pathway for ocular therapeutics.

Thickness e 150 um (19)

Nature e Non-fenestrated RPE, acts as blood-retinal
barrier. A layer composed of RGCs, Miiller
cells, astrocytes, glial cells, photoreceptor
cells and oligodendrocytes.

Retina

Lipophilicity e Lipophilic, mostly allows highly lipophilic
molecules to pass through the blood retinal
barrier, large molecules cannot permeate
through this barrier (20, 21).

Other relevant structural elements worth mentioning are that the cornea is continuous with the sclera,
whereas the iris is continuous with the choroid at the posterior segment, and the innermost layer at the
back of the eye is termed the retina. Suspensory ligaments in the iris hold the lens in a position that
helps it to adjust to incoming light. The sclera, composed of tight junction-connected cellular barriers,
contains a fiber matrix composed of elastin and collagen that acts as a potential barrier to the penetration
of therapeutics. In addition, the transport of a compound across the sclera is dependent on the

compound’s molecular weight and charge. Molecules with negatively charged surfaces are more



capable of permeating these membranes than those with positively charged surfaces due to their reduced
interactions with negatively charged scleral proteoglycans (16).

The retina is a complex, multi-layered tissue that comprises retinal ganglion cells (RGCs), glial cells,
astrocytes, oligodendrocytes, Muller cells and photoreceptor cells. The mean thickness of the retina is
approximately 150 um as determined by optical coherence tomography or 107 pm as determined by
retinal thickness analyzer measurements (19). It includes a non-fenestrated retinal pigment epithelium
(RPE), which restricts the movement of therapeutic molecules (20, 21). The RPE also acts as a blood-
retinal barrier by preventing systemically administered drugs from reaching retina by inhibiting blood
flow into the retinal segment (22). Unlike the RPE, the choroid epithelium is fenestrated, allowing the

passage of small molecules (23, 24).

1.1.2 Routes of delivery to posterior segment of eye

Administration into the eye includes topical, intravitreal, subconjunctival, subretinal and periocular
delivery routes. Topical application is frequently used for front-of-the eye delivery, while injectable
methods are necessary to reach the retina. Intravitreal administration provides a depot effect and
sustained drug levels within ocular tissues (25), but it is not without risks. For example, the current
method used for administering LUCENTIS® (ranibizumab injection) for neovascular (wet) age-related
macular degeneration (AMD) involves a monthly intravitreal injection through the sclera into the
vitreous using a 30G needle under local anesthesia following pretreatment with a broad-spectrum
microbicide. Complications may include endophthalmitis, rhegmatogenous retinal detachment and
iatrogenic traumatic cataracts. Other methods for delivering drugs to the back of the eye include
systemic, subconjunctival, subretinal and periocular injections. Subconjunctival delivery has gained
prominence in recent years due to higher permeability compared to the sclera after injection irrespective

of the lipophilicity of the drug molecules (26). Also, this route allows subsequent passage of large



molecules through the sclera, which, unlike cornea, stands as a tough barrier to molecules with low
lipophilicity and high molecular weight. Transscleral delivery of Immunoglobulin Cell Adhesion
Molecule-1 (Ig CAM-1) through the sclera into choroid and retina was achieved by an implanted
osmotic pump of an infusion kit with the tip placed to face the sclera. High levels of Ig complex found
in the choroid and retina indicate that scleral delivery of large molecules is possible and may be
explained by the low number of cells in sclera which provide high surface area (16.3 cm?) for
permeation of larger molecules (27).

Periocular routes, such as sub-tenon and retrobulbar, could serve as alternative administration routes
for bioactives to the deeper layers of the eye. Sub-tenon injections are given into tenon’s capsule,
whereas retrobulbar injections are administered into the rectus muscle and intermuscular septa. The
latter can cause serious traumatic injuries to the optic nerve and is therefore the least preferred route of
delivery for ocular bioactives.

Following intravenous delivery, drug levels in ocular tissues may reach therapeutic concentrations due
to vascular perfusion. For example, intravenous delivery of anti-VEGF antibodies functionalized with
transferrin (Trf) and arginine-glycine-aspartic acid (RGD) peptides enables these antibodies to reach
RPE photoreceptors and endothelial cells, facilitating their delivery to the back of the eye and thereby
aiding their targeting of choroidal neovascularization lesions . However, this type of intravenous
delivery strategy increases the likelihood of systemic adverse reactions, due to the large doses that need
to be delivered to attain therapeutic concentrations in the posterior segment of the eye. Blood perfusion
into RPE cells and choroidal tissues also facilitates the delivery of bioactives to the posterior segment
of the eye, and their delivery appears to be enhanced when bioactives are functionalized with peptides
and targeting moieties (28). Sub-retinal route of delivery has gained more prominence in recent years
with the approval of Luxturna® (voretigene neparvovec-rzyl), injected by subretinal route to treat retinal

dystrophy characterized by the genetic mutation in the alleles of RPE65 leading to rod mediated retinal
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dystrophies. The sub-retinal injection is performed by adapting all vitreoretinal techniques and
successful gene transfer was achieved with this route of delivery as shown by the expression and visual
field improvement in the human subjects (29). Despite the chances of complications related to
endophthalmitis, cataract and retinal detachment this injection method is preferred in order to achieve
therapeutic levels in the posterior segment of the eye.

Topically applied drugs can reach the retina through several possible penetration pathways, including
via conjunctiva-sclera-choroid-RPE, cornea-posterior chamber-vitreous-retina and conjunctiva-orbital-
optic nerve head routes (30)

The potential penetration pathways and barriers encountered along the way in the eye were also
postulated for topically applied therapeutic formulations (Figure 1-1). For example, one pathway to the
posterior chamber is through the complex 5-layered cornea of approximately 500-700 pm thickness
(31). In general, drugs and delivery systems that include cationic components bind to the negatively
charged membranes of corneal cells, and provide increased residence time and sustained drug release
within the precorneal chamber (32-36). Tight junctions prevent the passive movement of hydrophilic
and ionized compounds, whereas the diffusion of highly lipophilic compounds through the stroma,
which accounts for 85% of total corneal thickness, is relatively uninhibited (37). The outermost
epithelium is approximately 50 pm thick (6, 38), while the Bowman’s layer, just beneath the epithelium,
measures 15 pm and helps maintains the position of the endothelium. The internal membrane lining the
cornea, also about 15 um thick, is composed of hexagonal cells arranged in an ordered matrix (10).
Despite being safe and well tolerated, the topical delivery route still faces many challenges related to
drug bioavailability and residence time. The development of a satisfactory delivery method to the retina
is important because newer strategies involve both promoting health of RGCs and providing
neuroregenerative treatments for the optic nerve. Some drugs may penetrate through the vitreous, a

large structural bulb filled with a jelly-like substance that is 80% water and includes a matrix of collagen
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fibers and glycosaminoglycans, such as hyaluronan, proteoglycans, heparin and chondroitin sulfate,
poses a significant barrier for ocular gene delivery. The GAGs present in the vitreous restrict the
movement of cationic molecules and NPs, often preventing them from reaching the retinal layers by
forming complexes with them (39).

Another potential permeation pathway is through the conjunctiva composed of mainly mucus cells.
Drugs can be transported through the conjunctival layers by passage through the sclera and ciliary body
into either the anterior chamber or the retinal segments of the eye (15). Hydrophilic molecules are

transported through the conjunctiva to a greater extent compared to the cornea or sclera.
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Figure 1-1 Barriers, penetration pathways and target locations for gene therapy in the eye, figure
reprinted with permission from Foldvari et al. (Journal of Controlled Release (240), 165-190 (2016)
(40)
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1.2 Glaucoma

1.2.1 Pathophysiology and epidemiology of glaucoma

Glaucoma is characterized by progressive visual impairment, caused by the death of RGCs and
degeneration of the optic nerve as a result of elevated intraocular pressure (IOP). Glaucoma is one of
the most common causes of blindness in the world with figures reaching over 80 million people (41,
42), including 400,000 Canadians, affected by this disease. Patients lose their peripheral vision first
followed by eventual complete loss of vision. High IOP does not produce any symptoms at the initial
stages and patient can recognize the disorder only when they experience vision loss. Hence, it is
difficult to identify it at earlier stages (43).

Regular IOP checkups can help in identifying the onset of this condition. Primary open angle glaucoma
(POAG) and angle closure glaucoma are the two main glaucoma conditions. While the majority of the
cases reported are of POAG, but both types of glaucoma cause potential loss of RGCs that help in
transmitting visual signals to the central nervous system (CNS) by a bundle of axons joining to form
optic nerve. In POAG the aqueous humor has free access to TM and Schlemm’s canal. In secondary
angle glaucoma there is an increased resistance to the outflow through the TM and Schlemm’s canal
due to conditions, such as exfoliative glaucoma and pigmentary glaucoma. In angle closure glaucoma
the iris sticks to the cornea and is in contact with the TM, where the peripheral iris blocks the movement
of aqueous humor movement from the peripheral chamber to anterior chamber thereby actively
preventing its drainage through the TM (42).

Glaucoma is a result of multiple triggers, predispositions and activation of various inflammatory
cascades. Characteristic signs include optic nerve head compression and cupping due to loss of the
retinal nerve fiber layer (NFL) and ganglion cells contained in these fibers (44). Persistently elevated

level of IOP is the major contributor to glaucoma progression, leading to substantial damage to the
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optic nerve at the lamina cribrosa, that prevents the anterograde and retrograde transport of nutrition
and NTFs causing the death of RGCs (42, 45). Molecular and cellular mechanisms of this specific death
pattern are poorly understood. Obstruction of the TM that helps in regular outflow of aqueous humor
from the anterior chamber, causes a raise in IOP above normal levels i.e. 10-21 mm Hg. This increased
pressure is directly felt by the optic disc cupping or the optic nerve head at lamina cribrosa causing
compression of optic nerve head and blocking the transport in either direction causing local ischemia
leading to death of RGCs (46, 47). On the other hand, Howell et al. (2007) demonstrated that rodents
lacking the collagenous plate in the lamina are also susceptible to glaucoma (48). The combination of
increased IOP and mechanical stress on optic nerve head stimulates the production of tumor necrosis
factor (TNF-a)) and nitric oxide causing damage to the optic nerve (49). The deprivation of NTFs and
nutritional supply to the cells trigger genes that regulate apoptosis due to metabolic stress and cause the
death of cells in the optic nerve head (50). Reduced blood and nutrition supply also stimulate
inflammatory and immune conditions that increase the presence of reactive astrocytes and increased
glial fibrillary acidic protein (GFAP). The inflammatory process (51) and the reduced vascular access
leads to hypoxic injuries in the retinal cells that trigger the activation of multiple cascades of
inflammation leading to repair and apoptotic mechanisms. Some additional complex pathways that are
involved in the glaucoma progression include astrogliosis, microglial activation, NTF deprivation,
reactive oxygen species generation and mitochondrial dysfunction (52, 53). Astrocytes along with
Miiller glial cells help in supporting the functions of the RGCs and maintain homeostasis in the retinal
cell layers. The trigger to form reactive astrocytes happens when there is an increased strain in the
sclera, that surrounds the ONH. Reactive astrocytes are also involved in altering the ONH environment
when activated by inflammatory mediators, they change the homeostasis in the ONH leading to axonal
degeneration (54). Similarly, microglial activation was identified as another major trigger for

degeneration of RGCs in a glaucomatous retina. When microglia are activated, they turn from quiescent
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microglia to activated enlarged microglia which spread into the LC blood vessels, ONH and into the
scleral interface (52, 55). NTF deprivation is another factor that triggers neurodegeneration by
activating apoptotic pathways. NTFs normally promote the survival of the neurons by inhibiting the
apoptotic pathways. Despite the local production of NTFs, it is equally important to have access to the
distally produced NTFs form superior colliculus (SC). The local production helps in the temporary
survival during deficits but cannot maintain long term survival. NTFs produced distally at SC are
needed for maintaining health of RGC neurons in the retina (53, 56). Mitochondrial dysfunction is
another pathway for neurodegeneration. The release of TNF-a induces mitochondrial dysfunction
leading to the activation of the pathways and to apoptosis and cell death. The dysfunction also leads to
excess production of reactive oxygen species that can trigger other inflammatory cascades and cell
death. Factors such as aging, oxidative stress and genetic predisposition were considered as the
promoters of mitochondrial dysfunction (57). Almasieh et al. (2012) and Algawlaq et al. (2018) have
extensively reviewed some contributing factors and pathways as discussed earlier in this section that
were involved in the neurodegeneration in glaucoma. Summary of the mechanical triggers and common
inflammatory cascades involved in RGC degeneration are shown in Figure 1-2 . It was also found that
dendrites and synaptic terminals are the first to undergo degeneration before the reduction of the RGCs
from the glaucomatous damage. (58). This stimulates a chain of manifestations in the extracellular
matrix by forming a glial scar in the CNS or at damaged area making them unable to regenerate (59,
60). Nevertheless, the pathophysiology of neurodegeneration is still a widely debated topic and many

groups are still working on elucidating the pathways of neural cell death
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Figure 1-2 Mediators of RGC apoptosis and NTF deprivation. a. deprivation of bidirectional transport
of NTFs, b. activation of secondary cascades of apoptosis and inflammation such as astrogliosis,
microglial activation and mitochondrial dysfunction, and c. RGC cell death due to activation of
inflammatory and secondary cascades of apoptosis (45, 53, 61). Figure generated by Lokesh Narsineni
using BioRender.com.

1.2.2 Neurotrophic factors and their role in glaucoma and optic nerve degeneration

Neurotrophins are a class of small proteins that help in maintaining proper health and growth state of
axons and RGCs. NTFs such as ciliary neurotrophic factor (CNTF) (62) and BDNF (63) when injected
into the intraocular space and SC have shown improved growth of the axons and survival of RGCs. An

increase in IOP interrupts the transport of BDNF which was identified as primary reason for the death
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of RGCs (45). BDNF remains localized at the optic nerve head, as identified by immunolabelling
tropomyosin receptor kinase B (TrKB) receptors, due to the mechanical compression at the optic nerve
head (ONH) and this deprivation triggers the apoptosis of RGCs . BDNF deprivation is one of the
primary reasons for glaucomatous degeneration of RGCs (64). Nerve growth factor (NGF) is a family
of neurotrophins that can help in activation of both TrKA and p75N™. NGF can help in neuroprotection
of RGCs by binding with the TrKA that are expressed in RGCs, while binding with the p75N™can
trigger neuronal apoptosis (65). NGF is known to promote recovery of RGCs in the animal models that
have been subjected to ischemia (66). Treatment with NGF eye drops twice daily for 7 weeks, prevented
ischemia induced RGC apoptotic cell death in male Sprague-Dawley rats with induced glaucoma. NGF
appeared to reach the back of the eye and helped prevent the decline of the RGC population by binding
with NGF receptors and promoted survival and growth of RGCs (67). BDNF and CNTF treatments
have shown good neuroprotective effects after optic nerve transection (68, 69). BDNF is expressed in
the CNS and exerts its pro-survival effects by binding with TrKB receptors and upregulate the
production of various pro-survival genes (70). BDNF also helps in activating the signaling pathways
of phosphatidylinositol 3-kinase/Akt which deactivate the proapoptotic receptors (71). BDNF is
considered as one of the factors responsible for maintaining the health of RGCs and as a powerful
neuroprotective agent(72). As another evidence for the role of BDNF is that, a reduction in BDNF
levels was noted prior to the death of RGCs and patients with POAG have low serum and tear fluid
levels of BDNF compared to control subjects (73). The TrKB neurotrophin receptors in retinal glia
were evaluated for their role in neural cell survival and neural regeneration. TrKB receptors are required
to elicit the neuroprotective effects of BDNF. It is important to have both TrKB receptors expressed in
the retinal glia and BDNF availability to show neuroprotective effects and to produce neural markers
in the degenerating retina. The role of glial and neural cells in neurodegeneration was evaluated in a

TrKB receptor knock out (KO) transgenic mice TrkBSAP(TrkB receptor is deleted in the retinal glia)
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and TrkB"' (TrkB receptor is deleted in the inner retinal neurons) in retinal glia. The retinal
degeneration due to glutamate toxicity was found to be similar in both the TrkB®FA? and TrkB*' KO
mice. When BDNF was supplied it did not protect the photoreceptor degeneration, Miiller glial cell
proliferation (which was identified in this study that BDNF-TrkB signalling stimulates proliferation
and differentiation of Miiller glial cells in the degenerating retina) and expression of neural markers in
degenerating retina in TrKB®A? KO mice. The results demonstrated the potential of BDNF-TrKB glial
cell signalling in neuroprotection and their role in the proliferation and differentiation of Miiller glial
cells to photoreceptors (74). Paskowitz et al. (2007) demonstrated the neuroprotective effect of BDNF
and CNTF combination in photodynamic therapy (PDT). BDNF protected the retinal cells from PDT
induced degeneration (75). Later it was shown that the combination therapy using BDNF and CNTF
has shown better neuroprotection in PDT induced rats compared to the ones treated with only either
CNTF or BDNF. Also, BDNF was found to have better neuroprotective activity compared to CNTF
only treatment (76). Hence, NTFs, along with TrKB receptors are vital and play a major role in

maintenance of normal health of the RGCs and promotion of neuroprotection.

1.2.3 Role of other retinal cells in neurotrophic support for the retina

NTF support is vital for maintaining the health and homeostasis of retinal cell population. It has been
previously established that supply of BDNF through the SC and by local production in the retinal cells
can help in protecting the RGCs from death (77, 78). However, selecting the right target cells for
delivery of NTF gene and local production is necessary to supplement the lost NTF support, the local
insufficiency due to elevated IOP and blockade of bidirectional transport through optic nerve makes it
very difficult to deliver NTF through SC (79). Hence, in neurodegenerative conditions such as
glaucoma other cell types in the retina are targeted to deliver therapeutics and make use of those cells

in the retinal environment to produce NTFs. Cells that may be good targets for retinal therapy are
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astrocytes or Miiller cells (80), as these cells are known to increase in number in the retina when the
inflammatory pathways are activated, for example after an episode of damage or injury (81). Our group
showed that A7 astrocytes, transfected with nanoparticles carrying the BDNF gene expressed bioactive
BDNF that promoted neurite outgrowth in the oxidatively stressed neuroblastoma cells in a two-layer
contact-independent 3D neuronal co-culture model (82).Also, in a disease model where RGC’s are
declining in number it is not ideal to target RGCs and deliver the therapeutic gene, increased number
of A7 astrocytes are mobilized to the retina during an episode of inflammation or injury. Hence, A7
astrocytes can be targeted in the retina to produce BDNF and supply to the dying RGCs inherently.
Hence, A7 astrocytes were used in our in vitro studies to assess the efficiency of the NPXs to deliver

reporter gene.

Retina is a key target for back-of-the-eye conditions, but as mentioned earlier it is highly challenging
to reach retinal layers due to the complex and varying physicochemical issues in the eye, the various
cell types in the retina (Figure 1-3) and the barriers involved (Figure 1-1). Administration routes such
as intravitreal, sub-retinal and topical routes have shown positive gene expression in targeting the
retinal layers by circumventing the barriers (83-86). Sanes and Masland in their review have shown the
existence of 3 different types of photoreceptor cells, 12 types of bipolar cells, 40 amacrine cell types
and 30 different types of RGC population which were classified based on morphology, gene
expression, spacing and physiological properties (87), similarly, recent studies have shown the
existence of more than 45 different subclasses of RGC’s (88). Hence, targeting retinal cell populations
is more complex with the presence of heterogenous populations of RGCs with varying protein
expression capabilities. Various population of cells present in the retina that can be targeted for retinal

delivery are shown under Figure 1-3.
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Figure 1-3 Routes of administration for retinal delivery, retinal cross section showing various layers
and cell types in the retina that are targets for gene delivery. Outer segment (OS), Outer nuclear layer,
outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer
(GCL) and NFL. Other targets in the retina such as astrocytes, bipolar cells, Miiller cells, microglia and
photoreceptor cells were present in the ONL and INL layers in the retina. Figure generated by Lokesh
Narsineni using BioRender.com.

1.2.4 Advances in ocular drug and gene delivery: from simple IOP lowering therapies to

neuroprotective and regenerative therapies in glaucoma treatment

Glaucoma therapeutics, current and under development, utilize IOP-lowering agents with various
mechanisms of action e.g., miotics (B-blockers, a2 agonists and prostaglandin analogs), aqueous
outflow modulators, anti-angiogenic agents, neuroprotective agents (NTFs and all-trans retinoic acid),
antioxidants, Rho-associated protein kinase (RhoA kinase or ROCK) inhibitors, -secretase inhibitors,
proteases, and antifibrotic agents (connective tissue growth factor inhibitors), to achieve clinical

improvement (Table 1-2). B-blockers, such as timolol, levobunolol and betaxolol, and a, agonists, such
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as brimonidine, help reduce the production of aqueous humor by acting locally on the ciliary body in
the anterior segment of the eye (89, 90). However, B-blockers cannot provide prolonged protection
compared with other lines of treatment, such as prostaglandins, over the nocturnal period (91).

A recent study found that brimonidine exerts neuroprotective effects by upregulating the expression of
NTFs. Brimonidine achieves this up-regulation by acting on the excitatory amino acid carrier 1
(EAAC1) receptor, which removes excess glutamate (92, 93). ROCK inhibitors are a new class of
molecules that have shown potential IOP-reducing effects. These effects are achieved via the inhibition
of Rho kinase, which controls smooth muscle contraction and relaxation by phosphorylation and
dephosphorylation (94, 95). Recent research on Rho kinase inhibitors has revealed their neuroprotective
and neuroregenerative capacities through blocking the Rho kinase cascade. For example, administration
of the ROCK inhibitor Y-39983 led to improved blood flow to the ONH (96), while the ROCK inhibitor
Y-27632 has been shown to protect RGCs from apoptosis and ischemia-induced stress and can also
increase RGC regeneration after optic nerve crush (97). Clinical trial data have suggested that ROCK
inhibitors effectively improve neurite outgrowth and that these molecules may represent a promising
approach for future glaucoma treatment and regenerative medicine (98-100). In the past decade research
into neuroprotective and regenerative therapies has increased. Controlled release of NTF using a
hydrogel system in the eye, where CNTF is complexed using affinity-based on the Src homology (SH-
3) and its binding peptides CNTF is conjugated to SH-3 through affinity based interaction (CNTF-
SH3) and is incorporated into hyaluronan and methyl cellulose (HAMC) hydrogel for a control release
over 7 days to the retinal cells (101).

Apart from the treatments listed above in glaucoma, pharmacotherapies that focus on lowering the high
IOP in the eye were widely used until today, various classes of drugs that possess distinct mechanism
of action were employed in treating the increased IOP. Drug classes such as prostaglandins, beta-

blockers, carbonic anhydrase inhibitors, a-agonists and miotics have been employed to treat the high
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IOP in the eye. Second line therapies which include surgical treatments such as trabeculoplasty, micro-
invasive glaucoma surgery and laser iridotomy were employed to relieve the high IOP. However, these
treatments can only help delay the progression of the disease but cannot completely arrest the decline
of the vision over time. Hence, new protective and regenerative therapeutics are necessary to protect
from the vision loss in glaucoma. Prospective treatments such as Rho-kinase inhibitors, NTF therapies
and anti-apoptotic therapies were in pre-clinical stages and few of them have entered clinical trials as
potential therapeutics to treat glaucoma. Some, current and prospective treatments for glaucoma therapy
are listed under Table 1-2 A and B.

Currently there are 25 gene therapies for ophthalmic conditions in pipeline undergoing phase I and 11
clinical trials such as for treating choroideremia (NCT02077361), achromatopsia (NCT03758404),
Leber’s congenital amaurosis, Leber’s hereditary optic neuropathy (NCT03153293), retinitis
pigmentosa (NCT02759952), X-linked retinitis pigmentosa (NCT03116113) and x-linked retinoschisis

(NCT02317354) (102, 103).
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Table 1-2 Current and prospective treatments in glaucoma

A) Small molecules and surgical treatments

Current treatments in glaucoma

Pharmaceutical interventions (First line therapeutics)

Class of
drugs

Therapeutic agent

Mechanism of action

Prostaglandin analogues

Latanoprost (Xalatan 0.005% Pfizer
Inc.)

Travaprost (Travaton 0.004% Alcon
Labs Inc.)

Brimatoprost (Lumigan 0.03%,
Allergan Inc.)

Unoprostone (Rescula 0.15%,
Novartis)

Prostaglandin analogues
(prodrugs of PGF2a) reduce
the IOP of eye by improving
the Uveo-scleral outflow of
aqueous humor, relaxing
ciliary muscles and
remodelling the
extracellular matrix in the
ciliary body.

Beta-blockers

Timolol (Timoptic, Betimol 0.25%
and 0.5%,)

Levobunol (Betagen 0.25% and
0.5%, Allergan, Inc.)

Cartelol (Ocupress 1%, CIBA
Vision)

Metipranolol (0.3%, OptiPranolol,
Bausch& Lomb Inc.)

Betaxolol- Selective 1 antagonist
(Betoptic 0.25%, Alcon
Laboratories, Inc.)

Beta-blockers help in
reduction of aqueous humor
production from ciliary by
almost 20-50%.
Non-selective 3 blockers act
both on B1 and B2 receptors.
Selective B blockers target
either B1 or B2 blockers
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.§ i Merck Sharp& Dohme Corp) epithelium carbonic
5 = e Brinzolamide 1% (Azopt- Alcon anhydrase.
Laboratories)
e Brimonidine tartrate 0.2% (Alphagen Alpha-adrenergic agonists
P-Allergan, Inc.) act by reducing the
@ production of aqueous
E humor by modifying the
gn e Apraclonidine HCI1 0.5% (Iopidine- ciliary body.
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Brimatoprost and 0.03% and timolol
0.5% (Ganfort- Allergan Inc.)

Travoprost 0.004% and timolol 0.5%
(Duotrav-Alcon Canada)

Surgical and laser interventions (Second line therapy)

Type of Surgical procedure Properties
procedure
o, Excision of a small portion of TM or | e Improved perforations/
g creating perforations in the TM is incisions help in
§ carried out in this procedure improvement of aqueous
E humor outflow thereby
-q!; reducing the IOP (104).
=
In this method TM is treated with e Laser treatment reduces the
z laser light that can cause perforation resistance to aqueous
E in the TM. humor.
% g o Patients lose the effect
- g gradually due to closure of
E the openings in TM

gradually (104).

(MIGS)

Micro-invasive glaucoma surgery

A micro bypass stent is placed in the
TM by surgery combined with
phacoemulsification.

e Micro-bypass stent placed
in the TM helps in increased
aqueous humor outflow by
bypassing the TM
perforations.

¢ Good reduction in IOP<21
mmHg without medications
and had a good safety
profile (105, 106).
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Laser Iridotomy

closed angle glaucoma, while

removal of a piece of iris

e Laser Iridotomy is a process of
making small perforations in the iris
using laser beam in patients with

peripheral iridotomy is a surgical

e Surgical removal/ laser
perforation in the iris helps
in increased outflow of
aqueous humor freely
without resistance.

B) Prospective small molecule IOP lowering drugs and macromolecular neuroprotective treatments

Prospective treatments in glaucoma

Class of
drug/NTF

Properties

Mechanism of action

Drug treatments

Rho-kinase (ROCK) inhibitors

These drugs are currently in phase II
and III of clinical trials, they act by
relaxing the smooth muscle of TM by
inhibition of Rho associated protein
kinase 1 and 2.

ROCK inhibitor AR-12286 has
completed phase II studies to assess
hypotensive effects in patients with
exfoliative syndrome and ocular
hypertensive patients, results
demonstrated lower IOP compared to
untreated subjects (NCT01936389).
Rho-kinase inhibitors such as Y-39983
have shown improved blood flow to
optic nerve, while Y-27632
demonstrated neuroprotection and
regeneration during pre-clinical
studies in axon crush model (96, 107)
(100, 108-110).

e Inhibition of Rho-GTPase help in
increased aqueous humor drainage
by TM (111).

e Rho-kinase inhibitors help reduce
the IOP by increasing the aqueous
humor outflow and decrease
episcleral venous pressure, these
effects take place when the rho-
kinase pathway is inhibited which
controls functions such as cell
morphology, motility, adhesion
and cytoskeletal dynamics, the
actin disruption in the TM leads to
increased AH outflow (112).

e Neurite outgrowth by ROCK2
inhibitors along with CNTF
treatment is promoted by blocking
the axon growth inhibitory
pathway by inhibiting the growth
cone collapse, which can be
achieved by elevated cAMP in
conjunction with CNTF treatment
(99).
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Neuroprotective/gene therapies

Small molecules/ NTFs (BDNF, GDNF and CNTF)

Brimonidine has also shown
neuroprotective effect when
administered systemically (113).

NTF delivery to RGCs help in their
protection and survival. Efficient
deoxyribonucleic acid (DNA) vectors
are used to deliver the therapeutic
DNA to target site and secrete NTFs
(114). BDNF injected into SC protects
the RGCs from cell death, glial-
derived neurotrophic factor (GDNF)
promotes the survival of the RGCs
that are axotomized.
Non-viral/non-invasive gene therapy
vehicles such as gemini-DOPE NPs
are tried to deliver reporter gene by
topical and intra-vitreal administration
to explore the potential of these
vehicles for gene therapy (30).

¢ Brimonidine is an alpha2-
adrenergic receptor agonist that
help in lowering the IOP in
glaucoma. It also promotes optic
nerve regeneration by inducing
extra cellular signal related kinases
(Erk1/2) phosphorylation in an
optic nerve injury model. Also,
neurotrophin receptor gene p75
was upregulated and TrkB was
decreased after brimonidine
treatment, It has also been recently
identified that it upregulates the
excitatory amino acid carrier 1
(EAAC1) which expressed in
neural cells that helps in
neuroprotection (92, 93)

e BDNF upon binding with TrkB
receptor stimulates signalling
pathways such as Erk1/2, that helps
in survival of the RGCs (53).

Over expression of Bcl-2

protein

Over expression of Bcl-2 is another
potential pathway that is being
explored, RGC death is reduced in
mice overexpressing bcl-2 (115, 116).
TAT-mediated delivery of Bcl-2
protein reduces the death of RGCs in
an optic nerve lesion model, TAT
peptide helps in carrying therapeutic
DNA across cell membranes (117).

Bcl-2 is an anti-apoptotic gene that
helps in increasing intracellular
calcium signalling and activation
of cAMP response element binding
protein (CREB) and Erk
phosphorylation and helps in
promoting neuritogenesis (118).

1.3 Gene therapy: potential applications in the treatment of retinal

neurodegenerative conditions

Gene therapy involves introduction or replacement of a gene into the host cell or organism by viral or

non-viral methods to treat, maintain or prevent a disease or genetic predisposition and restore normal

cell functions. Gene therapy generally uses a therapeutic DNA that is able to produce the required
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therapeutic protein or correct a defective gene (119, 120). Retina is one of the primary targets for all
the neurodegenerative diseases in eye. Current gene therapies in clinical trials for treating type 2 Leber’s
congenital amaurosis, Choroideremia, X-linked retinitis pigmentosa, achromatopsia, AMD were all
based on viral vectors (Clinicaltrials.gov). The investigated retinal gene therapy treatments are all based
on adeno-associated virus (AAV) mediated gene transfer and are administered through intravitreal
injection. Luxturna® (voretigene neparvovec-rzyl) is another AAV based gene therapy which is the
only gene therapy product approved to treat patients with inherited retinal disease having mutations in
RPE65 gene that can lead to vision loss (121, 122), has sparked more interest in research on treatment
of retinal neurodegenerative diseases and inherited retinal diseases. Pharmaceutical companies are
investing in finding potential gene therapy treatments for many other neurodegenerative diseases. Apart
from retinal gene therapy there are currently 110 gene therapy clinical trials underway for various other
indications and diseases (123). With the significant advantages over the other diseases, gene therapy
for the eye is at the forefront due to the small size, easily accessible nature reduced systemic access,
lower immunogenic potential and ability to monitor treatment with cues such as visual function analysis
and retinal anatomy imaging (124). A list of retinal gene therapies currently approved and the ones in

clinical trials are listed in Table 1-3.

Table 1-3 List of retinal gene therapies currently approved and in clinical trials

Description of the Vector Indicated
gene therapy system treatment Status/Company/References*
Luxturna®- AAV2 Early onset of Approved by Food and Drug
voretigene neparvovec- vision loss due to | Administration (FDA) on December
rzyl mutations in 2017-Spark Therapeutics,
RPE65 gene NCT00999609 (122, 125, 126)
AAV8-RPGR AAVS X-Linked Retinitis | Phase 2/3 clinical trials-
Pigmentosa NCTO03116113, NightstaRx Ltd
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retinoschisis.

rAAV2.REP1 AAV2 Choroideremia Phasel/2 -Completed,
NCT02077361, University of
Alberta
AAV2/8- AAV2 Achromatopsia Phase 1/2 — Active, NCT03001310,
hCARp.hCNGB3 with defects in MeiraGTx UK II Ltd
CNGB3
RGX-314 (Anti-VEGF | AAVS Anti-VEGF Phase 1/2, Active- NCT 03066258,
gene) treatment for Regenxbio Inc.
neovascular AMD
AAVS8-scRS/IRBPhRS | AAVS X- linked juvenile | Phase 1/2 safety and tolerability

assessment- Active recruiting-
NCT02317887, National Eye
Institute, MD, USA

* clinical trial identifiers are from clinicalTrials.gov

Until recently, gene therapies approved to treat other conditions were also based on viral vectors, but
in 2018 FDA approved Onpattro® (patisiran), a lipid nanoparticle based small interfering ribonucleic
acid (siRNA) based drug, for the treatment of polyneuropathies induced by hereditary transthyretin
amyloidosis (127). Another non-viral siRNA therapy, which is not related to retinal gene therapy but
significant as a non-viral gene therapy, Givlaari (givosiran) for the treatment of acute hepatic porphyria,
was approved by FDA in November 2019 (128). The formulation is made by conjugation of N-
acetylgalactosamine to the siRNA allowing an efficient delivery of siRNA to the liver. This marks the
approval of two successful non-viral gene therapy treatments. The approval of non-viral vector-based
gene therapies provided a boost to the research on viral vector alternatives, such as lipid, surfactant,

polymer and peptide-based vectors. Synthetic gene delivery vectors with multi-functional properties

are being explored to develop efficient non-viral systems.
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1.4 Non-viral gene therapy: materials, properties and NP systems

Non-viral gene therapy utilizes synthetic materials to deliver the therapeutic DNA instead of viral
vectors. Viral vectors despite high TE (129) possess disadvantages that may be life threatening, such
as a strong immune response and possible recombination of viral vectors with host DNA (130, 131).
Other complications involving viral vectors are the high cost of manufacture and low cargo carrying
capacity (<4.7 KDa) (132). Despite these drawbacks viral vectors are currently the leading vectors for
gene transfer because of their efficiency (123, 131, 133). Non-viral vectors have the potential to
overcome the limitations of viral vectors, but they lack specificity and targeting ability. Non-viral gene
delivery vectors are made up of synthetic materials such as lipids (134), surfactants (135, 136),
polymers (137, 138). NPs made from these materials are complexed with the nucleic acid therapeutics
by physical or electrostatic interactions. While non-viral vectors can also possess some disadvantages
such as toxicity and storage stability issues, the development of a non-viral gene delivery system is less
expensive and they have a better safety profile, customizable targetability and flexible administration
modes. In a recent paper, we reviewed the non-viral systems made from lipids and polymers in clinical
trials for various conditions (40). Current research in this field is still in the preclinical stages and the
quest for novel materials and delivery systems to achieve retinal gene delivery has intensified. Synthetic
materials such as lipid- and polymer- based materials are often used for making non-viral systems to
deliver therapeutic DNA to host cells. Non-viral systems such as niosomes complexed with
pCMSEGFP at 15/1 ratio to form NPs have shown improved internalization and transfection in HEK-
293 and ARPE-19 cells. Intravitreal and subretinal injections in adult male Sprague-Dawley rats
showed green fluorescent protein (GFP) expression in the GCL, IPL and INL layers with an intravitreal
injection, while the subretinal delivery showed expression in the GCL, INL, partial colocalization of
EGFP is observed in the bipolar cells (139). Lycopene containing cationic niosome formulations made

with DOTMA and polysorbate 60 were successful in compacting the pCMS_EGFP DNA and in vitro
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transfection studies performed on ARPE-19 cells showed 35% positive transfection of the cells with
good viability. The in vivo studies in rats receiving niosomes intravitreally and subretinally showed the
transfection of outer segments of the retina demonstrating the potential of surfactant-based formulations
in delivering DNA to retinal cells in the eye (140). Topically administered liposomes made with
hydrogenated soy L-a-phosphatidylcholine (HSPC), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), cholesterol and 1,2-dimyristoyl-3-trimethylammonium-propane  (DMTAP)/1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and modified with Trf as a targeting ligand,
appeared to move through the ciliary arteries, conjunctiva and produced a strong fluorescence signal at
the RPE after 5 minutes. The results demonstrate the potential for small liposomes from non-viral
materials to improve ciliary artery transport via their passage through the choroidal capillaries. Also,
functionalization with synthetic peptides such as Trf improved liposome localization to the RPE which
have an abundance of Trf receptors (141). Polymers have been highly exploited for non-viral
ophthalmic gene delivery. Generally, polymers bind with the DNA through electrostatic or hydrophobic
interactions and protect the nucleic acid from degradation. Some commonly used polymers for ocular
gene delivery are chitosan (142), polyethylenimine (PEI)(143), polyamidoamine (PAMAM), poly
ethylene glycol (PEG), polyarginine and poly(D,L-lactide-co-glycolide) (PLGA) (144, 145). Polymeric
gene delivery vectors depend mostly on endocytosis processes for delivering the gene cargo into the
cells, they have shown to form stable complexes compared to liposomes and provide more efficient
complexation. Dendrimers are a class of polymeric gene carriers. One notable factor that limit the use
of high charge density polymers are their toxic effects on the cells. Liu et al, (2016) in their studies
identified that low molecular weight dendrimers functionalized with penetratin made from G3 PAMAM
were able to transfect retina after topical ocular application of the polymeric NPs into the conjunctival
sac. The penetration route for these NPs was found to be through fundus (146). Above presented studies

are few such examples of synthetic based non-viral gene therapy vectors for ophthalmic and retinal
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delivery, the next few sections present a more in-depth discussion on the use of lipid and surfactant

based non-viral vectors for retinal delivery.

More than 119 clinical trials have been carried out to date to deliver gene cargo using lipid vectors
such as lipoplexes (LPXs) (LPXs are NPs made from synthetic materials such as surfactant or polymer
along with lipid. Naked DNA delivery using electroporation (16.5% in 2017) currently tops the clinical
trial list followed by lipofection with 4.5% of the total gene delivery clinical trials performed (123).
Hence, interest on using non-viral vectors such as lipids, surfactants and polymers as gene delivery
agents has considerably spiked in recent years due to concerns surrounding immunogenic issues related

to viral vectors.

1.5 Lipid based nanomaterials in gene delivery

With the growing repertoire of nanomaterials, including polymers, lipids and surfactants, it may be
possible to develop safe and effective non-viral delivery approaches. Developing highly efficient non-
viral gene delivery vectors is slowly gaining momentum due to the versatility of these systems that
allows functional modifications, ranging from their chemical structures to formulation characteristics
allowing them to incorporate larger gene cargo, ability to circumvent the barriers and to efficiently
target the cells. Few such systems from lipid, surfactant and polymer systems (Figure 1-4) that showed

efficient gene delivery are listed in the following sections.

Lipids are one of the first materials used to formulate gene-based therapeutics and the term lipofection
describes the transfection of cells with a lipid-based transfection agent. Cationic lipids such as N-[1-
(2,3-dioleyloxy)propyl]-N, N, N-trimethylammoniumchloride ~(DOTMA), [1,2 bis-(oleyloxy)-3-
(trimethylammonio)-propane] (DOTAP), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and a
neutral lipid such as 1,2-dioleyl-sn-glycero-3-phosphotidylethanolamine (DOPE) and

dioleoylphosphatidylcholine (DOPC) are some of the first highly studied lipids to deliver the gene
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cargo into the cells (147). DOPE is a widely used phospholipid to improve the colloidal stability as
well as the transfection efficiency (TE) both in vifro and in vivo. Due to its neutral charge DOPE is
used in conjunction with a cationic agent to complex the DNA. Lipid vesicles deliver the gene cargo
into cells mostly by endocytosis and fusion. Cationic lipid such as DOTMA was formulated along with
rhodamine conjugated DOPE and DNA and LPXs were shown to interact by fusion with the cell
membranes (148).Cationic lipid DOTMA co-formulated with DOPE liposomes are mostly endocytosed
by clathrin and caveolaec mediated endocytosis (149). At low pH the DOPE vesicles undergo a phase
transition and form inverted micelles to form a hexagonal phase which will help in endosomal escape
function (150, 151). Cationic liposomes made with , DOTMA/DOPE at 1:1 molar ratio and
DOTMA/cholesterol (Chol) at 1:1 molar ratio were prepared and conjugated with a luciferase DNA were
intravitreally injected into the eye and after three days the expression of luciferase peaked for
DOTMA/Cholesterol 1:1 liposomes compared to the DOTMA:DOPE liposomes and their expression was
highly concentrated in the anterior chamber of the eye (152). These studies demonstrate the potential of

lipid-based systems as non-viral gene delivery vector systems.
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a. Lipid gene delivery vector b. gemini surfactant gene delivery c. Functionalized gemini-surfactant gene
(Lipoplex) vector (gemini-nanoplex) dleivery vector (gemini-nanoplex)

d. Lipid-surfactant vesicular e. Polymeric micelle gene
gene delivery vector delivery vector

f. Compacted polymeric gene
delivery vector (Polyplex)

Figure 1-4 Schematic examples of non-viral gene delivery systems made of lipid, surfactant and
polymeric systems, (a) lipid vectors engulf the therapeutic DNA (b) cationic gemini surfactants interact
with the DNA and compact them due to charge interactions, (c¢) functionalized gemini-surfactant gene
vectors contain a cell surface recognition peptide for improved interaction and delivery of therapeutic
DNA, (d) Lipid-surfactant vectors help in compaction of DNA through electrostatic interaction between
charged surfactant and DNA and the lipid vesicles provide the fusogenic property to the vectors, (e)
polymeric micelle vectors interact with the therapeutic DNA through charge interactions and (f) highly
compacted polyplex is formed with the charge interaction between the DNA and cationic polymer (40,
153, 154). Figure generated by Lokesh Narsineni using BioRender.com

1.6 Surfactant based gene delivery
Recent research publications in the field of nanomedicine show interest in using surfactants as

nanoparticulate carriers for drug and gene delivery. Some of the potential surfactant-based gene
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delivery vectors that have significantly contributed to the field of non-viral gene delivery are

summarized below.

1.6.1 Gemini Surfactants

Gemini surfactants (GS) are a class of di-cationic amphiphiles with two long hydrophobic tail with
ionic head groups separated by a rigid or flexible spacer. Over time, various generations of gemini
surfactants with symmetric and non-symmetric alkyl tails, various ionic head groups, varying spacer
length, pyrene ring, modified spacer and short dipeptide conjugations have evolved with structural and
functional advancements making them suitable for many different applications (155-159). Gemini
surfactants self-aggregating materials at very low concentration due to their low critical micelle
concentration (CMC) which is an important factor that reduces the toxicity levels of surfactants used
in the formulation. They form highly compacted NPs when cationic gemini surfactants are used to
complex DNA. (160, 161). Over the past decade there has been a significant progress in improving

physicochemical properties and transfection properties of the gemini surfactants.

1.6.2 Evolution of gemini surfactants

Gemini surfactants have proven to be versatile class of molecules since their synthesis and induction
by Menger in 1991 (156, 162). The amphiphilic ‘bis-surfactants’ have unique structural and chemical
properties that have rendered them useful in many applications such as skin care, cosmeceuticals,
solubilization applications, oil spill cleaning, anti-bacterial and most notably an increased surge in the
gene therapy application is predominant in recent years (160, 163-165). Gemini surfactants also help
in forming gene vectors similar to LPXs. The presence of positively charged quaternary nitrogen head
groups separated by a spacer are responsible for compacting the plasmid DNA and form surfactant
nanoplexes (NPXs) (NPXs are NPs made from synthetic materials such as surfactant or polymer
without lipid). The schematics of the general and gemini surfactants-DNA complexes are shown in
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(Figure 1-5 a). These are currently being investigated by our and other groups for targeted gene delivery
for various clinical indications (166, 167). Due to their unique properties versatile chemical

modifications can be carried out to improve their gene delivery efficiency.

1.6.3 Classification and properties of amphiphilic gemini surfactants

Gemini surfactants are a classic example of dimeric surfactants and they are also known as “bi-
quaternary” ammonium surfactants or ‘bis-surfactants’ containing two hydrophilic head groups
separated by a spacer group with or without amino substitution and the hydrophilic head groups are
covalently bonded with hydrophobic alkyl tails either in symmetry or non-symmetry. These surfactants
are simply referred as m-s-m surfactants which are the 1st generation gemini surfactant molecules
where ‘m’ is the alkyl tail length and ‘s’ is the spacer group between the head groups. The presence of
the two alkyl tails and two hydrophilic head groups makes them unique, their self-assembly in
hydrophilic solvents differ from the conventional surfactants due to the presence of two polar head
groups and a rigid spacer, It is was proposed that gemini surfactants rather self-coil initially than
forming micellar structures and later on at the air-water interface they uncoil and reassemble to form
submicellar structures (156, 162). In our laboratory gemini surfactants are classified into various
categories based on the step-wise chemical and functional improvements and represented in this thesis

as 1%, 2m, 31 generation gemini surfactants as shown in Table 1-4 and Figure 1-5.
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Table 1-4 Foldvari Lab classification of gemini surfactants and various gemini surfactants used in gene
delivery

Surfactant | Gemini Properties/groups Model structure
generic surfactant
code
m-s-m 12-3-12 1** generation gemini \\/\/\/\/\//
12-7-12 surfactants, m=alkyl tail,
16-3-16 s=spacer, m=7-18, s=3-7
16-7-16
18-3-18
18-7-18
m-sNH-m | 12-7NH-12 2™ generation gemini D g/\/\ﬁ<

16-7NH-16 surfactants, m=7-18, s=7,
18-7NH-18 amino substitution in the

spacer group

N,N'-(azanediylbis(propane-3,1-diyl))bis(N,N-dimethyloctadecan-1-aminium)
m-7NH-m gemini surfactant 18-7NH-18
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m-sN(p)-m,

m-s(m)-m

12-7N(p)-12
16-7N(p)-16
18-7N(p)-18
12-7N(12)-12
16-7N(16)-16

18-7N(18)-18

3™ generation gemini
surfactant, p= peptide
sequence, m=12, 16 and

18, s=7

N,N'-((octadecylazanediyl)bis(propane-3,1-diyl))bis( N,N-
dimethyloctadecan-1-aminium)
m-s(m)-m gemini surfactant 18-7N(18)-18

(e) m-7N(p)-m gemini surfactant 18-7N(p)-18

36




k—'Quaternary

Spacer Nitrogen

Symmetric/dissymmetric
Alkyl Tail

o
< Ll

H
mHzme CoHamr

A. B.

Figure 1-5 General schematic structures of gemini surfactants (A) and plasmid-DNA compacted by
gemini surfactants, termed as NPXs (B). Figure generated by Lokesh Narsineni using BioRender.com

1.6.4 CMC and surface-active properties

The most striking difference between gemini surfactants and other conventional surfactants is their low
CMC values, allowing their use at lower concentration since self-assembly occurs at low concentrations
which is advantageous for therapeutic applications. The presence of two hydrophobic tails and a spacer
contributes of the to higher hydrophobicity leading to increased self-assembly and a stable interaction
between the gemini surfactants and DNA (168, 169). The surfactants have shown to be three orders of
magnitude more efficient in decreasing surface tension and two orders of magnitude more efficient in
forming micelles by modifying the interactions with water (156).

1.6.5 Effect of spacer, amino substitution and alkyl tail length on transfection properties of
gemini surfactants

The separation of two hydrophilic head groups in the gemini surfactant using a spacer has profound

effect on the characteristics and the efficiency of the gemini surfactants in their performance as gene
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delivery agents. The spacer plays an important role in the efficient interaction of the cationic head
groups of gemini surfactants with the negatively charged DNA phosphate groups. An increase in the
chain length of the spacer leads to increase in the CMC this results in use of higher concentration of
surfactant to reach CMC (165, 170). Having a short spacer (<4) is preferred since it has been reported
that 4.9A between the spacer groups is efficient for interaction of the surfactant head groups with
phosphate groups in DNA (171). The amino substitution in the spacer group preserves the short spacer
length and also adds a pH responsive group to enhance the endosomal release of the gene cargo. Aza
and amine groups incorporated into the gemini structure to induce a pH active function and improve
the TE. The acidic pH caused by net influx of counter ions into the endosome results in phase inversion
of the lipid structure, endosomal disruption and release of DNA (159). Alkyl tail length also plays a
major role in self-assembly, DNA compaction and imparting hydrophobicity to the surfactant. As the
length of the alkyl tail is increased, which results in the increase in Krafft temperature and decrease
of CMC, and leads to an increase in TE (171) The longer alkyl tails help in enhanced encapsulation of
DNA at lower concentration and this helps in reducing cellular toxicity (172). Since their induction by
Menger et al. (1991), m-s-m gemini surfactants(169) were further improved by introducing NH groups
into the spacer thereby increasing the TE by changing the membrane fusion properties, DNA release
(173) and endosomal escape properties (159). 16-3-16 gemini NPs (100-200 nm) were effective in
delivering interferon-gamma gene topically and gene expression without skin toxicity (174). Amino
acid substituted gemini surfactants as gene carriers have shown higher TE than the un-substituted
compounds partly because the DNA is highly protected by the glycine substitution. This opened doors
for a chance to conjugate many more peptides and therapeutic molecules to be used as gene carriers
(175).

The m-7NH-m gemini surfactant-based NPs were first developed to transfect retinal layers to treat

glaucoma by intravitreal injection and topical delivery in our group. After intravitreal administration in
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mice, the gemini-plasmid (tdTomato)-lipid (GPL) NPs dispersed evenly and localized at the retinal
layer. The topically administered NPs followed a distinct movement pathway and were detected at
various tissues such as iris, limbus and conjunctival layers. These results suggest the potential of gemini
surfactant NPs as gene delivery systems especially by the intravitreal route (30). Although the topical
application has not shown gene expression after three days of treatment, further testing will provide
more information to optimize the topical approach. Only a few surfactant gene delivery systems have
been developed which is related to the potential toxicity associated with surfactant systems. Gemini
surfactants are surfactant systems but due to their dicationic head groups and the dimeric alkyl tails
they behave similarly to lipids with respect to their molecular association and structures and also their

lower CMC values provide lower toxicities.

1.6.6 Self-assembly of gemini surfactants

The length of spacer plays a crucial part in the defining the solution properties and the confirmation of
the dimeric molecule (176). Menger et al, 1993 have mentioned that these gemini surfactants specially
with alkyl tails 16 and above will behave in a very peculiar manner compared to lower length alkyl
tails. They tend to first form submicellar aggregates initially when they are exposed to hydrocarbon or
water to reduce water contact. Then upon application of increased temperatures they tend to uncoil and
rearrange into their final assembly structures that are higher order aggregates (156). Molecular
dynamics simulation of gemini dicarboxylate disodium surfactants have exhibited a concentration
dependent self-assembly into lyotropic phases such as hexagonal, gyroid and lamellar morphologies at
30, 65 and 80 wt% of the surfactant (Figure 1-6). Along with the structural conformation they also
affect the morphology and solution properties, organization into one of the above phases is dependent
on the polar head groups and the counter ions present in the surfactant. Stronger electrostatic interaction

favors lamellar phase while weaker interactions diminish the lamellar phase (177).
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Figure 1-6 Schematic of self-assembly in gemini surfactants into higher order aggregates, gemini
surfactants can re-assemble to form into various morphologies such as hexagonal, micellar and lamellar
phases (177) Figure generated by Lokesh Narsineni using BioRender.com

1.7 Multi-functionalization: An approach to build intelligent non-viral gene
delivery systems

With the advent of many novel lipid and surfactants the quest for an ideal formulation that can deliver
therapeutic molecules safely and precisely has become an utmost priority. In particular, delivering
therapeutics to the posterior segment of eye with all the hurdles presented in previous sections is a
challenge in the field. ‘Bottom-up’ biomimetic principles are often used to target the cells to deliver

therapeutic molecules. For example, anti-VEGF was delivered to the RPE by intravenous
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administration using a delivery system that was functionalized with Trf and RGD peptides (28). PEG
coating helped cationic liposomes to cross the vitreous which is a barrier for cationic nanoparticle-
mediated delivery due to the presence of various charged proteins such as albumin and
glycosaminoglycans (GAGs) (178-180). Many other strategies such as charge masked liposomes (36),
endosomal escape functionality by incorporating a pH induced escape method (159, 181) and long
circulation by coating with PEG on liposomes are some of the strategies used to improve the delivery
and efficiency of non-viral gene delivery systems.

By combining some of these strategies, multi-functional delivery vectors can be developed, e.g.
targeting moieties, endosomal escape promotors, cell-surface receptor interacting peptides, cell-cell
interaction promotors, neuroprotective and regenerative molecules can be combined within one
nanoparticle system, which is most importantly, a carrier that can effectively compact the DNA and

protect the gene cargo form degradation.

1.8 Mechanism of cellular interaction, uptake and processing of non-viral
gene delivery systems

The cellular uptake mechanism of non-viral gene carriers occurs mainly by energy-dependent endocytic
processes. The endocytic pathway includes phagocytosis and pinocytosis (Figure 1-7 A and B). The
latter can be subdivided into macropinocytosis, clathrin-dependent and clathrin-independent
endocytosis. Clathrin-independent endocytosis maybe classified further into caveolae-mediated, and
clathrin and caveolae-independent pathways (including RhoA-, ARF6-, CDC2-, and Flotillin-1-
mediated endocytosis) (see reviews (182-185)). Among the less frequent mechanisms, energy-
independent processes such as passive diffusion, facilitated diffusion, membrane fusion, and membrane

crossing (needle-effect or nanoporation) can be mentioned.
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Figure 1-7 Classification and mechanisms of cellular uptake process, A) Classification B) Uptake
methods and their mechanisms (Figure 1-7; B) is reprinted, Figure 1-7 (A) is modified using
BioRender.com, with permission from Sahay et al. (Journal of Controlled Release (145), 182-195,
2010)
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Phagocytosis involves large particles with sizes greater than 1-10 pm by specialized cell populations
such as macrophages. The type of pinocytic process that may occur with nanomedicines will be
dependent on the characteristics of the particles, more specifically their size, charge, shape, rigidity,
surface morphology and coating. Macropinocytosis is also known as cell drinking where a non-specific
uptake of extracellular material takes place and endocytosis happens by formation of vesicles of
irregular size. Macropinocytosis is stimulated by the transient activation of receptor tyrosine kinases
by cell growth factors such as colony stimulating factor and epidermal growth factor. It is still not sure
if the macropinosome and lysosome fuse together for degradation of these macropinosomes.
Macropinocytosis has also recently been identified as one of the routes for endocytosis for the gene
delivery (186), where it can take up large amounts of macromolecule complexes and also can avoid
lysosomal degradation. Blocking of macropinocytosis impaired gene expression mediated by the octa-
arginine peptide which demonstrates the potential for this route in macromolecular expression (187,
188). The macropinocytosis also includes transport of molecules through Arf6, Cdc42 flotillin,

dynamin, dynamin RhoA and dynamin.

Clathrin mediated endocytosis (CME) is a route of internalization for viruses (189), it helps in uptake
of nutrients such as cholesterol by low density lipoprotein through its receptor, iron by Trf receptor,
functional ligands and nanoparticle gene delivery systems. CME also helps in maintaining the
homeostasis of the cells by internalizing and degrading membrane receptors. Actin is another protein
that is involved in the spatial distribution and movement of the endocytic vesicle into the cell. The
particle interaction with the lipid membrane forms clathrin coated pits which invaginate and detach
from the lipid membrane and the particles are engulfed into the clathrin coated pits to form endosomes.
Few examples of NPs that have been shown trafficking through CME were PEG-co-D, L-polylactide

(PLA) NPs and cationic particles made from polymers. It has been shown that the mechanism of
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internalization of these particles depends on the cell types treated. Cationic particles mostly get
internalized by CME and micropinocytosis in HeLa cancer cells, while anionic NPs have been shown
to get internalized by CME and caveolae mediated endocytosis in MDCK epithelial cells (183, 190).
PLGA NPs in vascular smooth muscles, silica-based NPs in cancer cells and chitosan NPs in respiratory
epithelium and intestinal epithelium are few other NP systems that have been shown to be internalized

by CME.

Caveolae-mediated endocytosis mostly happens with the help of a functional ligand molecule on the
complexes endocytosed. Ligands that are conjugated on to the complexes determine the fate of the
complexes especially the route of internalization. Ligands such as folic acid, albumin and cholesterol
promote caveolac mediated endocytosis (191). The complexes during interaction with the cell
membrane will lead to form vesicle and lead to formation of caveosome with the help of caveolae. The
caveolae present in the cell membrane are the starting point of this endocytosis mechanism and they
are known to endocytose complexes with particle size between 10-100 nm. Dynamin protein helps in
the formation of vesicles and detachment form the cell membrane when the vesicles are internalized. It
was also identified that caveolae-mediated systems do not degrade the complexes using pH drop
function and this type of process does not involve fusion with lysosomes. But the internalization of the
complexes into the cytoplasm and escape of complexes and DNA from the vesicles is needed to get
access to the nuclear region (192). Lycopene containing niosome formulations made from DOTMA
and polysorbate 60 were shown to internalize into the ARPE-19 cells by caveolae mediated endocytosis
and macropinocytosis determined by uptake and distribution studies (140). Retinal cell uptake studies
demonstrated the potential of caveolae and macropinocytosis mechanism in internalizing the NPs that
are in the size range between 50-100 nm. into retinal cells. Apart from retinal cell targeted NPs, systems

targeted to other tissue were also studied intensively to determine the uptake mechanisms of NPs.
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DOXIL® liposomes are negatively charged PEGylated liposomes used to treat metastatic ovarian
cancer. It has been demonstrated that DOXIL® liposomes use caveolae mediated endocytosis
mechanism to internalize the liposomes into the epithelial cancer cells. The NPs normally adhere to the
epithelial surface then they are internalized through the caveolae mechanism and enter the lysosomes
finally where the drug is released. Another nanomaterial that enter the cell through caveolae mediated
endocytosis are poly(ethylene oxide)-b-poly(methacrylic acid) cross-linked anionic NPs. RGD
functionalized copolymer ¢(RGDfk)-PEG-b-poly(lysine) has shown to internalize the plasmid DNA

(pDNA) into the HeLa cells by caveolae mediated endocytosis (193).

Apart from the endocytic pathways there are few non-endocytic pathways that contribute to the
internalization of the non-viral gene therapy complexes. Important non-endocytic pathways to address
the uptake and internalization issue are penetration mediated delivery and fusion mediated delivery. In
the penetration mediated delivery functionalization of complexes with cell penetrating peptides and
pore forming materials can help in directly internalizing the therapeutic DNA into the cytoplasm
directly without undergoing through the lysosomal degradation. Another non-endocytic pathway which
leads to direct release of DNA into the cytoplasm before leading to endocytic pathways is fusion of the
LPXs. This pathway minimally contributes to the uptake of LPXs. Lipids such as cholesterol and DOPE
help promote the fusogenic properties of the complexes. One such example is the hemagglutinating
virus of Japan liposomes, that rapidly accumulate oligonucleotides in the nucleus. The nanoparticle
systems made of lipid, surfactant and polymeric materials that act as non-viral gene delivery vectors
adapt to one or multiple methods of internalization into the cell. The route of internalization can be
identified by carrying out an inhibitor study that involved clathrin mediated endocytosis inhibitor such
as chlorpromazine, nystatin to inhibit the caveolae/lipid mediated endocytosis and bafilomycin can be

used an inhibitor for lysosomal degradation.

45



Hence, it is necessary to design NP systems in such a way they promote internalization through one of
the mechanisms listed above by using specific materials and with controlled sizes. For promoting
escape of NPs from the endosome to avoid degradation the use of peptides or pH sensitive groups can
promote pH sensitive function or the fusion with membranes to escape from the endosome (194). Some
materials such as PEI can induce a pH sensitive function by proton sponge effect leading to an osmotic
pressure shift inside endosome and lysis will release the complexes (195). Similarly, cationic liposomes
can help in fusion with the endosomal membrane and release the DNA through phase inversion (149).
Another example where DOPE acts as a fusogenic lipid and interacts with endosomal membrane that
lead to release of the therapeutic DNA, lipoplexes when prepared with DOPE/cationic lipid have shown
structural transition and attain an inverted hexagonal phase (Hi) when the pH was changed from 7 to
4, the inverted hexagonal shape helps in interaction with the endosomal membrane leading to its

destabilization and release of the DNA there by promoting the TE (196).

1.9 Peptide mediated ocular therapeutic cargo delivery

A large variety of peptide sequences were identified as potential enhancers of physical and biological
functions for delivery systems. Cell-penetrating peptides (CPPs) are a diverse group of peptides that
usually include a variety of peptides with many different functionalities. CPPs may include peptides
from the following different functional categories, but peptides in these categories are not all
necessarily a CPP: 1) structural support and physicochemical stability enhancers; ii) Peptides for cell
binding/ targeting and membrane translocation mechanism; iii) peptides for endosomal escape
mechanism; iv) peptides for intracellular routing and organelle targeting; v) peptides for nuclear

targeting.

The peptides can be attached to the gene cargo either by non-covalent addition or covalent conjugation

techniques to the DNA itself or to the liposomal or polymeric carriers for transport. The non-covalent
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bonding happens mostly due to the electrostatic and hydrophobic interactions and the excess peptides
can form a coat around the DNA by hydrophobic and electrostatic interaction (197, 198). While
covalent addition happens by forming a bond with the electron deficient group between peptide and

lipids, polymers or oligonucleotides.
i) Structural support and physicochemical stability enhancers

Cationic peptides condense the DNA into small and compact particles and also facilitate delivery of the
DNA to the target cells. The peptide sequence protects the DNA from degradation in serum and also
serves to target cell surface proteins. Lysine and arginine-rich cationic peptides are frequently used in
gene delivery. For example, cationic peptides with 13 or more lysine residues were shown to tightly
bind and compact DNA to form particles of 50-200 nm. Other cationic peptide sequences such as
YKAK3WK, CWK;3 and CWK;7;C improved the stability of the pPDNA NPs and showed targeting
ability (199). Chondroitin sulphate-coated and non-coated amphipathic and cationic rich peptide
(CRHC and MGPE-9)-conjugated pEGFP-C2 polyplexes produced high transgene expression in

ARPE-19 cells for retinal gene delivery (200).

Poly-lysine decorated PEG (CK30-PEG) NPs were able to deliver compacted plasmid DNA to retinal
cells in eye of Balb/c mice. These NPs have high efficiency of compaction, carry gene cargo up to 20.2
kb and showed high GFP expression in RPE and photoreceptor cell after subretinal injection and in the
RGC layer after intravitreal injection (138). The ellipsoidal shaped NPs made with trifluoroacetic acid
(TFA) as counter ion have shown to had better TE compared to acetate counter ion. This increase in
TE could be due to changes in the shape that enhanced the efficiency of movement and transfer of the
NPs. Similarly, high level of gene expression was observed in RPE cells transfected with CK30-PEG

NPs carrying RPE65 gene in an RPE 65 knockout mouse (RPE65 7°) model of LCA disease (201, 202).
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ii) Peptides for cell binding/ targeting and membrane translocation mechanism

Non-specific targeting is related to the physicochemical properties of the NP systems or the charge
modifying peptides conjugated on to these systems. Non-specific binding maybe a charge interaction
between the NP surface that possess cationic charge due to the components of the formulation or
peptides with the negative charged cell membrane or based on a peptide sequence-specific binding
mimicking a natural cell adhesion binding process. A good example for the latter is the arginine-
glycine-aspartic acid (RGD) tripeptide sequence found in many ECM proteins that bind integrin
molecules on cell surfaces. RGD is used for drug targeting in several therapeutic areas (see Section

1.10.1 for further discussion) (84, 203, 204).

In active targeting the interactions may be based on receptor-ligand interactions. The targeting or cell
specific peptide sequences are ligands that mimic the binding sequences of a therapeutic protein or
peptide. Antigen-binding fragments (Fab) derived from the antibodies are used for modifying
immunogenicity and affinity towards antibodies of similar sequences (third generation antibody
fragments or peptides) (205). These antibody fragments can help in actively targeting surface expressed
antigen specifically such as in cancer. Antigen-binding short immunoglobulin sequences were also tried
to target various disease conditions. Currently there are few approved Fab fragments for treating blood
clots in angioplasty (abciximab), wet age-related macular degeneration (ranibizumab) and Crohn’s
disease (certolizumab), most of the immunoglobulin sequences currently in clinical trials are mostly
anti-cancer agents. One such example from the single-chain variable fragment VB4-845 a humanized
scFV conjugated to Pseudomonas exotoxin that targets epithelial cell adhesion molecule was used as

cancer treatment (2006).

CPPs that are classified under non-specific targeting peptides with membrane translocating properties

lack specific targeting ability but can help deliver nucleic acids into the cell by direct cellular entry
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through membrane translocation. The CPPs mediate the delivery of the cargo by helping to penetrate
or translocate the gene cargo into the cells by either direct translocation or through endocytosis (207).
Whereas cell targeting peptides (CTPs) recognize specific cell types in the tissue and target the gene
cargo to those specific cell types and facilitate endocytosis (208, 209). Few examples of non-specific
binding include surface modification with charged polymers and peptides include cationic amino acids
(Rn):KGGC or (Kn);KGGC, and peptides derived from cationic proteins such as TAT, KALA, GALA,
penetratin (199). Peptides such as penetratin, TAT, poly-arginine and transportan were peptides that
are known to translocate through the plasma membrane by an energy-independent pathway (210). It
has also been identified that some peptides promote an endocytosis mechanism to get internalized into
the cells (211). The use of such peptide-based delivery systems improves the transport of therapeutic
agents to target sites and protect cargo from factors that would affect its stability (197). Penetratin
conjugated to PAMAM and complexed with pRFP has shown improved delivery of the NPs to retinal
layers. Penetratin is known to cause temporary disruption of the cell membrane by pore formation

(212).

iii) Peptides for endosomal escape mechanism

CPPs are classified into two categories such as endosomolytic peptides and membrane-disrupting
peptides, the endosomolytic peptides are known to buffer the endosome against the proton pump and
lead to endosomal burst e.g. HSWYG and CHeK3HeC, histidine groups are known to promote the
endosomal disruption (213). KALA and TAT are known to disrupt the cell membrane by pore formation
leading to translocation of the nucleic acids. The conjugation of these peptides can be carried out by
either covalent or non-covalent conjugation (214). Many peptides and biomimetics were used to
promote endosomal escape and improve the release of therapeutic complexes from the endosomes.

Peptides such as haemagglutinin (HA2), HA2/PLL, TAT, KALA, GALA, penetratin and chemicals
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such as polyethylenimine, poly(amidoamine) are few examples that have been successfully used as
endosomal escape promoting agents by mechanisms such as fusion, pore formation, and proton sponge

effect (215-217).

iv) Peptides for intracellular routing and organelle targeting

The peptides for cytosolic transport are known to promote the movement of the nucleic acids in the
cytoplasm of the cells once they escape from the endosome. The nucleic acids released into the
cytoplasm depending on their size and type will need to reach and cross the nuclear membrane. The
conjugation of peptides sequences from dynein to nucleic acids is known to promote the movement of
the nucleic acid inside the cytoplasm with the help of dynein proteins. Peptide sequences such as
KSTQT, GIQVD and SKSCR improved trafficking in the cytoplasm utilizing dynein and microtubules

(218).

v) Peptides for nuclear targeting

The NLS sequences are known to promote the entry or translocation of the nucleic acid into the nucleus
of the cell through nuclear pores. The NLS peptide sequences can help in translocation of the gene
cargo into the nucleus of the cell after internalization this helps in faster entry of the gene cargo into
the nucleus and thereby promote quick expression of the therapeutic gene (219, 220). NLS peptides are
mostly basic and charged peptides. Few examples of NLS sequences are Simian virus 40 (SV40)
sequence PKKKRKYV and KRPAATKKAGQAKKKK. As mentioned in the earlier sections the entry
through the nuclear pore is promoted by the NLS sequences by improving the mobility by employing
dynein, microtubules and importin-f} that helps in faster movement of nucleic acid towards the nuclear
membrane and can improve the TE (221). The protein importin-f3 is known to help in preparation of

the nucleic acids for nuclear pore entry (222, 223).
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1.10 Cell adhesion molecules

CAMs are a group of cell surface proteins expressed on membranes for cell-cell recognition and are
involved in the activation of various cellular pathways during growth and development. CAMs are
expressed in various tissues and are highly involved in the initial stages of the embryonic growth phase,
proper development of neural tissues, cell growth and differentiation (224). CAMs are classified into
1. integrins, 2. IgSF CAMs, 3. cadherins and 4. selectins (225). [gSF CAM and cadherins mediate
homophilic (between same molecules) or heterophilic cell-cell interactions, while integrins interact
with components of the extra cellular matrix (ECM) (225-227). Selectins are a group of glycoprotein-

based molecules, known as carbohydrate-binding proteins (228).

1.10.1 Integrins and integrin binding moieties in retinal gene delivery

Integrins are a class of heterodimeric transmembrane proteins, a family of 24 receptors with one a and
one [} subunit, that mediate adhesion to ECM proteins such as collagen, elastin, fibronectin and laminin
(Frantz et al 2010). The RGD sequence is a major integrin-binding motif of ECM proteins and utilized
in drug delivery system design for active targeting purposes. Generally, integrins play a role in ocular
development, cell migration and inflammatory processes and tissue remodeling in the eye. Binding of
RGD to integrin receptors lead to the activation of ERK pathway that modulates axonal growth and cell

migration (229).

Integrin receptors, specifically avp3 integrins, play a significant role in glaucoma as they are highly

expressed in the TM, RGC layer and glial cells of the optic nerve head (230-232).

Recently, RGD oligopeptide was used as therapeutic agent for the treatment of ophthalmic diseases
such as dry AMD in patients with vitreomacular adhesion and vitreomacular traction marketed as
Luminate® RGD oligopeptide (ALG 1001) (233). Luminate® has also been tested to identify the safety

and efficacy in inducing the posterior vitreous detachment to treat non-proliferative diabetic
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retinopathy. A Phase 2 study (NCT02435862) carried out by Allegro Ophthalmics, LLC evaluated the
RGD oligopeptide to treat posterior vitreous detachment induction in non-proliferative diabetic
retinopathy. It was also shown that Luminate® treatment arrested or delayed progression to diabetic

retinopathy by inhibiting the five types of integrin proteins known to promote angiogenesis (234).

In another study RGD peptide was used to target choroidal neovascularization (CNV) by Trf and RGD
dual functionalized poly-(lactide-co-glycolide) NPs carrying the anti-VEGF gene to the CNV lesions.
This was achieved by functionalizing the NPs with RGD and Trf to target delivery of anti-VEGF in
the retinal layers and expression of the gene in the retinal vascular endothelial cells, photoreceptor and
retinal pigment epithelial cells (235). Similarly conjugating iRGD (internalizing-RGD) and TAT
peptide with poly(ethylene glycol)-poly(lactic-co-glycolic acid) NPs, the iRGD sequence was shown
to specifically bind to avp3, while TAT facilitated penetration through the ocular barriers after topical

administration the NPs (84).

1.10.2 IgSF CAMs and their role in the eye

Proteins of the IgSF are involved in binding and recognition processes in many immunological and
adhesion functions and contain at least one Ig domain that structurally resembles the variable or
constant regions of antibodies. Neural IgSF CAMs are classified into several groups such as 1. IgSF
CAMs with Ig domain(s) only, eg. PO, Thy-1, LAMP and MAG:; 2. IgSF CAMs containing both Ig
domain(s) and FNIIL, eg. NCAM, L1 CAM, CHL1; 3. IgSF CAMs containing Ig domain(s), FNIII and
tyrosine kinase domains in the cytoplasmic region, which are mostly involved in signal transduction
and secretion of NTFs, eg. FGFR, TrK A, B and C;4. IgSF CAMs containing small molecules that
contain Ig as the extracellular domain, eg. Sema, epidermal growth factor (EGF) and leucine-rich repeat
(Figure 1-8), The members of the I[gSF CAMs play very distinctive roles in cell-cell interactions and

aid in the development of neuronal structures (236).
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Figure 1-8 Structure of some immunoglobulin superfamily CAMs. Members of the IgSF have at least
one Ig like domain, one or more fibronectin III domain, a transmembrane domain and a
glycosylphosphatidylinositol and tyrosine kinase domain. Receptors from various sub-families such as
Neural CAM (NCAM), limbic system associated membrane protein (LAMP) and fibroblast growth
factor receptor (FGFR), Thy-1 were show (225, 237). Figure generated by Lokesh Narsineni using
BioRender.com.
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Chapter 2 Research Emphasis

2.1 Rationale

Current interventions for glaucoma focus mainly on managing the disease state and slowing
progression by reducing the IOP by small molecules and surgical interventions. It is clear from recent
research in this field that elevated IOP is just a contributing factor for glaucoma progression but the
underlying causes such as, for example, the impairment of the bidirectional transport of NTFs, the
activation of secondary mediators for apoptosis and many inflammatory processes including glial cell
activation are also major pathways that contribute to disease progression. Intrinsic or extrinsic supply
of NTFs was shown to be a viable strategy in protecting the health of RGCs and restoring vision.
Moving towards alternative approaches in treating glaucoma is a long-awaited strategy. Hence, our
focus in this thesis has been to deliver NTF support either through an extrinsic mechanism by delivering
the gene capable of making the protein using the host’s own cells. Current delivery systems have limited
capability to deliver such macromolecules and gene cargo into the host cells. Many viral vectors have
been used to deliver such gene cargo, but due to the more significant limitations such as
immunogenicity and insertional mutagenesis, we focused on non-viral vectors. Despite holding an
excellent potential for compacting a large size gene cargo, non-viral vectors lack specificity and
targeting ability to deliver genes to targeted organs. Many lipid, surfactant and polymer based non-viral
vectors were tried to deliver gene cargo into the retinal layers of the eye but crossing all the
physicochemical barriers and achieving therapeutic levels at the target site has been one of the biggest
challenges for these kinds of systems. Hence, to address these challenges, our focus and scope of this
thesis was to develop targeted non-viral gene delivery systems that are capable of delivering plasmid
DNA to retinal cells in the eye by conjugating a peptide functional moiety identified from the IgSF
with second-generation m-7NH-m gemini surfactants and formulating NPXs. Such conjugation will
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lead to addition of targeting functionality and cell surface recognition to bind and deliver the gene cargo

into the targeted cells in the eye.

2.2 Hypothesis

2.2.1 Main hypothesis
The main hypothesis is that peptide-modified gemini nanoparticles will improve delivery of plasmid
DNA encoding reporter gene/BDNF to the retina after intravitreal administration iz vivo in a normal

rat model and result in measurable BDNF gene expression.

2.2.2 Sub hypothesis

Sub hypothesis 1: Modified synthesis of dimeric m-7NH-m gemini surfactants by one-pot DMAP
free method can produce higher yield of m-7NH-m gemini surfactant free from DMAP and m-7N(m)-
m trimeric gemini impurity and can be used as a building block for conjugation of peptide to synthesize

peptide functionalized gemini surfactants.

Sub hypothesis 2: Integrin-binding or IgSF-cell adhesion peptide (CAP) modified m-7N(p)-m
gemini surfactants and plasmid DNA form nanoplexes (NPXs) and target the retinal cells in the eye,
by efficiently transferring the reporter gene or NTF gene to the retina after intravitreal administration

in a normal rat model.

Sub hypothesis 3: CAP-functionalized gemini NPXs (pGP-NPXs) can be evaluated in a “‘mini retina’
like 3D retinal neurospheres to assess the potential of the gene delivery system to deliver the gene cargo

in a 3D like environment simulating retina helping to establish in vitro-in vivo correlations.

Sub hypothesis 4: /n silico assessment of unmodified and peptide modified gemini surfactants as
potential amyloid-  aggregation inhibitors by molecular docking studies, can serve as a tool for

validating and establishing the in silico-in vitro correlation.
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Sub hypothesis 5: m-7NH-m, m-7N(m)-m and m-7N(p)-m gemini surfactants can also reduce
amyloid-beta aggregation which is known to contribute to glaucoma and prevent aggregation of AP

fibrils to form higher order insoluble oligomers.
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Chapter 3 Improved synthesis and formulation design of dimeric
and trimeric gemini surfactants and their evaluation as gene

delivery vectors

3.1 Background

The structure activity relationship between the gemini surfactants and the mechanism of internalization
and release from endosome and various other properties of the NP shape and their phase inversion
behavior to form multiple structures at various pH were discussed (135). Gemini surfactant NPs were
evaluated for topical delivery of pPGTmCMV.IFNy-GFP plasmid into skin and it was demonstrated that
the gemini NPs have improved IFNy expression by 3-5 fold compared to naked DNA treatments and
4-6 fold compared to Dc-chol-DNA complexes. It had been observed that with decreasing CMC the
transfection efficiency increased and also the DNA compaction was affected when excess gemini
surfactant was present in the formulation. A balance between the charges on the DNA and gemini

surfactants was vital to obtain an optimal formulation with high TE (136).

The evolution of gemini surfactant structures and classification was discussed in detail in Chapter 1,

Section 1.6.

Gemini surfactant chemistry is quite versatile, and many new derivatives can be created. Several
groups, including ours, created compound libraries with varying alkyl tail and functional spacer groups
(157, 159, 163, 181) as well as amino acid and short peptide conjugation (166, 167, 175, 238) to

enhance gene delivery.

The structural modifications produce new surfactant molecules that behave very differently from
their parent molecule. For example, modification of the simple polymethylene spacer of m-s-m first

generation gemini surfactants with an amino group, produced m-7NH-m second generation gemini
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surfactants with pH-sensitive functionality (157, 159, 181). Additionally, this amino substituted gemini
compound library with varying carbon chain length serves as the parent compounds for the third-

generation peptide-conjugated gemini surfactants.

The most recent research is aimed at providing further functionalities to NPs made from gemini
surfactants, such as targeting ability (167), optimization of the DNA release kinetics intracellularly
(239), various other types of gemini surfactants were also synthesized and tested for their efficiency in

delivering plasmid DNA to various targets (175, 238, 240).

3.1.1 Traditional methods of gemini synthesis and advantages of the one-pot reaction

method

Early synthesis of gemini molecules was carried out with ionic head groups and a rigid spacer by
reacting a,a’-di-bromo-p-xylene with a dianionic long-chain alkyl phosphate and another series by
phosphorylating with POCIl;. The resulting compounds were purified by recrystallization as sodium
salts (156, 162). Pertaining to the scope of this project most of the data represented in this project focus
on m-s-m, m-7NH-m, m-7(m)-m gemini surfactants. Comprehensive approaches of gemini synthesis
using two methods were described by Zana and coworkers (169). Various gemini surfactants with m=12
and varying spacers s= 2 to 12, and m=16 with spacers from s= 2 to 8 were synthesized. This was one
of the first papers published outlining the synthesis of m-s-m gemini surfactants (169). Gemini
surfactants with varying tails (m) and spacers (s) were synthesized using method A, which involved
reaction of the o, w-dibromoalkanes with N,N,N-octyl-,-dodecyl, or -hexadecyldimethylamine).
Method A worked better for s>3, however, this method was later not pursued due to the formation of
CH; groups from unreacted CH»Br groups, especially in the reactions with s= 1 or 2. In method B,
reactions were carried out between o, w-bis(dimethyl-amine) with 1-bromo-n-dodecane or n-

hexadecane in dry ethanol and refluxed for 48 hours at 80°C to induce biquaternization, and surfactants
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were recrystallized by using various solvent mixtures such as ethanol-ethyl acetate and acetone-ethyl

acetate for m=12 compounds and chloroform-ethyl acetate for m=16 compounds (169).

The synthesis of m-s-m surfactants, that is now routinely followed, is a one-step process (Zana et al.
1991). Although with the introduction of second-generation amino substituted gemini surfactants more
complicated protection, deprotection and multiple recrystallization steps are required to achieve the
incorporation of the amino group into the spacer. Wettig et al. (2007) used the Boc protection method
to protect the amino group in the 3,3 -iminobis(, N-dimethylpropyl-amine), protection of amino group
before proceeding with the quaternization, which is important to prevent the nucleophilic attack by the
secondary amine with 1-bromododecane. In the reaction 1,1,4,7,10,10-hexamethyl-
triethylenetetramine or 4-(dimethylamino) pyridine were used as base during the Boc protection (157,
241). These methods involve multiple steps and use large amounts of chemicals and solvents to
synthesize the final products. In addition, during the purification steps, the recrystallizations result in
yields that are often lower than 40% and many impurities and by-products may remain after the final

recrystallization.

The one-pot synthesis is generally considered as the most efficient and most economical process for
synthesizing an organic molecule, due to important benefits of this type of synthesis such as the use of

lower volumes of organic solvents, smaller amounts of catalysts and starting products.

Recognizing the shortcomings of the existing synthesis method, an improved synthesis method was
developed for the synthesis of m-7NH-m gemini surfactants. A one-pot reaction scheme was introduced
where protection and nucleophilic bond formation steps are incorporated into a single reaction without
multiple recrystallization. This approach saves time, chemicals, and more importantly, provide higher
yields of the final product (242). Also, a solvent-free technique was adapted for Boc protection of the

amine group in the spacer (243).
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3.1.2 DMAP-free, solvent-free technique for Boc-protection of NH group in m-7NH-m
gemini surfactant synthesis

Boc protection of amines can be carried out using many available Boc protecting agents such as di-
(tertbutyl) decarbonate (Boc.O), fert-butyloxycarbonyloxyamine (BocONH,) and N-tert-
butyloxycarbonyl azide (BocN3). Of these, Boc,O is one of the most commonly used. N,N-
dimethylpyridin-4-amine (DMAP), a catalyst, is generally combined with the Boc to speed up the
protection reaction. While other catalysts are also used, DMAP is an efficient and suitable catalyst
generally preferred (244). For example, DMAP has been used in Boc protection of 3,3 -iminobis(N, V-
dimethylpropyl-amine) during m-7NH-m gemini surfactant synthesis (157). But DMAP can be difficult
to remove when used in a Boc protection reaction, which is important, since residues could lead to
potential cellular toxicity due to their high reactive nature with amines. It is also emphasized that using
acetonitrile as a solvent and DMAP together in a Boc protection reaction cannot be carried out due to
the production of mixtures of products that are hard to isolate from the reaction mixture (243). Hence,
a solvent-free and catalyst-free method can provide a DMAP-free final product and a solvent-free
technique that can contribute to improved synthetic and recrystallization methods by avoiding the use

of non-recyclable reagents in the reaction.

3.1.3 Effect of DOPE on nanoparticle formulations and non-viral gene delivery systems

Lipids and lipidoids are major building blocks for LPXs (liposomes, complexes, NPs or nano-carriers)
used for gene delivery. Many different cationic (245) and neutral lipids (246) have been employed in
gene delivery. Pseudo-glyceryl lipids, multi-valent lipids, bioreducible and dimerizable lipids and
various modified gemini surfactant lipids were used as gene delivery agents(247). Ionizable lipids such
as heptatriaconta-6,9,28,31-tetraen19-yl 4-(dimethylamino)butanoate (DLin-MC3-DMA or MC3) and
2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[ 1,3]-dioxolane (DLin-KC2-DMA or KC2) have been used

for gene silencing in hepatocytes(248) . Some of the earliest used cationic lipids were DOTAP and
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DOTMA (148, 249, 250). Most cationic lipids were used in combination with other neutral lipids such
as DOPE to facilitate transfection by providing a better surface charge balance and modify the structural
characteristics of the LPXs. The combination of DOTMA and DOPE complexes had higher transfection
and delivery of plasmid DNA by facilitating fusion of LPXs with the cell membrane (148.) It has been
shown that at low pH in endosomes the presence of DOPE causes phase transition from a dominant
condensed lamellar phase to various other polymorphic phases such as inverted hexagonal phase,

inverted cylindrical micelles or cubic phase (251, 252).

3.2 Rationale and objective

Current protocols for m-7NH-m (m=12,16,18) synthesis use Boc,O protection and DMAP as a catalyst,
however, despite performing multiple recrystallizations and purification steps DMAP appears as a
contaminant in the final product. The current synthetic schemes also produce both dimeric (m-7NH-
m) and trimeric (m-7N(m)-m) surfactants after completing the synthesis as per published protocols.
Multiple recrystallizations and purification, using various methods have failed to separate both species
from the final product, as confirmed through -Proton- Nuclear Magnetic Resonance spectroscopy (‘H
NMR) and mass spectrometry. The presence of DMAP and the existence of two species of gemini
surfactants, one with three alkyl tails, may lead to increased toxicity and inconclusive results. Another
relevant issue is related to using DOPE, a neutral lipid, in making the gemini LPXs. To address these
issues, a solvent-free, DMAP-free synthesis of m-7NH-m gemini surfactant was assessed and by
adapting a one-pot rapid synthesis technique, a pure product was synthesized, and the recrystallization
protocols were modified to yield pure m-7NH-m gemini surfactant. DOPE was previously reported to
be beneficial to increase TE but DOPE can also be toxic to cells (196). The effect of DOPE on the TE
and toxicity in A7 astrocytes was assessed by a confocal microscopy and flow cytometry approach.

This assessment provided vital information on the need for retaining DOPE in the gemini nanoparticle
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formulation. Also, it was assessed if gemini surfactant based NPXs without helper lipids can act as a

potential gene delivery vehicle without any additives and lipids included in the formulation.

3.3 Materials and Methods
The general and improved schemes for synthesis of m-7NH-m (m=12, 16 and 18) gemini surfactants is

illustrated in Scheme 1 A, B and C and m-7N(m)-m gemini surfactant in

Scheme 2. All reactions were carried out under nitrogen using Radley’s Carousel 6 Plus reaction
station™ (Saffron Walden, Essex, UK). 3,3’-iminobis(V, N-dimethylpropylamine), (MW: 187.33g/mol,
97%), di-tert-butyl dicarbonate (Boc,O) (MW: 218.25g/mol, >99%), acetonitrile anhydrous (MeCN)
(99.8%), 1-bromododecane (MW:249.24g/mol, 97%), 1-bromohexadecane (MW:305.33g/mol, 97%),
1-bromooctadecane (MW:333.38g/mol, 97%), TFA (MW:114.02 g/mol, 99%), triisopropylsilane (TIS)
(MW:158.36 g/mol, 98%) were purchased from Sigma-Aldrich (Oakville, ON, Canada). For
formulations and assays molecular grade water (Fisher Scientific, CA, USA) or Milli-Q water
(Millipore EMD, Canada) was used. DOPE was obtained from Avanti Polar Lipids, (Alabaster, AL,
USA), gWiz™ GFP plasmid, pUMVC1 mock plasmid with no reporter gene was from Aldevron

(Fargo, ND, USA).

3.3.1 Synthesis of m-7NH-m dimeric gemini surfactants by one-pot, DMAP- free technique
Synthesis of m-7NH-m (m=12, 16 and 18) gemini surfactants was previously reported (156, 157, 162,
169, 171) with 7C spacer group between the two polar head groups. Batches of 12-7NH-12, 16-7NH-
16 and 18-7NH-18 have been synthesized previously in our lab using the above protocols and were
used as reference compounds to compare the properties of NP formation, TE and toxicity with the m-
7NH-m gemini surfactants synthesized using the improved protocol in this work. The gemini surfactant
synthesis (Scheme 1 C) with amino substitution spacers was carried out in a Radleys reaction flask by

Boc protection of 1 equivalent (0.01 M) of 3,3’-iminobis(N, N-dimethylpropylamine) using a 1.2
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equivalent (0.012 M) of Boc,O reagent directly without use of any other solvent . The reaction mixture
was stirred at room temperature for 4 hours. Once the protection reaction was complete, 50 mL/3g of
acetonitrile was added to the reaction vessel, followed by 2.1 equivalents of either 1-bromododecane
(12-7NH-12) or 1-bromohexadecane (16-7NH-16) or 1-bromooctadecane (18-7NH-18), respectively
and the reaction was run under nitrogen atmosphere at 2 Psi and 95°C for 24 hours.
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m-7NH-m gemini surfactant (dimeric) m-7N(Boc)-m gemini surfactant

Scheme 1 General and improved schemes for synthesis of m-7NH-m dimeric gemini surfactant A)
General scheme for synthesis of m-7NH-m gemini surfactant form published protocols B) Synthesis
method 1 with improvement from published schemes by using Boc protection and C) Synthesis method
2 current improvement using solvent-free, DMAP-free Boc protection, one-pot scheme. (m=alkyl tail
cahin length Ci2, Cis and Ci3), DMAP- Dimethylaminopyridine, DCM-Dichloromethane, TFA-
Trifluoroacetic acid, Boc,O- Di-tert-butyl decarbonate and HCI- Hydrochloric acid.

Completion of the reaction was monitored using thin layer chromatography (TLC) on silica gel plates
(TLC silica gel 60 F,s4, Merck, MA, USA) and visual spots were developed using iodine vapors. After
24 hours, the reaction flask was cooled down to room temperature (RT) and the precipitate was filtered
using a filtration apparatus with a Whatman filter 1 (Whatman™, Buckinghamshire, UK). Filtered
precipitate was recrystallized successively using acetonitrile three times. The deprotection was carried
out using TFA cleavage cocktail TFA/TIS/Water (95:2.5:2.5) and the excess TFA was evaporated by
rotary evaporator (Heidolph, Schwabach, Germany). Precipitate was extracted by adding water into the
flask to dissolve the pure surfactant and lyophilized using a Labconco Freezone 1 freeze dryer
(Labconco, MO, USA) to obtain pure m-7NH-m gemini surfactant. Purity and identification of the

surfactants was by mass spectrometry, 'H NMR spectroscopy (Avance 500 MHz, Bruker, MA, USA)
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using CDCl; as a solvent, and surface tension measurement was carried out using a Lauda TE3
automated tensiometer (Lauda, Germany) based on du Nuoy ring tensiometry technique.

2Br
| CH;CN Reflux 48 hours

| H

0, H | |
N N N + 3CyHap Br 93°C, Ny at 2 Psi ® N N NS +HBr
e \/\/ N m=12C, 16C and 18C  Recrystallize with CH;CN e ’ \/\/ | \/\/ | N
1-Bromoalkane Lyophilize m m m

3,3"-Iminobis(N,N-dimethylpropylamine) m-7N(m)-m gemini surfactant (trimeric)

Scheme 2 General scheme for synthesis of m-7N(m)-m trimeric gemini surfactant using one-pot

scheme. Quaternization using 1-bromo-m-alkane (m=12C,16C and 18C).

3.3.2 Synthesis of m-7N(m)-m trimeric gemini surfactants using one-pot method

The trimeric bis-quaternary gemini surfactant synthesis was carried out with alkyl tail ligation at both
the quaternary nitrogens and on the amino substitution in the spacer in a Radley’s reaction flask. One
equivalent (0.01M) of 3,3’-iminobis (N, N-dimethyl propylamine) reagent was added and 50mL/3g of
acetonitrile was added to the reaction vessel. Then 3.1 equivalents (0.031M) of either 1-bromododecane
(12-7N(12)-12) or 1-bromohexadecane (16-7N(16)-16) or 1-bromooctadecane (18-7N(18)-18) was
added for the respective gemini surfactant synthesis and the reaction was run under nitrogen atmosphere
at 2 Psi, at 95°C for 48 hours. Completion of the reaction was monitored by TLC. After 48 hours, the
reaction flask was cooled to RT and the precipitate was filtered using a filtration apparatus with
Whatman filter paper 1. Filtered precipitate was recrystallized successively using acetonitrile three
times. Precipitate was extracted by adding water into the flask to dissolve the pure surfactant and
lyophilized to obtain pure m-7N(m)-m gemini surfactant. Purity of the surfactants was assessed using

mass spectrometry and 'H NMR spectroscopy using CDCl; as a solvent.

3.3.3 Formulation of m-7NH-m and m-7N(m)-m gemini NPXs and LPXs
Formulation of m-7NH-m and m-7N(m)-m (m=12, 16 and 18 C, alkyl tail) gemini surfactants was

carried out using two different compositions. Here after, for the scope of this thesis the NPXs are
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composed of gemini surfactant (m-7NH-m or m-7N(m)-m) and plasmid (GP) and LPXs are composed
of gemini surfactant, plasmid and DOPE neutral lipid (GPL) and are referred to as LPXs (Figure 3-2).
The NPs were prepared at various ratios such as 2.5:1, 5:1, 7.5:1 and 10:1 (G:P) and DOPE vesicles
were added at 1:0.5 and 1:1 (G:L) weight ratio to assess the effect of charge ratio and lipid ratio on TE

and viability.

Various optimizations and performance improvement assessments were carried out to improve the
TE and to lower the toxicity of gemini surfactants using a modified protocol. To select the most
optimum composition and component ratios for subsequent experiments, m-7NH-m and m-7N(m)-m

NPXs and LPXs were screened in A7 astrocyte cells in vitro.

Optimizations performed: 1. Comparison of TE and toxicity of gemini surfactants old stock (OS) and
new stock (NS) at varying ratios (2.5:1, 5:1, 7.5:1 and 10:1), 2. Effect of duration of NPXs and LPXs
treatment (5 hours of incubation or longer) and gene expression kinetic study for 24, 48 and 72 hours
by flow cytometry, 3. Effect of DOPE lipid inclusion and ratio in the formulation on TE and toxicity
by flow cytometry and confocal microscopy.

3.3.3.1 Formulation of NPXs

The assembly process was carried out by mixing the required amount of plasmid solution with a
calculated amount of gemini surfactant solution to get required charge ratio p+ 2.5:1, 5:1, 7.5:1 and
10:1. The mixture was left at room temperature for 15 minutes for the plasmid to form complexes with
gemini surfactants by charge interactions and obtain highly compacted NPXs (Figure 3-2). TE studies
were performed in A7 astrocyte cell culture in 96-well plates at a plasmid dose of 0.5ug/well.

3.3.3.2 Formulation of LPXs

In this formulation modality the plasmid was first mixed with gemini surfactant to obtain the required

charge ratio p+ 2.5:1, 5:1, 7.5:1 or 10:1 and incubated for 15 minutes to form G:P complexes (NPXs).
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DOPE helper lipid vesicles (SmM; preparation protocol section 3.3.3.3) were added to the G:P
complexes at G:L- 1:0.5 or 1:1 weight ratio to form LPXs. TE studies were performed in A7 astrocyte

cell culture in 96-well plates at plasmid dose of 0.5 pg/well.
3.3.3.3 Preparation of DOPE vesicles using LV1 microfluidizer

DOPE helper lipid vesicles were prepared using a high-pressure LV1 Microfluidizer (Microfluidics
Corporation, Newton, MA, USA) (Figure 3-1). Five mM DOPE dispersion was prepared in 9.25%
(w/v) sucrose solution at pH 9, followed by bath sonication (Branson Ultrasonics, CT, USA) for 15
minutes to disaggregate any larger particles. The DOPE dispersion was processed through the LV1
Microfluidizer (module Z8; 87 pm pore size) after priming it with 2mL of sucrose solution. The particle
size reduction at high pressure allows the lipid to form self-assembled vesicles and translucent solution
of DOPE vesicles was obtained. The fine DOPE vesicles were filtered using a 0.45pum poly-ether

sulfone (PES) or cellulose acetate filter.
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sucrose solution-Presence dispersion farms solution to high shear stress- DOPE vesicular solution-Size
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DOPE vesicles used in

of aggregates of lipid Formation of smaller size reduced by LV1 formulation of GPL-LPXs
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Figure 3-1 DOPE vesicles processing and nanoparticle assembly. DOPE vesicles were prepared using
LV1 Microfluidizer: DOPE lipid in 9.25% sucrose solution, pH=9, sonicated to form uniform
dispersion; DOPE dispersion is homogenized in an LV1-microfluidizer until uniform liposomes
obtained; liposomes are filtered through 0.45uM filter. Figure generated by Lokesh Narsineni using
BioRender.com
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Figure 3-2 General formulation steps and schematic models of compacted NPXs/pNPXs and
LPXs/pLPXs. Figure generated by Lokesh Narsineni using BioRender.com.

3.3.4 Characterization of gemini surfactants and nanoparticle systems

Gemini surfactants synthesized using Scheme 1 C and Scheme 2 where characterized using
Electrospray ionization-mass spectrometry (ESI-MS), '"H NMR spectroscopy and their CMC was
determined by du Noily ring tensiometry. NP characterization was carried out to determine size and

zeta potential by dynamic light scattering (DLS) technique.
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3.3.4.1 ESI-MS and 'H NMR spectroscopy

ESI-MS and "H NMR spectroscopy were used to determine the purity and identity of the obtained
gemini surfactants. The gemini surfactants were dissolved in 50:50 mixture of methanol: formic acid
(99.9:0.1%) and water: formic acid (99.9:0.1%). The aliquot was injected into the Thermo Q-Exactive
hybrid orbitrap system using low- or high-resolution analysis coupled with ESI ion source (positive
mode). '"H NMR analysis of the gemini surfactants was carried out using Bruker Avance 300 MHz and
500 MHz instruments with fully automated probe tuning. Samples were dissolved in deuterated
chloroform (CDCIls) and 'H NMR analysis was carried out to determine the chemical shifts of the

gemini surfactants. Evaluations were carried out at Department of Chemistry, University of Waterloo.
3.3.4.2 CMC determination

Surface tension measurements for 18-7NH-18 was carried out using the du Noily ring tensiometry
method on Lauda TE3 model automated tensiometer. Surface tension was measured after calibrating
the tensiometer using standard weights. The vessel was filled with 40mL of ultrapure water and the
concentrated surfactant solution (130umol/L) was titrated into the ultrapure water and the surface
tension was measured after every addition. The water-bath was kept at 45°C £ 0.1°C during the surface
tension measurements. Surface tension values were subjected to Harkin and Jordan’s correction and

used to determine the CMC from a surface tension vs logarithmic concentration plot.
3.3.4.3 Particle size and zeta potential analysis

Particle size analysis of NPXs and LPXs was carried out by DLS technique using Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK). Particle size distribution is determined by using 60uL
samples with 10 repeat readings setup on each sample were performed by the instrument and averages

were reported. particle size reported for each sample was as an average of three independent samples
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nm+SD (n=3). Zeta potential provides valuable information about the colloidal stability of the particles
by determining the surface charge of the electrical double layer on the particles. The measurements
were carried out using phase analysis light scattering and a mixed mode technique using Zetasizer Nano
ZS (Malvern Instruments). The analysis was carried out in a specialized folded capillary cell
(DTS1070) with gold plated electrodes. NPX and LPX samples were diluted with ultrapure water at
1:25 (v/v) ratio and measured by taking an average of at least three readings. The zeta potential values

are reported as mV £ SD (n=3).

3.3.5 Transfection efficiency and viability studies by flow cytometry

A7 astrocytes from rat (received from Dr Jeremy Sivak, University of Toronto) were cultured in
Dubecco’s modified eagle’s medium (DMEM)/high glucose media (Hyclone, GE Healthcare Life
Sciences, Logan, Utah, USA) supplemented with 10% fetal bovine serum (FBS) (Hyclone, GE
Healthcare Life Sciences, Logan, Utah, USA) and 1% Penicillin/streptomycin (Hyclone, GE Healthcare
Life Sciences, Logan, Utah, USA ) at 37 °C in a 95% air/5% carbon dioxide atmosphere. Cells were
seeded in 96-well flat bottom tissue culture plates (Grenier Bio-one, Monroe, NC, USA) at 15,000
cells/well. After 24 hours, at 80-90% confluency complete media was removed from the plates and
replaced with fresh basic media (without serum). Formulations were freshly prepared and used
immediately. Cells were treated with formulations containing 0.5ug of pDNA/dose per well and
incubated for 5h at 37 °C in an incubator (VWR scientific, PA, USA). After 5 hours the basic media
was replaced with complete media and incubation continued for 24 or 48 hours. After the incubation
period cells were detached from the plate using Accutase™ (Innovative Cell Technologies, San Diego,
CA, USA) and stained with MitoTracker Deep Red FM (500 nM) (Thermo Fisher Scientific), in
Accumax™ (cell dissociation solution) (Innovative Cell Technologies, San Diego, CA, USA) and

incubated for 30 minutes. After incubation, TE (%) and viability (total live population %) were
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analyzed by Attune® acoustic focusing cytometer with auto-sampler (Life Technologies, Carlsbad, CA,
USA). The expression of GFP was detected using the BL1 channel excited by a 488 nm laser and
captured with a band pass filter of 530nm + 30nm for GFP detection and the red fluorescence of
Mitotracker™ Deep Red was excited using the 638 nm laser and was detected using a RL1 channel and
captured with a band pass filter of 650nm =+ 20nm. Photo multiplier tube (PMT) voltages for forward
scatter and side scatter of A7 astrocytes were set at 1300 and 2400 mV respectively. Whereas, the

voltages for BL1 and RL1 channels were set at 1500 mV and 1400 mV respectively.

3.3.6 Kinetics of gene expression in A7 astrocytes treated with NPXs

To establish the peak gene expression kinetics for gemini surfactant NPXs, A7 astrocyte cells were
plated in three 96 well plates (as per protocol mentioned in 3.3.5), at 80% confluency they were treated
with gemini NPXs at various ratios 2.5, 5:1 and 7.5:1 (gemini: gWIZ-GFP plasmid). Each plate was
processed for analysis at 24-, 48- and 72-hours incubation using flow cytometer. Cells were assessed
for TE and viability using Mitotracker™ Deep Red as viability stain to identify the time point for peak
gene expression analysis. Additionally, the effect of gemini NPXs incubation time on TE and viability
was assessed at 24, 48- and 72-hour time points, after the removal of NPXs at the 5-hour time point or
after continuous exposure for the total incubation.

3.3.7 Assessment of helper lipid DOPE as a formulation component by flow cytometric and
confocal microscopy

The role of DOPE helper lipid in the formulation of a gemini surfactant NP system in improving TE
and its effector cell toxicity was evaluated in A7 astrocytes. LPXs with varying concentration of DOPE
helper lipid (1: 0.5, 1:1, 1:1.5 and 1:2.0 ratio of gemini:DOPE) and NPXs without DOPE were
formulated and tested for TE and viability in A7 astrocytes as described in Section 3.3.3, gWIZ-GFP

was used as a reporter gene. The ratio of G:P used for this study was 5:1. For the confocal microscopic
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study 30,000 cells per well were plated in 24-well glass-bottom multiwell plates (MatTek Corporation,
Ashland, MA, USA) (as per protocol in Section 3.3.5). After 24 hours, cells were treated with NPXs
(2.5:1, 5:1 and 7.5:1 G:P ratio) and LPXs (with 1:0.5 ratio of gemini:DOPE with the above-mentioned
ratios of NPXs) in serum free DMEM media. After 5 hours, the serum free media were replaced with
complete media (DMEM high glucose with FBS) and incubation continued for 24, 48 and 72 hours.
Confocal microscopic imaging of the treated and control wells was carried out on a Zeiss LSM 710
confocal laser scanning microscope (CLSM) (Carl Zeiss AG, Oberkochen, Baden-Wii, Germany)
using 20x objective. Cells were stained with SuM DRAQ 5 (Thermo Fisher Scientific, Waltham,
MA, USA) as a nuclear stain. At least three areas of each well were captured to determine the TE

and viability.

3.3.8 In vitro corneal penetration studies using the 3D EpiCorneal™ model

Corneal tissue interaction studies for dimeric and trimeric gemini surfactants, specifically 18-7NH-
18 and 16-7N(16)-16, were carried out using EpiCorneal ™ COR-100 (MatTek Corporation, Ashland,
MA) (Figure 3-3) to determine the degree of adherence and penetration ability of the NPXs. Cy5
labelled gWIZ-GFP was used to track the movement and gene expression of NPXs in the corneal tissue
after treatment. Each well received 50 pL of formulation with 2.5 pg of Cy5 labelled gWIZ-GFP at 5:1
(G:P) ratio. Experimental steps are shown in (Figure 3-4). Briefly, on the day of the experiment after
the equilibration of the tissues, media was aspirated from each well and replaced with 1 mL fresh,
prewarmed media and incubated again for 1 hour. Tissues in each well were dosed with NPXs. After
dosing the tissues were returned to the CO, incubator for 0.5 and 1 hour for the tissue penetration study.
At each time point tissues were isolated from the plate, washed with phosphate buffer saline (PBS)

three times to simulate removal of surface-bound NPXs by tear, and stained and processed for imaging

72



using CLSM. Calcein AM (Invitrogen, Thermo Fisher Scientific) was used as a live cell stain and Image

IT® (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used as a dead cell stain.

Figure 3-3 MatTek Human EpiCorneal tissue model (COR-100). a. Stained cross-section showing
human corneal epithelial cells cultured to form a stratified, squamous epithelium that resembles human
cornea; b. corneal tissue stained for Tight Junction Protein ZO-1 (green) (Figures reprinted with
permission from MatTek)

3.3.9 Cy5 labelling of pDNA for 3D EpiCorneal™ penetration studies

gWIZ-GFP was tagged with Label IT nucleic acid labelling agent Cy5 (Mirus Bio LLC., Madison, WI)
to allow for tracking NPXs in the corneal tissue. Labelling procedure was performed as per
manufacturer’s protocol. The labelling regent was incubated at 0.5:1 ratio of plasmid DNA for 1 hour
at 37°C. The plasmid was precipitated by adding SM sodium chloride and 100% ice cold ethanol to the
mixture and allowed to incubate for 30 minutes. The labelled plasmid was separated by centrifugation
and then washed using 70% ethanol. Plasmid concentration was verified using Nanodrop 2000c

(Thermo Fisher Scientific, Waltham, MA)
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Figure 3-4 Illustration of nanoparticle penetration studies in the 3D-EpiCorneal ™ tissue model. Figure
generated by Lokesh Narsineni using BioRender.com.

3.3.10 Statistical analysis

The statistical analysis was performed using the GraphPad Prism software (GraphPad Software, La
Jolla, CA, USA). One-way analysis of variance (ANOVA) and two-way ANOVA in conjunction with
Tukey’s multiple comparison tests were used to analyze TE and viability of the treated samples

compared with controls. A P-value of less than 0.05 was considered as statistically significant.
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3.4 Results

3.4.1 Synthesis of dimeric and trimeric gemini surfactants

Synthesis, purification and characterization of 18-7NH-18, 16-7N(16)-16 and 18-7N(18)-18 gemini
surfactants was carried out successfully. Analysis of structure, molecular weight, CMC of the above
mentioned gemini surfactants, using techniques such as ESI-MS, 'H NMR spectroscopy and
tensiometry confirms the formation of desired products. The purity levels were found to be between
95-98% for the synthesized surfactants and the yields were around 70-73%, calculated from the
theoretical yield compared with the obtained yield of the products. The modified one-pot synthetic
scheme and the use of solvent-free NH group protection made it simple to synthesize m-7NH-m gemini
surfactants with high purity and eliminate impurities such as the trimeric gemini surfactant. Also, the
pure compounds synthesized will serve as the parent compounds for further conjugation of peptides

onto the amino group in the spacer, presented in the following chapter.
3.4.1.1 Mass Spectrometry analysis:

18-7NH-18

ESI-MS: Chemical formula-CsHooN3>*, molecular weight: 694.3179 (without Br counter ions),
854.1270 (with 2 Br), charge ratio: +2, expected peaks m/z: 346.8914, found peaks m/z: 346.8914 (m/z
spectra captured using Thermo Q-Exactive orbitrap system with ESI, yield- 70-73%

16-7N(16)-16

ESI-MS: Chemical formula- CssHi23N3**, molecular weight- 862.6419 (without Br~ counter ions),
1022.4510 (with 2 Br’), charge ratio: +2, expected peaks m/z: 430.9853, found peaks m/z: 430.9853

(m/z spectra captured using Thermo Q-Exactive orbitrap system with ESI, yield- 72%
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18-7N(18)-18

ESI-MS: Chemical formula- CesHi3sN3**, molecular weight- 946.8039 (without Br~ counter ions),

1106.6130 (with 2 Br’), charge ratio: +2, expected peaks m/z: 473.0323, found peaks m/z: 473.0323

(m/z spectra captured using Thermo Q-Exactive orbitrap system with ESI, yield- 78%.

3.4.1.2 'H NMR Spectroscopy analysis

"H NMR Spectroscopy analysis was carried out on Bruker Avance 500 MHz instrument by dissolving

the sample in the CDCl; solvent and the chemical shifts obtained were confirmed for 18-7NH-18 new

stock (NS) (Figure 3-5) (Table 3-1).

Table 3-1 '"H NMR analysis of 18-7NH-18 (NS) gemini surfactant

Group 0 (ppm) Total number of protons
N'-CH; 3.28 12

N*-CH,-CH,- CH»-NH- 3.14 4
N*-CH;-CH:-(CHz)15-CH3 3.14 4
N*-CH,-CH»-(CH)i5-CH3 0.85 6
N'-CH,-CH>-(CH2)15-CH3x 2 | 1.23 60

NH 1.55 1
N*-CH,-CH>-(CH>)15-CH3 1.65 4

N*-CH:-CHz- CH,-NH- 1.95 4

N*-CH,-CHz- CHz-NH- 2.44 4
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Figure 3-5 'H NMR spectrum of 18-7NH-18 gemini surfactant synthesized using DMAP free-one pot
reaction method, impurities were also observed in the proton NMR spectra.

3.4.1.3 Surface tension and CMC determination

In order to confirm the purity of the newly synthesized 18-7NH-18 (the parent gemini for all peptide
modification) CMC determination was carried out. The surface tension vs log concentration for 18-
7NH-18 gemini surfactant were analyzed and plotted (Appendix 1 Table 1) and CMC value was
determined by carrying out the regression analysis. The CMC value of the 18-7NH-18 pure surfactant
was determined to be 51.69 uM (Figure 3-6). It was noted that the CMC value obtained in this work
for 18-7NH-18 differed from the previously reported CMC value 13 uM (159), which was expected

due to improved purity obtained in this work (Figure 3-6).

77



100 A

. ST (mN/m)

Surfactant conc (uM)

80
° .oooooouoooooo..

60

CMC (51.69 uM)

ST (mN/m)

40

20

log C

Figure 3-6 Surface tension vs log concentration plot for 18-7NH-18 gemini surfactant. CMC value was
obtained from the graph as the point where surface tension dissects the concentration plot. All surface
tension measurements were obtained by applying Harkin-Jordan’s correction.

3.4.2 Physicochemical characterization of dimeric and trimeric gemini surfactant NPXs (m-

7NH-m and m-7N(m)-m)

3.4.2.1 Particle size distribution and zeta potential

Particle size and zeta potential of the formulated NPXs and LPXs were analyzed in an attempt to
establish a correlation between the functional properties (stability, toxicity and TE) and the structural
parameters (particle size, polydispersity index and charge distribution on the particles). Charge plays
the most imperative role in compacting DNA with a cationic delivery vehicle and the compacted DNA
remains in this state until it enters the cell. The compacted DNA is protected from the surrounding
environment during its transit into the cell and prevents its degradation. Similarly, charge plays a vital

role in interaction of the gene delivery system with the cell.
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Particle size of the first generation (m-s-m) and second generation (m-7NH-m) gemini surfactant NPXs

and LPXs varied between 150-350 nm based on the charge ratio and the presence of DOPE lipid in the

formulation (Figure 3-7 A).
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Figure 3-7 Physicochemical characterization of dimeric gemini surfactant NPXs and LPXs, Effect of
charge ratio on (A) particle size and (B) zeta potential of the gemini NPXs and LPXs

79



There was no significant difference in particle size between different charge ratios of the 18-7-18
gemini surfactant NPXs, all were between 150-200 nm. But the second generation gemini surfactant
NPs made with 18-7NH-18 by both old and new methods of synthesis (labelled as old and new stocks,
OS and NS) have shown a significant difference in particle size in par with the charge ratio. In case of
the OS gemini NPXs the particle size was reduced up to 5:1 compared to 2.5:1 but then there was an
increase in particle size with 7.5:1 charge ratio. The particle size of NPXs made from NS on the other
hand, was lower as the charge ratio increased.

The results of the particle size distribution of the 18-7NH-18 gemini surfactant NPXs were in
agreement with previous evaluations (253, 254), which showed that an increase in the charge ratio
resulted in particle size reduction due to higher compaction of surfactant with plasmid DNA, (Figure
3-7 B). Similarly, the zeta potential data also demonstrated that the zeta potential increased as the G:P
charge ratio increased.

There is a corresponding increase in zeta potential of the 18-7NH-18 gemini NPXs as the charge ratio
was increased (Figure 3-7 B) Adding DOPE into the formulation had no significant change in the zeta
potential as DOPE is a neutral lipid, but adding DOPE correlated with an increase in particle size of
18-7NH-18 LPXs. Despite the higher charge of some NPX systems, (zeta potential around +54 mV and
particle size as low as 158 nm), TE was higher, and toxicity was lower with formulation that had an
optimum value of both particle size and zeta potential. The optimal TE is achieved with 18-7NH-18
gemini surfactant NPXs at charge ratio of 5:1, particle size of 199.8 £ 1.83 nm + S.D. and zeta potential

of +30.18 £ 1.17 mV £ S.D.
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3.4.2.2 Optimization of transfection efficiency and viability of NPXs in A7 astrocytes

3.4.2.2.1 Effect of charge ratio on the transfection efficiency and viability

NPXs were made using OS and NS 18-7NH-18 gemini surfactant at 2.5:1, 5:1, 7.5:1 and 10:1 charge
ratio. TE of 18-7NH-18 OS-NPXs was found to be significantly lower (****p<0.0001) compared to
the 18-7NH-18 (NS)-NPXs treatment at all ratios (Figure 3-8). The TE obtained were 1.21 + 0.1%,
2.79 £ 0.3%, 3.020 + 0.76% and 2.833 + 0.51% for 18-7NH-18 OS-NPXs and 4.66 + 0.4%, 10.97 +
0.11%, 8.96 + 0.16% and 8.33 £ 0.22% for 18-7NH-18 NS-NPXs at 2.5:1, 5:1, 7.5:1 and 10:1 ratios,
respectively. The TE of the 18-7NH-18 NS-NPXs increased up to 5:1 ratio then decreased with

increasing charge ratio (Figure 3-8).

Statistical analysis confirmed that 18-7NH-18 NS-NPXs treated cells consistently showed higher TE

compared to 18-7NH-18 OS-NPXs treatment at 48 hours (****p<(0.0001) (Figure 3-8 A).

The viability of the 18-7NH-18 NS-NPXs treated A7 astrocytes was higher compared to the 18-7NH-

18 OS-NPXs treated cells at all charge ratios (Figure 3-8 B).
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Figure 3-8 Assessment of TE and viability on A7 astrocytes treated with 18-7NH-18 (OS) and 18-
7NH-18 (NS). A) TE was measured by tracking the GFP expression, B) viability studies profile of 18-
7NH-18 (OS) and 18-7NH-18 (NS). Viability was assessed using MitoTracker® Deep Red by flow
cytometry. All values expressed as mean + S.D., n=3, ***p<0.001, ****p<0.0001
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It is evident form the data that the percent viable population decreased with increasing NPX charge
ratio. The viability was found to be 75.37 + 1.03%, 62.47 £ 2.02, 42.71 £+ 2.606 and 46.63 £ 2.53 for
18-7NH-18 (OS)-NPXs and 95.55 + 0.50%, 92.97 + 0.57%, 90.18 + 0.43% and 87.91 + 1.17% for 18-
7NH-18 (NS)-NPXs at 2.5:1, 5:1, 7.5:1 and 10:1 ratios, respectively. Data confirmed that 18-7NH-18
NS-NPXs treated cells significantly (****p<(0.0001) had higher viabilities compared to 18-7NH-18
OS-NPXs treated cells (Figure 3-8 B).

The particle size of NPXs were formulated using 18-7N(18)-18 gemini surfactants decreased with
increasing charge ratio 966 + 46, 389 + 4.68, 243.23 + 3.49 and 274 + 3.29 nm =+ S.D., while the zeta
potential increased +5.29 = 1.57 mV, +36.90 = 1.25 mV, +40.36 = 1.71 mV and +41.43 = 0.80 mV for
2.5:1,5:1,7.5:1 and 10:1 ratios respectively (Figure 3-9 A and B). The TE for trimeric gemini surfactant
NPXs were found to be 3.42 + 0.814%, 3.16 = 0.29% and 1.51 &+ 0.33% for 18-7N(18)-18 NPXs and
3.267 + 0.156%, 4.174 = 0.23% and 4.67 + 0.718% for 16-7N(16)-18 NPXs at 2.5:1, 5:1 and 7.5:1
ratios respectively. Statistical analysis confirmed that the trimeric gemini surfactants have shown

significantly lower TE compared to 18-7NH-18 and Lipofectamine® 3000 (Figure 3-10 A).

The results confirm that an increase in the charge ratio reduces the TE in case of 18-7N(18)-18 gemini
surfactant NPXs, while 16-7N(16)-16 has shown increased efficiencies when charge ratio was
increased up to 7.5:1 (Figure 3-10 A). The percent viable population was found to be between 90-97%

for 18-7NH-18 gemini NPXs, 88-90% for 18-7N(18)-18 and 87-95% for 16-7N(16)-16 gemini NPXs.

The 18-7NH-18 NPXs treated cells had significantly higher viabilities compared to 18-7N(18)-18
(*¥***p<0.0001) and 16-7N(16)-16 NPX (**p<0.01) treated cells and also their viabilities were affected

by the charge ratio. Increase in charge ratio has reduced the viability in treated A7 astrocyte cells

(Figure 3-10 B).
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Figure 3-9 Particle size distribution (A) and zeta potential data (B) of 18-7N(18)-18 gemini NPXs

Additional information on the effect of charge ratio of 18-7NH-18 (NS) gemini surfactant with and
without DOPE on the viability of the A7 astrocytes is presented in Appendix 1-Figure 3 .
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Figure 3-10 Assessment of TE of 18-7N(18)-18 and 16-7N(16)-16 NPXs in A7 astrocytes. TE was
measured by tracking GFP expression and viability was assessed using MitoTracker® Deep Red by
flow cytometry. All values expressed as mean + S.D., n=3, **p<0.01, ****p<0.0001; n.d.=not

detected)-untreated-MitoDR and only-gWIZ GFP treatments.
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3.4.2.2.2 Kinetics of gene expression in A7 astrocytes treated with m-7NH-m gemini NPXs

by flow cytometry and confocal microscopy

An incubation study to determine if the NPXs need to be removed at 5 hours after treatment or left
throughout the period of incubation was assessed. 18-7NH-18 NPXs were formulated at 2.5:1, 5:1 and
7.5:1 ratio with gWIZ-GFP plasmid and treated on A7 astrocytes in a 96 well plates. Three plates each
for 24-, 48- and 72-hour time points were treated, and media is replaced at 5 hours after treatment.
Similar ratios of treatments with NPXs not removed after 5-hour time points were assessed to determine
the effect of non-removal of NPXs after 5 hours on transfection and viability along with the kinetics of
gene expression time-point assessment, to identify the ideal time-point for assessment of gene

expression of gemini surfactant NPXs treated cells.
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Figure 3-11 Kinetics of gene expression and optimization of TE A) TE of 18-7NH-18 NPXs in A7
astrocytes treated for Shours and TE measured at 24 hours; B) TE of 18-7NH-18 NPXs in A7 astrocytes
treated for Shours and TE measured at 48 hours; C) TE of 18-7NH-18 NPXs in A7 astrocytes treated
for Shours and TE measured at 72 hours; and D) Comparative graph of gene transfection assessment at
24, 48 and 72 hours. TE was measured by tracking the GFP expression. All values expressed as mean
+ S.D., n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.d-not detected and n.s-non-significant.

It was shown that TE was higher when cells were exposed to NPXs for 5 hours only and not
continuously during the entire incubation period (Figure 3-11 A, B, C and D; ***p<0.0001) The lower
TE was mainly due to the toxicity induced by the NPXs when incubated for prolonged time with the

cells (viability results are shown in Appendix 1 Figure 4 ).

Assessment of the kinetics of gene expression demonstrated that the 48-hour time point showed
maximum gene expression (tmax) (Figure 3-11 B). At the 48-hour time point 18-7NH-18 5:1 NPXs had
a significant three-fold increase (****p<0.0001) in TE to 14.53 + 0.41% compared to 5.55 + 0.38% at

24 hours, but no further increase was observed and TE remained at similarly high level (14.69 +
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1.094%) at the 72-hour time point (Figure 3-11 C). In subsequent studies the 48-hour incubation was

chosen for all TE assessments.

3.4.2.2.3 Assessment of DOPE in gemini LPXs for gemini NPXs by flow cytometry and

confocal microscopic imaging

To assess the effect of DOPE on the TE and viability of cells, we formulated two sets of LPX
formulations with the same charge ratios, that is 2.5:1, 5:1 and 7.5:1 (G:P), one set with 1:0.5, 1:1:1:.5
and 1:2 G:L ratios and one set of NPXs without DOPE. The flow cytometry results demonstrated that
increasing DOPE in the formulation resulted in a decrease of TE. The 1:0.5 G:L ratio showed
significantly (****p<0.0001) higher TE compared to 1, 1.5 and 2.0 ratios of DOPE, while the 1:1 and
1:2 ratio of gemini: DOPE LPXs treatment did not have any significant difference in their TE values
Figure 3-12. From the above ratios tested, best performing lipid ratio (1:0.5, G:L) was used to make

LPXS, treated on A7 astrocytes and imaged using confocal microscopy.

Results from the confocal imaging studies (Figure 3-13) were in agreement with the flow cytometry
results and confirmed that TE was highest with 18-7NH-18 5:1 NPXs compared to other charge ratios
tested. Whereas containing LPXs with 5:1 (G:P) charge ratio and 1:0.5 G:L ratio had lower TE and

higher cell toxicities compared to 18-7NH-18 5:1 NPXs (without DOPE) at 48 hours. (Figure 3-12).
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B. Unteated-DRAQS stained

DRAQ 5 Channel Merge (GFP+DRAQS5)

C. Lipofectamine 3000 treated-24 hours
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D. 18-7NH-18 2.5:1 NPXs treated (D1, D2 and D3), 18-7NH-18 2.5:1 (G:P)-1:0.5 (G:L) LPXs
treated (D4, D5 and D6)-24 hours

E. 18-7NH-18 5:1 NPXs treated (E1, E2 and E3), 5:1 18-7NH-18 5:1 (G:P)-1:0.5 (G:L) LPXs

treated (E4, ES and E6)-24 hours




F. 18-7NH-18 7.5:1 NPXs treated (F1, F2 and F3), 18-7NH-18 7.5:1 (G:P)-1:0.5 (G:L) LPXs
treated (F4, F5 and F6)-24 hours

G. 18-7NH-18 2.5:1 NPXs treated (G1 and G2), 18-7NH-18 2.5:1 (G:P)-1:0.5 (G:L) LPXs treated
(G3 and G4), H. 18-7NH-18 5:1 NPXs treated (H1 and H2), 18-7NH-18 5:1 (G:P)-1:0.5 (G:L)
LPXs treated (H3 and H4)-48 hours
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I. 18-7NH-18 7.5:1 NPXs treated (I1 and 12), 18-7NH-18 7.5:1 (G:P)-1:0.5 (G:L) LPXs treated
(I3 and 14), J. Lipo-3000 treated (J1, J2, J3 and J4)-48 hours

K. 18-7NH-18 2.5:1 NPXs treated (K1 and K2), L.18-7NH-18 5:1 NPXs treated (L1 and L2), 5:1
18-7NH-18- 72 hours

M.18-7NH-18 7.5:1 NPXs treated (M1 and M2), N. Lipo 3000 treated (M1 and M2)-72 hours.

Figure 3-13 Confocal microscopic study of maximum gene expression time point assessment and
DOPE inclusion effects on TE and viability at 24 (A-F), 48 (G-J) and 72 hours (K-N).
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The results demonstrate that the inclusion of DOPE into the formulations even at low concentrations
was toxic to cells and longer incubations lead to irreversible damage to cell membranes and cell death.
At 72 hours low amounts of green GFP or red nucleic acid stain fluorescence was detectable which
could have been due to reduction in the number of viable cells owing to the prolonged incubation time

(72 hours) after treatment with NPXs and LPXs.

3.4.3 In vitro studies of interaction of 18-7NH-18 and 16-7N(16)-16 NPXs with EpiCorneal

tissue

We used the 3D EpiCorneal tissue model that mimics the cell layers of cornea to evaluate the interaction
of 18-7NH-18 5:1 NPXs and 16-7N(16)-16 5:1 NPXs carrying Cy5 labelled gWIZ-GFP plasmid.
Confocal microscopic imaging after treatment for 0.5 hour with 18-7NH-18 and 16-7N(16)-16 NPXs
showed that 18-7NH-18 NPXs rapidly penetrated into the cornea and NPXs were visible across the
entire 100-120pum thickness of the tissue (Figure 3-14 G and H. This shows that the NPXs were strongly
interacting with the cell surface and penetrated into the tissue reaching deeper layers. 18-7NH-18 NPXs
also started clearing up from the surface due to their penetration to deeper layers, this also demonstrates
the adherence of the particles to the surface despite repeated washes with PBS as seen on the Z-stack
image the Cy5 labelled particles are still visible on the surface of the retina (Figure 3-14 panel ii A and

B and C).

In case of the 16-7N(16)-16 NPXs, most NPXs remained on the corneal surface and only minimum
penetration into the cornea was observed during the first half an hour (Figure 3-15 A-D). The NPXs
were well adhered to the surface despite three repetitive steps of washing before imaging. At 1 hour
incubation the NPXs showed limited penetration of approximately 30-40um into the cornea (Figure

3-15 E-H).
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Treatments -(D, E) 18-7NH-18 5:1 NPXs-0.5 hrs treated with Calcein and (F) 18-7NH-18 5:1
NPXs with Image-IT-0.5 hour, images obtained at the surface of the tissue.

(G) 3D z-stack image of cornea treated with 18-7NH-18 5:1 NPXs carrying Cy5 labelled
plasmid (red) at 0.5 hour stained with Calcein AM live cell stain (green); (H) 3D z-stack
image of cornea treated with 18-7NH-18 5:1 NPXs carrying Cy5 labelled plasmid (red) at 0.5
hour stained with Image IT dead cell stain (green).
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Treatments- A, B and C- 18-7NH-18 5:1 NPXs carrying Cy5 labelled plasmid (red) at 1 hour treated
with calcein images taken at the surface of the tissue. Image A obtained at surface, image B from depth
of tissue and image C z-stack at full depth.

Treatments- D, E and F- 18-7NH-18 5:1 NPXs treated with Image IT at surface (D), mid (E) and deeper
(F) z-axis-1 hour

Figure 3-14 In Vitro 3D-EpiCorneal model penetration studies for i) 18-7NH-18 5:1 NPXs treatment
at 0.5 hours and i1)18-7NH-18 5:1 NPXs at 1 hour
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(i) EpiCorneal section treated with 16-7N(16)-16 5:1 NPXs-0.5 hours and stained with Calcein AM
(A), 3D and full depth z-stacks (C, D) z-Stack images of the tissue section treated with 16-7N(16)-16
5:1 NPXs-0.5 hour (B). Images obtained at the surface and z-stacks at full length of tissue.
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(i1) EpiCorneal sections treated with 16-7N(16)-16 5:1 NPXs stained with Calcein AM-1 hour (E, F, G
and H), imaged on the surface (F) z-stack, 3D and full depth Z-stack images (G and H) showing
penetration.

Figure 3-15 /n Vitro 3D-EpiCorneal model penetration studies for 16-7N(16)-16 NPXs- 0.5 and 1 hour

3.5 Discussion

To develop a topical gene delivery system for ocular administration with the goal to reach the retina
requires crossing tough barriers within the eye and demands the design of a delivery system that has a
suitable combination of properties, such as sufficient residence time within the precorneal chamber,
permeability to the posterior segment of the eye, suitable TE, biocompatibility and pharmaceutical

properties. We have formulated a novel nanoparticle system based on the 18-7NH-18 second-
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generation gemini surfactant and evaluated their transfection properties and interaction with the corneal
surface. Compared to previously studied gemini derivatives 12-7NH-12 and 16-7NH-16, the longer

alkyl tail may provide advantages for topical application, including higher TE.

Synthesis of m-7NH-m gemini surfactant (m=18) was carried out using a new method that incorporates
a DMAP-free, one-pot, solvent-free technique (243). Previously published protocols and in-house
protocols used to synthesize m-7NH-m gemini surfactant yielded very low amounts of final product

due to the number of steps involved.

In addition to the approximately two-fold better yield and ‘green’ solvent-free one-pot approach, the
improved synthesis method presented here provides two additional crucial advantages. The use of
DMAP provides a significant challenge with purification and can remain at various levels as an
impurity in the final product even after multiple recrystallizations. This could be due to the strong
interaction of the DMAP with the quaternary nitrogens. During the reaction another derivative
(previously unidentified), a trimeric m-7N(m)-m can also form at different levels depending on the
conditions used and its removal during purification may not be easily achieved. Using a solvent-free
and DMAP-free approach, Boc,O protection before quaternization, and TFA deprotection at the end of
synthesis after recrystallization allows for the production of a pure species of m-7NH-m. Furthermore,
the one-pot reaction scheme allows for increased yield with low product loss that happens with multiple

recrystallizations in a multi-step synthetic scheme.

Synthesis of m-7N(m)-m (m=12, 16 and 18) trimeric gemini surfactants with a two 3C spacers were
previously reported for the first time in 1996 (158, 255). Trimeric gemini surfactants synthesized by
this protocol have an alkyl tail attached to the amine substitution in the spacer having similar alkyl
chain length equivalent to other two alkyl tails at the two-quaternary nitrogens making them bis-

quaternary-trimeric gemini surfactants (Scheme 2). Unlike the tris-gemini surfactants (158) these
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surfactants only possess bis-quaternary nitrogens. Because, the amine group in the spacer is not
quaternarized it remains a tertiary nitrogen. Schematic structures of bis-quaternary and tris-quaternary

trimeric gemini surfactants are shown under.

Tertiary Quaternary

(—‘ nitrogen

nitrogen

Louaternary

nitrogen

Quaternary
nitrogen

Quaternary
nitrogen

— Symmetric/dissymmetric €—

alkyl tail
CrHazme mHm
mHom  CrHzma AT Cublmer - Gk CoHorns
Bis-quaternary trisymmetric Tris-quaternary trisymmetric
gemini surfactant gemini surfactant

Figure 3-16 General schematic structures of bis- and tris-quaternary trimeric gemini surfactants. Figure
generated by Lokesh Narsineni using BioRender.com.

Dimeric gemini surfactant NPXs made from 18-7NH-18 (OS), due to presence of mixed species of m-
7NH-m and m-7N(m)-m gemini surfactants and DMAP as bound impurity in the final product
(observed from the mass spectrometry and NMR spectroscopy as shown in Figure 1 (H) and Figure 2
N(B)), could have induced toxicity leading to low cell numbers and reduced TE. The trimeric gemini
surfactant impurities could lead to increased hydrophobicity of the NPXs. This can lead to increased
interaction of the DNA with the surfactant and can delay the DNA release inside the cell and increase

the interaction of the surfactant with lipid bilayers.
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The cationic charge on the NPs favor their interaction with cellular membranes facilitating
internalization and leading to higher transfection efficiencies. Hence, charge ratio is a vital factor in NP
design for therapeutic DNA delivery into cells. However, higher charge ratio can also lead to increased
toxicity of the NP systems due to prolonged interaction and damage to the cell membrane leading to

irreversible lipid cell membrane damage and eventually cell death.

The length of the alkyl tail, spacer group and the head groups are the important factors influencing the
CMC values of the surfactants. Dimeric surfactants have significantly lower CMC values compared to
monomeric surfactants (169). Owing to the above discussed reasons that are responsible for
determining the CMC values, it is understood that the long chain alkyl tails play a significant role in
lowering the CMC values in gemini surfactants. This could be one factor for lower CMC values for 18-
7NH-18 gemini surfactants synthesized using published protocols (Scheme 1 A and B). However,
synthesis of the 18-7NH-18 gemini surfactant using the new method (Scheme 1 C) produces more pure
form of dimeric 18-7NH-18 gemini surfactant and less percent of trimeric 18-7N(18)-18 gemini
surfactant which could have led to increase in the CMC values (51.69 pM) compared to 18-7NH-18

reported values (13 uM).

As the amount of surfactant is increased per unit ratio of plasmid DNA, the overall charge of the system
increased from +5.29 to +41.43mV, which is in agreement with previously published data (159). The
16-7N(16)-16 NPXs treated cells showed better transfection efficiencies compared to 18-7N(18)-18
GP-NPXs. This can be attributed to the shorter alkyl tail length which could have reduced the overall
hydrophobicity of the molecules contributing to lower DNA binding and allowing for easier

disassociation inside the cells (256).

Gene expression kinetic studies for 18-7NH-18 NPXs to assess their peak gene expression kinetic

profile over 3 time points 24, 48- and 72-hours (Figure 3-11) using flow cytometry and confocal
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microscopy demonstrated that at 48 hours, 18-7NH-18 NPXs treated cells produce higher gene

expression (Figure 3-11 and Figure 3-13).

The incubation study to determine NPX exposure showed that a treatment for 5 hours followed by
replacement of cell supernatant with fresh complete media was optimal and longer nanoparticle
exposure was not useful increasing uptake and/or gene expression. Assessment of kinetics of gene
expression over time demonstrated that TE was highest at 48h after treatment application with the m-
7NH-m NPXs (Figure 3C). At the 48-hour time point the 18-7NH-18 5:1 ratio gemini NPXs had the
highest TE of 14.53 + 0.41% compared to 5.55 + 0.38% at 24 hours (****p<0.0001) with no further

increase at 72 hours (14.69 + 1.094%).

To assess the effect of DOPE on TE and viability of cells, we formulated two sets of formulations, i.e.
LPXs with the same charge ratios, such as 2.5:1, 5:1 and 7.5:1 (G:P) and with (1:0.5, 1:1, 1:1.5 and 1:2
G:L ratios) and NPXs without DOPE, but the same (G:P) charge ratios. The flow cytometry results
demonstrated that increasing DOPE in the formulation resulted in a decrease of TE. The 1:0.5 G:L ratio
had significantly higher TE compared to higher ratios (****p<0.0001) (Figure 3-12). In all subsequent

studies the 1: 0.5 G:L ratio was used for LPX formulations.

Results from the confocal microscopic imaging studies, were in agreement with the flow cytometry
results and confirmed that TE was highest with 18-7NH-18 5:1 NPXs compared to other charge ratios
tested. Whereas DOPE (1:0.5 G:L ratio) containing LPXs (5:1 G:P charge ratio) had lower TE and
higher cell toxicities compared to 18-7NH-18 5:1 NPXs without DOPE at 48 hours (Figure 3-13). Flow
cytometry results confirmed the number of cells expressing GFP at 48 hours was higher compared to
24 hours (Figure 3-11). At 72 hours the number of cells expressing GFP protein diminished and cells
showed signs of toxicity, which was evident from reduced Mitotracker red staining. The results

demonstrate that DOPE inclusion into the formulations, even at lower concentrations, caused
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cytotoxicity. At 72 hours there was minimal GFP and Mitotracker red fluorescence observed in the
wells treated with DOPE containing LPXs, this could be due to reduced cell number due to cell death
which could have been caused due to prolonged incubation up to 72 hours and toxicity induced by the
LPX system.

DOPE, a neutral helper lipid, is frequently used in NPs to facilitate gene delivery due to its ability to
form inverted hexagonal (Hi) polymorphic structures with membrane fusogenic functions. DOPE may

facilitate cellular uptake or endosomal escape by membrane fusion (147, 257).

Recent reports indicate that DOPE can also contribute to cell toxicity, and it is known to perform better
in vitro but often fails in vivo (258, 259). For example, it was shown that at a charge ratio of p =5
DOTAP/DOPE showed toxicity and nonspecific knockdown of the gene in an siRNA based system

(260).

In this study we showed that DOPE at low levels (1:0.5 G:L ratio) was useful to enhance TE without
lowering cell viability, however, 18-7NH-18 NPX formulations without DOPE comparatively
performed better than 18-7NH-18 LPXs. 18-7NH-182.5:1:0.5 LPXs (G:P:L ratio) produced similar TE
as 18-7NH-18 5:1 NPXs (G:P ratio) without DOPE. This effect could be due to the display of similar
level of fusogenic or temporary disruption effects with the 18-7NH-18 2.5:1 LPXs with 1:0.5 of G:L
ratio as that of 18-7NH-18 5:1 NPXs. Theoretical modeling studies combined with experimental data
the DOPE concentration and charge ratio have specific importance. It was shown that the NPs at DOPE:
gemini ratio 2-3 and gemini surfactant cationic charge ratio of 2.7, at pH 5 form a stable fusogenic
lamellar/Hy structure, characterized by a low free energy value, playing a role in endosomal escape

leading to higher TE (261).

Also, while the increase in the lipid concentration disturbs the charge ratio required for the efficient

transfection, at safe levels DOPE can help in reducing the charge on the particle and allow for increased
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TE (262). On contrary, increase in gemini surfactant in the formulation leads to increased toxicity due
to their increased charge density and cell toxicity as seen in the current study and correlates with the
previous published studies (263). Hence, identifying an optimal concentration of gemini surfactant
itself or in combination with lipid is vital for achieving higher gene cargo delivery into cells with lower

toxicities.

The presence of the longer alkyl tails such as Cis are known to modulate interaction with the lipid
bilayer membranes to cause higher lipid order that can form more stable phase transitions (264). Hence,
total concentration of lipid/surfactant in the formulation plays a role in how the NPXs/LPXs interact
with the lipid bilayers of cells and cause temporary perturbation. LPXs deliver the plasmid DNA by
various active transport mechanisms and get endocytosed (147, 257). Later, due to pH changes in the
endosome the LPX attains an inverted hexagonal shape leading to interaction with endosomal
membrane, rupture and releasing the therapeutic DNA (196). Some lipid based systems such as the
ones made with DOPE and DOTMA are known to deliver DNA by fusion of the liposomes with the

plasma membrane and leads to intracellular delivery of DNA (147).

The development of nanoparticles as a non-invasive topical eye drop dosage form require information
about penetration or crossing the corneal tissue. Assessment of 18-7NH-18 and 16-7N(16)-16 NPXs
using an in vitro 3D human EpiCorneal™ tissue model (MatTek®) demonstrated the importance of
having an optimal particle size and charge density for the NPXs. The penetration was found to be higher
for 18-7NH-18 5:1 NPXs, compared to 16-7N(16)-16 5:1 NPXs. Further increase in the alkyl tail
number and size produced larger particles which could affect the route of cellular entry and
intracellular fate (265). While 18-7NH-18 5:1 NPXs were found to have particle sizes below 250 nm,
the 16-7N(16)-16 5:1 NPXs were found to be around 350-400 nm, which could have impeded their free
movement in the tissue and their endocytosis (192). It was also shown that 18-7NH-18 5:1 NPXs
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carrying Cy5 labelled gWIZ-GFP plasmid penetrated 80-100um deep into the cornea within the first
0.5-1 hour (Figure 3-14). The NPXs were well adhered to the surface even after three repetitive steps
of washing before imaging. The 18-7NH-18 5:1 NPXs penetrated into the tissue and reached deeper
layers of the corneal tissue. The 18-7NH-18 5:1 NPXs were observed to be taken up into the cells with
in the first hour in large numbers as shown in Figure 3-14 (i and ii). The 16-7N(16)-16 5:1 NPXs
showed a different interaction pattern with the cornea. There was significant superficial binding and
penetration up to about 30-40um depth during the first 0.5-1 hour (Figure 3-15 i and ii), but despite of
the presence of a lot of NPXs on the surface no significant amount of NPX penetration was observed
into deeper layers. A possible reason could be related to the larger particle size of 16-7N(16)-16 5:1
NPXs compared 18-7NH-18 5:1 NPXs, which could have impeded their movement and cell interaction
in the tissue (192). Another factor might be related to the comparatively higher hydrophobicity of the
trimeric gemini surfactants, which could decrease partitioning into the hydrophilic corneal tissues and
also possibly providing increased DNA binding which could inhibit effective dissociation of the

plasmid.

We have shown before that gemini nanoparticles have the ability to interact with membranes and induce
temporary increase of permeability by ‘nanoporation’ (266).This phenomenon is associated with the
permeation of typically membrane-impermeable stains used for imaging studies (eg. dead-cell stains)
but at the same time the cells also stain positive with metabolic cell viability dyes (eg. Mitotracker Deep
Red or calcein). In the confocal microscopic study, we used Image® IT dead cell stain, which stained
the corneas treated with NPXs. Interestingly, the staining pattern corresponded to the pattern of NPX
diffusion indicating that temporary cell membrane disruption was caused by the NPXs. However, the
tissue appeared normalized several hours later and as the nanoparticles diffused out of the cornea, the

membrane integrity recovered and the cells treated with Mitotracker Green have produced the
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metabolic dye in the mitochondria of the cells as seen from the EpiCorneal treatment images at 24 hours

(results not shown).

3.6 Conclusion

We have formulated a novel gene delivery nanoparticle system based on the 18-7NH-18 second-
generation gemini surfactant for retinal gene therapy by ocular topical application. The m-7NH-m series
of gemini surfactant building blocks were synthesized by an improved one-pot, DMAP free reaction
scheme with 2-fold increase in yield and high purity without contamination of a previously unidentified
trimeric gemini surfactant by-product (m-7N(m)-m) and DMAP.

NPXs made from 18-7NH-18 gemini surfactant made with the new synthetic scheme showed high TE
and reduced toxicities in A7 astrocytes at the optimum 5:1 ratio of gemini: plasmid. The presence of
DOPE was shown to be detrimental for both transfection and cell viability, that is 18-7NH-18-NPXs
consistently showed higher TE and cell viability compared to LPXs. In vitro corneal interaction
assessment of the 18-7NH-18 NPXs showed penetration and crossing of the cornea within 0.5-1h after
treatment. NPXs made form m-7N(m)-m trimeric gemini surfactant showed very low TE, increased
cell toxicity and corneal surface binding without penetration into the cornea.

Overall, the NPXs made from 18-7NH-18 gemini surfactant are potential gene delivery systems for

ocular topical administration and for further in vivo studies.
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Chapter 4 Development of multifunctional gemini nanoplexes for

non-viral neurotrophic factor gene delivery to the retina

4.1 Introduction

Our group has shown previously that dicationic amphiphilic gemini surfactants (second generation
gemini surfactants; m-7NH-m) form complexes and/or NPs and deliver therapeutic DNA to various
cells (136, 159, 173). Compared to first generation gemini surfactants (m-s-m), the presence of a pH
sensitive spacer amino group in the second generation gemini surfactants facilitates endosomal escape
and increases TE (159). Additional chemical modifications at the amino group, such as addition of
peptide moieties can provide further functionalities, eg. cell binding and increased recognition. Peptide
modification is a potential method to increase functionalities of NPs. Several groups of peptide ligands
have been used for NP conjugation such as cell penetrating peptides (CPPs), cytosolic transport

peptides and nuclear localization peptides.

4.1.1 Functionalization of gemini surfactants with integrin-binding and IgSF cell adhesion

peptides (CAPs)

The utilization of CAPs is a new direction in cell targeting. CAPs are peptide sequences from one of
the four major classes of CAMs. In this study we selected one CAP from the integrin-binding family,
namely Arg-Gly-Asp (RGD) sequence, and three peptides from CAMSs of the IgSF (Table 4-1).
Integrins are highly expressed in the retina (230). They are characterized by a and B subunits arranged
together in various configurations, with asP; the most widely distributed configuration in the retina.
They possess extracellular, intracellular and transmembrane domains that can recognize the integrin
ligands, promote cell-cell adhesion, ocular development and other wound healing functions. It has been
well established that the integrin receptors are distributed in the cornea, TM, retina, choroid and an

increased expression of the integrins was shown after a glaucomatous damage or induced insults in the
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optic nerve to initiate a repair process (232, 267). RGD peptide is a well-established ligand with high
affinity for integrin receptors. The sequence of Arg-Leu-Glu (RLE) was chosen as a reference peptide
since it was used before as a non-binding control for Thy-1 targeting studies (204, 268).

Members of the IgSF possess the so-called Ig domain or fold that plays a role in cell recognition,
binding and adhesion. Three peptide sequences derived from neural cell adhesion molecules (NCAMs)
were selected for this study (Table 4-1). One of these is a peptide derived from L1CAM with the
sequence of Phe-Ala-Ser-Asn-Lys-Leu (FASNKL). The second peptide is from the extracellular
domain of Py protein, with the sequence of Tyr-Thr-Asp-Asn-Gly-Thr-Phe (YTDNGTF), which our
group has shown previously to exhibit heterophilic binding properties with other membrane CAMs, for
example ICAM-1 (269-271), and the third is a short dipeptide Leu-Ile (LI) that could provide non-
specific binding through hydrophobic interactions and could be beneficial as an inducer of BDNF and

GDNF and enhance RGC survival (272-274).

Table 4-1 Integrin-binding and neural IgSF-derived peptides used for gemini NP design

Peptide Sequence Origin Molecular | Function Reference
weight (Da)
I. Integrin-binding
pi Arg-Gly-Asp | Fibronectin 346.35 Integrin-binding | (275)
(RGD) ligand
p2 Arg-Leu-Glu | Thy-1 RLD 416.48 Non-binding (204)
(RLE) (non-binding control of
mutant) RGD/RLD
II. Neural IgSF
p3 Phe-Ala-Ser- | in LICAM 678.78 in LICAM Igl (276, 277)
Asn-Lys-Leu | Igl promotes
(FASNKL) binding to
neuropilin-1
(NP-1) a

component of
semaphorin 3A
(sema 3A)
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receptor

complex
ps Tyr-Thr- PO protein 816.82 Homophilic and | (226, 269, 270)
Asp-Asn- extracellular heterophilic
Gly-Thr-Phe | domain binding with
(YTDNGTF) other IgCAMs

in nervous and
immune system

III. BDNF inducer peptide

P4 Leu-Ile (LI) | Hydrophobic | 244.34 Induces (272, 278)
dipeptide production of
BDNF and
GDNF

4.2 Rationale and Objective

4.2.1 Rationale

The 18-7NH-18 gemini surfactant produced with high purity using the improved synthetic method (as
shown in Chapter 3) was used to generate the third-generation peptide conjugated gemini surfactants.
By selecting peptide sequences from cell adhesion molecules found in the nervous system, improved
functionality can be built into the NPXs. Cell adhesion peptides (CAPs) conjugated to the spacer NH
group of second-generation surfactants provide the building blocks for pNPXs with adhesive properties

that enhance cell binding, uptake, and potentially enhanced affinity to the retina.

4.2.2 Objective
The overall objective of the work in the current chapter was to synthesize integrin-binding and IgSF
peptide functionalized gemini surfactants for use in the formulation of peptide-functionalized pNPXs

and evaluate their gene delivery properties both in vitro and in vivo. Specific objectives included

1. Design and synthesis of five peptide-modified m-7N(pi.s)-m gemini surfactants; the

peptides are identified from integrin-binding and IgSF sequences.
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1i. Formulation design, development and physicochemical characterization of m-7N(pi.5)-m

pNPXs carrying reporter and/or BDNF gene.

iii.  Evaluate the in vitro TE of m-7N(pi-s)-m pNPXs carrying reporter and/or BDNF gene in A7

astrocytes, neurospheres and the EpiCorneal tissue model.

iv.  Evaluate the delivery and TE of m-7N(pi.s)-m pNPXs carrying reporter and/or BDNF gene
to the retina in vivo in CD1 mice by confocal microscopic imaging and quantitative enzyme-

linked immunosorbent assay (ELISA) of BDNF levels after IVT injections.

4.3 Materials and Methods

The general scheme for synthesis of m-7N(p)-m (m=C, and Ci3g, p= integrin-binding or IgSF peptides
p1, P2, P3, p4 and ps) gemini surfactants (G) is illustrated in Scheme 3. All reactions were carried out
using Radley’s Carousel 6 plus reaction station™ (Radley’s). The 12-7NH-12 gemini surfactant (N, N'-
(azanediylbis(propane-3,1-diyl))bis(V, N-dimethyldodecan-1-aminium) (Batch: FL12GLN-061216-
R10-001, 92%), and the 18-7NH-18 gemini surfactant (N, N'-(azanediylbis(propane-3,1-diyl))bis(V, V-
dimethyldodecan-1-aminium) (Batch: FL18GLN-053117-RX9-001, 94%) were synthesized in-house
based on Scheme 1 C (see Chapter 3). Peptides (pi-s) (Table 4-2) and peptide-functionalized gemini
surfactants (18-7N(pi.s)-18) were synthesized at Celtek Biosciences LLC, TN, USA (technology
transfer for synthesis of peptide ligated compounds was carried out between Drug Delivery and
Pharmaceutical Nanotechnology Laboratory (Foldvari Lab) and Celtek Biosciences LLC) as follows:

(percentages indicate the purity as determined by Celtek using HPLC).

pi: RGD (Arg-Gly-Asp, >95%, MW:346.35), piGm: m=Ci; or Cis, 18-7N(RGD)-18 (>95%,
MW:1022.65), p» RLE (Arg-Leu-Glu, 99.26%, MW: 416.48), p:Gm: 18-7N(RLE)-18 (>95%,

MW:1092.78), ps: FASNKL (Phe-Ala-Ser-Asn-Lys-Leu, 98.90%, MW:679.60), p3;Gm: 18-
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7N(FASNKL)-18 (99.78%, MW: 1355.09), ps: LI (Leu-lle, 97.17%, MW:244.34), psGn: 18-7N(LI)-
18 (>95%, MW: 920.64), ps: YTDNGTF (Tyr-Thr-Asp-Asn-Gly-Thr-Phe, >95%, MW:816.82), psGm:
12-7N(YTDNGTF)-12, (>95%, MW:1324.80) 18-7N(YTDNGTF)-18 (>95%, MW:1493.12). 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxid hexafluorophosphate
(HATU) (MW:380.23%, 97%), DIPEA (MW:129.24, 99%), N,N-dimethylformamide (DMF)
(MW:73.09, 99.8%), TFA (MW:114.02 g/mol, 99%), TIS (MW:158.36 g/mol, 98%), methanol HPLC
grade (MW: 32.04, 99.9%), acetonitrile HPLC grade (MeCN, MW:41.05, 99.9%) were purchased from

Sigma-Aldrich (Oakville, ON, Canada).

Table 4-2 Peptides used in the peptide-modified dicationic gemini surfactant synthesis and their
properties

Properties-
. Chemical
Peptide Structure formula and
mol. wt.
,;1 C12H2:N6Os
p1 (RGD) \)J\ /\)J\ OH
\/\/\( 346.34
" o g o Ci7H32N60s
RLE
p2( ) HoN )J\H/\/\‘)J\H N oH
I I 416.48
o~ “OH
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NH,

OHO o C31H50NgO9
ps (FASNKL) H H
N N
\)ku N \g)j\OH 678.79
= o) E\H/NH2 Eﬁ/
(0]
(@) OH
0 \g/ C12H24N203
p4(LI) N/\/\
H 244 .34
NH, :
HO
(0]
HoN QH
Ps HN H Cs6H4sNgO 14
(YTDNGTF) OI; 816.82

4.3.1 Synthesis, purification and characterization of peptide-modified m-7N(p)-m gemini

surfactants

Synthesis of m-7N(pi.s)-m gemini surfactants were carried out using second generation m-7NH-m

gemini surfactants as shown in Scheme 3. The covalent ligation reactions, to form an amide bond, were

carried out in the liquid phase using anhydrous acetonitrile as a solvent. The batch size was 30umol in

20mL of acetonitrile. HATU was used as a coupling agent and DIPEA as a base. The appropriate

protected peptide (pi-ps) and HATU were added into the required volume of acetonitrile, dissolved and
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the temperature of the reaction vessel (Radleys) was maintained at 37°C. The required volume of
DIPEA was added to the reaction mixture, followed by the addition of m-7NH-m (m=12 and 18 C)
gemini surfactant. The reaction was monitored by UPLC (Waters H-class Bio system with PDA and
FLR detectors) (Waters, Milford, USA) on a Cis column at 210 nm with solvent A as 0.1% TFA in
water v/v and solvent B as 0.1%TFA in acetonitrile v/v. Gradient elution method was developed for 25
mins with 70-100% acetonitrile as solvent A and UPLC grade water as solvent B in 15 minutes
(Appendix 2, Figure 5 and Figure 6 ). 3D scans were also tracked initially to identify the product
formation and its Amax absorbance which was determined to be 210 nm from the scans. After 4 hours
the reaction was complete, the crude products were collected and purified using a semi-preparative
method using a HPLC (Waters €2695 separations module with a UV/VIS detector 2489) (Waters,
Milford, USA) with UV detection on a Cis semi-preparative column where solvent A was 0.1% TFA
in HPLC grade water v/v and solvent B was 0.1%TFA in Acetonitrile v/v. Gradient elution method was
developed with 70-100% solvent B in 18 minutes. The excess solvent was evaporated from the collected
fractions containing the protected peptide conjugated gemini surfactant m-7N(p(protected))-m (Figure
7). Deprotection was carried out using TFA cleavage cocktail (TFA:TIS:Water 95:2.5:2.5) for 4 hours.
Deprotection monitoring was carried out by UPLC with solvent A (0.1% TFA in HPLC grade water
v/v) and solvent B (0.1%TFA in acetonitrile v/v) with a gradient elution method, 70-100% Solvent B
in 15 minutes. After deprotection the crude products were collected and purified using a semi-
preparative HPLC method developed on a Cig semi-preparative column with UV detection (Figure 8 ),
with solvent A (0.1% TFA in HPLC grade water v/v) and solvent B (0.1%TFA in acetonitrile v/v).
Gradient elution method was developed with 70-100% solvent B in 18 minutes. All products were
purified using the same method and the collected samples were concentrated by evaporating the excess
solvent. The pure product was lyophilized and stored at -20°C. The analysis of purity and confirmation

of compound identities were carried out using UPLC and ESI-MS. A general protocol for synthesis of
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m-7N(pi-s)-m gemini surfactants was developed in our lab for both m=Ci, and C;s alkyl tail gemini
surfactants and ps peptide was used for synthesis and characterization of the peptide conjugated
compounds. The technology of peptide modified gemini surfactant synthesis was transferred to Celtek
Biosciences for 200 mg scale synthesis of m-7N(pi-ps)-m (m=18) gemini surfactants. The m-7NH-m
(m=18) gemini surfactant was synthesized in our lab (as per Scheme 1 C) and supplied to Celtek
Biosciences LLC. The 18-7N(pi-ps)-18 with a purity >95% were provided by Celtek and characterized

using HPLC and ESI-MS methods in our lab.

2Br
. Boc M=~ R~ Pbf 2Br
R-Boc protected IgSF peptide (p;_s)

| i | | |
®N N N® itri eN N N®
\/\/ \/\/ Acetonitrile, HATU and DIPEA \/\/ \/\/
m m m

4 hours stirring at 37°C

. Boc-protected peptide coupled m-7N(p-protected)-m

m-7NH-m gemini surfactant gemini surfactant
Deprotection with

TFA:TIS:Water (95:2.5:2.5),

4 hours,
m-Alkyl tail chain length (Cy, and Cg) Semi-prep purification,
R-Integrin-binding (p;, p,) and IgSF peptide (p3, p4 and ps) Rotovap,
TFA- Trifluoroacetic acid Lyophilize
TIS- Triisopropylsilane
Boc- Di-tert-butyl dicarbonate
HATU- N-[(Dimethylamino)-1H-1,2,3-triazolo [4,5- R 2Br
b]pyridin-1-ylmethylene]-N-methylmethanaminium | | |
hexafluorophosphate N-oxide ® N\/\/N\/\/N @
DIPEA- N,N-Diisopropylethylamine -~ | | ~
IgSF- Immunoglobulin Super Family m m

m-7N(p;.s)-m gemini surfactant

Scheme 3 General scheme for synthesis of integrin-binding and IgSF peptide functionalized m-7N(pi.-

s)-m gemini surfactant

4.3.2 Formulation and characterization of m-7N(p1.s)-m (m=12 and 18) gemini surfactant

PNPXs and pLPXs

Formulation of peptide-functionalized m-7N(pi-s)-m (m=C;, and C18 C alkyl tail) gemini surfactant

pNPXs and pLPXs was carried out using two methods. pNPXs are composed of peptide modified-

gemini surfactant (pG, p=peptide;.s) and plasmid (P) and pLPXs are composed of peptide modified-
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gemini surfactant (pG, p=peptidei.s), plasmid (P) and DOPE neutral lipid (L) (Figure 3-2). The pNPXs
were prepared at charge ratios 2.5:1, 5:1, 7.5:1 and 10:1 (pG:P) and varying DOPE weight ratios such
as 1:0.5 and 1:1 (pG:L). DOPE vesicles were prepared as described earlier (see Section 3.3.3.3 and

Figure 3-1).
4.3.2.1 Formulation of pNPXs and pLPXs

pNPX and pLPX assembly was carried out by mixing the required amount of plasmid solution with a
calculated amount of pG solution to obtain the required charge ratio (p£) of 2.5:1, 5:1, 7.5:1 and 10:1.
The mixture was left at room temperature for 15 minutes to obtain highly compacted pNPXs (Figure
3-2). To prepare pLPXs after the 15 minutes incubation, SmM DOPE vesicles (see Section 3.3.3.3),

were added at 1:0.5 and 1:1 pG:L weight ratio.

4.3.2.2 Physical mixture formulations

For comparative studies bi-component and tri-component physical mixtures of the peptides (pi-s) and
plasmid (p+P) were mixed together at 2.5:1, 5:1 and 7.5:1 ratios (p:P) and incubated for 15 minutes to
evaluate the effect of unconjugated peptide on transfection. In the tri-component physical mixture, 18-
7NH-18 gemini surfactant was combined with the appropriate peptide pi-ps (pntG) followed by the
addition of plasmid (p.G+P). The G:P ratio was kept at 5:1 for all formulations while the ratios of
peptides tested were varied between 1:2.5, 1:5 and 1:7.5 (final ratios 2.5:5:1, 5:5:1 and 7.5:5:1 (p:G:P)

by weight).
4.3.3 Characterization of pNPXs and pLPXs

4.3.3.1 Particle sizing and zeta potential analysis

Particle size analysis of pNPXs and pLPXs was carried out by DLS using Zetasizer Nano ZS (Malvern

Instruments, Worcestershire, UK). Particle size distribution was determined by using 60pL samples
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and the average of three separate readings were taken and each reading was performed with n=3
analyses set per sample and 10 repetitions per each reading by the instrument. Z-average size of each
sample was reported as an average of three separate readings (n=3) nm. = SD. Zeta potential
measurements were carried out using phase analysis light scattering and a mixed mode technique with
Zetasizer Nano ZS. The analysis was carried out in a specialized folded capillary cell with gold plated
electrodes. pNPXs and pLPXS were diluted with ultrapure water (Milli-Q) at 1:25 (v/v) ratio and
measured by taking an average of at least three readings. The zeta potential values are reported as mV
+ SD (n=3).

4.3.4 In vitro transfection efficiency and toxicity studies of pNPXs and pLPXs in A7
astrocytes

The TE assay of pNPXs and pLPXs and bi-component and tri-component physical mixtures was carried
out in A7 astrocytes. Rat A7 astrocytes (received from Dr Jeremy Sivak, University of Toronto) were
cultured in DMEM/high glucose media (Hyclone, GE Healthcare Life Sciences, Logan, Utah, USA)
supplemented with 10% FBS (Hyclone, GE Healthcare Life Sciences, Logan, Utah, USA) and 1%
Pen/Strep (Hyclone, GE Healthcare Life Sciences, Logan, UT, USA ) at 37 °C in a 95% air/5% carbon
dioxide atmosphere. Cells were seeded into 96-well flat bottom tissue culture plates (Grenier Bio-one,
Monore, NC, USA) at 15,000 cells/well. After 24 hours, at 80-90% confluency, the complete media
was removed from the wells and replaced with fresh basic media (without serum). Formulations were
freshly prepared and dosed immediately to their respective well as per the plate plan. Cells were treated
with formulations containing 0.5ug of pDNA/dose per well and incubated for Sh at 37 °C in a CO;
incubator (VWR Scientific, PA, USA). After 5 hours the basic media was replaced with complete media
and incubation continued for 24 or 48 hours. After the incubation period cells were detached from the
plate using Accutase™ (Innovative Cell Technologies) and stained with MitoTracker Deep Red FM

(500nM) (Thermo Fisher Scientific), prepared as a 1000nM stock in Accumax™ (Cell dissociation
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solution) (Innovative Cell Technologies) and incubated for 30 minutes. TE (%) and viability (total live
population %) both were analyzed by flow cytometry (Attune, Life Technologies). The expression of
GFP was detected using the BL1 channel excited by a 488 nm laser and captured with a band pass filter
of 530nm + 30nm for GFP detection and the red fluorescence of Mitotracker™ Deep Red was excited
using the 638 nm laser and was detected using a RL1 channel and captured with a band pass filter of
650nm + 20nm. Photo multiplier tube (PMT) voltages for forward scatter and side scatter of A7
astrocytes were set at 1300 and 2400 mV respectively. While the voltages for BL1 and RL1 channels

were set at 1500 mV and 1400 mV respectively.

All statistical analyses were carried out on GraphPad Prism (GraphPad software, La Jolla, CA, USA),
and data are presented as mean £ S.D, (n=3). Two-way ANOVA with Tukey multiple comparison tests
were carried out to analyze the obtained data sets. A P-value less than 0.05 is considered as significant

and the level of significance is indicated on the graphs with (*).

4.3.5 In vitro corneal penetration and toxicity studies using a 3D EpiCorneal tissue model
In vitro tissue penetrations studies were carried out using the EpiCorneal ™ COR-100 3D tissue
model (MatTek Corporation, Ashland, MA) to determine the degree of permeation ability of the pNPXs
and pLPXs prepared with Cy5 labelled gWIZ-GFP (see Section 3.3.9). Each tissue was dosed with
50uL of formulation containing 2.5 pg of Cy5 labelled gWIZ-GFP. Experimental steps followed the
same steps shown in Figure 3-4. Briefly, on the day of the experiment after the equilibration of the
tissues, media was aspirated from each well and replaced with 1 mL fresh, prewarmed media and
incubated again for 1 hour. Tissues in each well were dosed with 18-7N(p1)-18 pLPXs, 18-7N(ps3)-18
pLPXs, 18-7NH-18 pNPXs). After dosing, the tissues were returned to the CO, incubator for 0.5 and 1
hour for the tissue penetration study. The corneas treated with 18-7N(pi)-18 pLPXs was further

incubated for 24 hours for evaluation of gene expression. At each time point, tissues were isolated from
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the plate, stained and processed for imaging using CLSM. Calcein AM and Mitotracker Deep Red (at
24h) was used as a live cell stain and Image IT® (Invitrogen, Thermo Fisher Scientific) was used as a

dead cell stain.

4.3.6 In vitro transfection studies in retinal stem cell-derived neurospheres

The evaluation of pNPXs and pLPXs as potential transfection agents was carried in a 3D retinal
neurosphere model developed previously from CD 1-4 multipotent retinal stem cells (MRSC) in our
lab (279). The “MiEye 8 protocol was followed for 3D MRSC neurosphere formation, testing of the

formulations and analysis using CLSM as shown in Figure 4-1.

Briefly, on Day 1, a 12-well plate was coated with 200-300 puL 0.2% gelatin and incubated for 1 hour.
After one hour the excess gelatin was removed and three of the wells were seeded by mixing 1 million
cells with 3 mL of retinal stem cell media-3 (RSCM-3) and were distributed into three wells equally.
The RSCM-3 media was previously prepared with Advanced DMEM/F12 (RSCM-1) with 0.1% w/v
glucose, 0.1% w/v lactose, 0.1% w/v bovine serum albumin (BSA), 0.045% w/v proline, 0.02422%
w/v nicotinamide and 1%v/v L-glutamate, filtered through 0.45uM filter and 1% penstrep added to
make RSCM-2. Supplements such as 10uL of insulin-transferrin-supplement-A, 50uL of knockout
serum replacement, 20ng of EGF and 20 ng of basic-fibroblast growth factor (bFGF) were added per
1 mL of RSCM-2 media to make RCSM-3. On Day 2, at 80% confluency the cells were split, after
detaching with 1x Accutase solution, into remaining 0.2% gelatin-coated wells (at 1:20 split ratio) to

culture enough cells for seeding 15000 cells/well.

On Day 3 (Day 1 differentiation protocol) the cells were detached, pelleted and suspended in RSCM-
3. Cells were withdrawn and resuspended in RSCDM-1 (Advanced DMEM containing 2mM of L-
glutamine, 1:50 (1x) B-27 supplement and 10ng/mL bFGF) at 10,000 cells per 250 pL per well for the

96-well PrimeSurface® 3D Culture Spheroid Ultra-Low Attachment (ULA) Plate (S-bio, Hudson, NH,
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USA). Sphere formation was monitored and imaged by light microscopy daily until Day 10. The 3D
spheroids were differentiated using RSCDM-1 from Day 3 to 4 (Day 1 and 2 differentiation protocol).
On Day 5 (Day 3 differentiation protocol) media was changed to RSCDM-2 (Advanced DMEM
containing 2mM of L-glutamine, 1:50 (1x) B-27 supplement, 1:100 N2-supplement and 10ng/mL

bFGF) and continued growing until Day §&.

On Day 8 (Day 6 of differentiation protocol) 15 uL formulations containing 0.5ug reporter gene (gWiz-
GFP) of 18-7NH-18 NPXs, 18-7N(p1)-18 pNPXs, 18-7N(p3)-18 pNPXs and Lipofectamine® 3000 was
added to the spheroids and incubated for 48 hours (Day 8-10). After treatment, the spheroids were
transferred into a 24-well glass bottom plate (MatTek™), stained with DRAQ-5 nuclear stain for 15-
30 minutes and were imaged using CLSM to determine the TE. For 18-7N(p3)-18 pNPXs treated
neurospheres were immuno-stained with RNA-binding protein with multiple splicing (RBPMS)
antibodies (Santa Cruz Biotechnology, TX, USA) and counter stained with Goat anti-Human IgG
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (Thermo Fisher Scientific) to determine
the presence and location of differentiated RGCs. This was carried out by fixing the cells using 4%
PFA (Alfa-Aesar, MA, USA) for 0.5 hours followed by permeabilization with 0.1% triton X-100
(Sigma Aldrich) in phosphate buffer saline (PBS), for 15 minutes, wash and remove permeabilization
solution with PBS and add blocking solution (15% BSA with 0.5% Triton X-100 in PBS) and incubated
for 0.5 hours. The blocking solution was removed and the spheres were washed with PBS three times
and incubated with RBPMS antibody (Santa Cruz Biotechnology) for 1hour at 37°C or overnight at
4°C. The primary antibody was removed by washing three times with PBS, followed by incubation
with a secondary antibody (goat anti-human IgG (H+L) cross-adsorbed secondary antibody-Alexa

Fluor 647 conjugate) forl hour at 37°C or overnight at 4°C, then washed with PBS and imaged using
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CLSM (Carl-Zeiss AG). Viability of the untreated 3D retinal neurospheres were tracked with

Mitotracker® Deep Red (Invitrogen) live cell stain and Image IT® (Invitrogen)dead cell stain.

Treatment of 3D retinal spheres

Day 1-3 Gelatin coating, A
RSC seeding and Day 3-RSC seedmg inta Day 3-8 3D retinal = \ with PGP NPXs and Lipo 3000

culturing 96-well SD;:theermd ULA sphere formation 11 \ \ LPXs carrying reporter gene (GFP)

W

| 0009 »
klf ) O O O O Day 8-Formulation treatments

96- well PrimeSurface 3D 3D-retinal stem cell (PGP-NPXs, Lipo 3000 and
spheroid-ULA plate spheroid-MiEye 8 incubation for 24 and 48 hours

RSC culturing based
on MiEye 8 protocol

DRAQ-5 nuclear stain and
other cell specific stains

Day 9 and 10 -Nuclear Day 9 (24 hrs) and 10 (48

staning and incubation hrs)- 24-well galss bottom
plates for confocal

imaging

Day 9 and 10- Confocal micrascopy imaging
of 3D retinal neurosphere

Figure 4-1 Schematic for evaluation of the TE and toxicity of pNPXs and pLPXs in 3D retinal stem
cell derived neurospheres, i) Day 1: RSC seeding into a 12-well plate; ii) Day 3-8: neurosphere
formation using culturing and differentiation media as per MiEye8 protocol (279); iii) Day 8:
neurosphere treatment with formulations and incubation for 24 and 48 hours; iv) Day 9-10: neurosphere
staining with DRAQS5 nuclear stain and cell specific antibody stains (Alexa Fluor 647 RBPMS) and
imaged using CLSM. Figure generated by Lokesh Narsineni using BioRender.com.

4.3.7 In vivo retinal gene transfer studies in a CD1 mice
All animal experiments performed in this section were approved by the Office of the Research Ethics

(ORE), University of Waterloo and all the protocols designed were in agreement with the Canadian
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Council on Animal Care (CCAC). Based on results from the in vitro studies, selected formulations were
advanced for in vivo evaluation in a CD1 mouse model. CD1®IGS Mice 4-6 weeks old (Charles River
Laboratories, USA) were anaesthetized using freshly prepared ketamine (Vetoquinol, QC,
Canada)/xylazine (Modern Veterinary Therapeutics LLC, FL, USA) (10mg/mL/1mg/mL) solution by
intraperitoneal (IP) injection. 18-7N(pi)-18 pNPXs, 18-7N(p3)-18 pNPXs (both 5:1 ratio) and
Lipofectamine 3000 prepared with tdTomato plasmid (Clontech, WI, USA) were administered
bilaterally by IVT injection under a trinocular stereo microscope (Omax, ON, Canada). Prior to IVT
injections, one drop of Mydfrin (Phenylephrine HCI) 2.5% (pupil dilator) (Alcon, ON, Canada) and
Alcaine (proparacaine HCI) 0.5% (local anaesthesia) (Alcon) was applied into each eye. A small
incision using a 30-gauge needle (BD, NJ, USA) was made between the cornea and conjunctiva and
around 205puL of the vitreous humor is flown out to make room for the formulation. A 2uL dose of test
formulations containing 0.5ug of tdTomato plasmid or plasmid encoding BDNF were injected into the
eye using a blunt end needle using a Hamilton syringe with needle (blunt end) with -10uL capacity

(Hamilton Company, NV, USA).

Three days post administration, the eyes were surgically removed and fixed in 4% paraformaldehyde
(Alfa-Aesar) for 2 hours using a rotary shaker at 4°C followed by 15% sucrose solution in PBS
overnight. The left eyes from each animal were dissected under stereo microscope to isolate the retinas
which were flat mounted on super frost micro-slides (VWR International, PA, USA), stained with Syto
13 (Invitrogen®) nucleic acid stain and covered with mounting media and cover slip. The right eyes
from each animal were frozen in OCT medium (VWR) and placed in moulds for cryosectioning as
whole eyes using cryostat (Thermo Scientific, USA). The retinas and eye cross sections were imaged

by CLSM (Carl-Zeiss AG). At least four images from reach retinal whole mount were selected
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randomly and analyzed for cumulative mean fluorescence intensity (cMFI) of the RFP channel to

identify the mean fluorescence of RFP expression in control and treated groups.

Similarly, whole eyes from groups treated with pNPXs carrying BDNF encoding plasmid were isolated

(n=3; total of 6 eyes per group) and stored at -80°C for further evaluation of by ELISA.

4.3.8 BDNF expression in eyes treated with pNPXs in CD1 mice

Eye samples were retrieved from -80°C and 300uL/5mg tissue of extraction buffer was added and the
samples were homogenized using a gentleMACS™ Dissociator (Miltenyi Biotec, Auburn, CA, USA)
in gentleMACS™ M tubes. After homogenization the blades of the homogenizer tubes were rinsed
with 150pL of extraction buffer and low agitation was continued for 2 h in an orbital shaker at 4°C.
The samples were centrifuged for 20 minutes at 13000 RPM at 4°C. Supernatants were aliquoted into
another vial and the aliquots were concentrated with Amicon centrifugal filters (3kDa cut-off). A 200
pL of the obtained aliquots were transferred into the Amicon centrifugal filters and were centrifuged at
14000 RPM for 5 minutes, 110 puL of the concentrate is recovered and stored at -80°C and used for

evaluation of BDNF concentration using BDNF-ELISA kit (BioTechne, ON, Canada).

ELISA assay was carried out according to the manufacturer’s protocol, with BDNF standards between
15.6-1000 pg/mL, and the Calibrator Diluent was used as a zero standard (0 pg/mL). Standards, control
and sample aliquots were added to the wells at 50 uL per well and incubated for 2 hours at room
temperature on an orbital shaker set at 500 + 50 rpm. The contents of the wells were aspirated and
washed with 400 uL of wash buffer four times. Total BDNF conjugate was added into each well and
incubated for 1 hour. After incubation wells were washed using wash buffer four times and 200uL of
substrate solution was added into each well and incubated for 30 minutes at room temperature, protected
from light. After incubation, 50 puL of stop solution was added into each well which changed the color

from blue to yellow, the plate was gently tapped to allow for proper mixing. The optical density (OD)
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of the samples was determined within 30 minutes of adding the stop solution using a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, CA, USA) and the optical density readings were
read at 450 nm. Duplicate readings were averaged and adjusted after correcting with the O.D readings
at 540 n.m. BDNF concentration in the homogenate samples was determined based on the BDNF
standard plot (see Appendix 2-Figure 12 ). The average weight per eye was 17.45 &+ 0.65 mg (n=6 eyes)
and this value was used to calculate the average amount of BDNF produced per mg tissue. The standard
plot values and the sample concentration values were reported and statistical analysis such as curve
fitting, standard plot construction and one-way ANOVA on the total BDNF produced between various

groups were carried out using GraphPad Prism® software (La Jolla, CA, USA).

4.4 Results

4.4.1 Synthesis, purification and characterization of peptide-modified di-cationic m-

7N(Pn)-m gemini surfactants

Peptide-modified gemini surfactants (m-7N(pn)-m, m=12 and 18 ps=pi, p2, p3, ps+ and ps) were
synthesized using an amide bond coupling technique with HATU/DIPEA as coupling agent (Scheme
3). This technique allows for the direct conjugation of the peptide to the parent gemini compound, m-
7NH-m, making it a simpler and more scalable method, compared to previous methods which utilized
a more complicated multistep approach of conjugating the peptide to an intermediate component of the

gemini compound (238, 263, 280).

The amide bond formation reaction was carried out using coupling agents such HATU/ N,N-
diisopropylethylamine (DIPEA), EDC/HOBt, DCC/DMAP and acid chloride/AgCN reagents (281,
282). This reaction is based on the mechanism of HATU/DIPEA in forming an amide bond between
the secondary amine in the spacer group and the carboxylic group of the Boc-protected peptide (Scheme

4). The base added to the reaction deprotonates the carboxylic acid. This species attacks the electron
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deficient HATU and forms HOAt anion and that in turn reacts with another carboxylic acid intermediate
to form OAt activated ester, this step is identified by formation of a pale-yellow color in the reaction
vessel. Finally, when the secondary amine (m-7NH-m gemini surfactant) was added into the reaction,
the base deprotonates the amine resulting in reactive species that reacted with the OAt activated ester
to form the amide bond (283). After the reaction was complete, the peptide was deprotected using the
TFA/TIS/Water (95:2.5:2.5) cocktail (284). TFA cleavage cocktail was very effective in removing the
protecting groups used in the peptide. The reaction times depended on the protecting group, presence
of multiple heavy groups such as tert-butyl (tBu), 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
chloride (Pbf) groups require 6-12 hours while Boc groups can be deprotected within 4 hours. Hence,

deprotection monitoring helped in identifying the ideal time for deprotection.

H
R,——N—R;

m-7NH-m gemini surfactant

/ [e]
BH" R F )]\
\ / SN N
HATU F—p —F
¢ \IE | |
+ S N\\
BH" || N
= /
N7 N
(0]
o R o R,~=Boc
TFA/TIS/Water Cocktail
R,——N—R; Ry;——N—R;
m-7N(R;)-m m-7N(R;-Protected)-m

Scheme 4 Schematic of HATU/DIPEA mechanism to form amide bond between peptide and m-7NH-
m gemini surfactant, B-Base (DIPEA), HATU- 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate, Boc-Di-tert-butyl decarbonate, TFA-
Trifluoroacetic acid and TIS- Triisopropylsilane. The coupling is a two-step process Step 1: the
carboxylic acid of the Boc-protected peptide reacts with HATU to form the OAt-active ester, step-2:
addition of a nucleophile (amino substituted gemini) to the active ester leads to formation of an acylated
product (m-7N(R-protected)-m) and Boc protection is removed by treating the products with TFA

cleavage cocktail.
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The initial coupling technology was developed using the ps peptide to produce 12-7N(ps)-12 and 18-
7N(ps)-18. The addition of DIPEA generated a deprotonated carboxylic acid species of the peptide and
after a series of rearrangement reactions a reactive species of peptide with HATU was generated.
Reaction monitoring was carried out using UPLC on a Cis column using PDA detector at 210 nm
(Appendix 2, Figure 5 , Figure 6 ). The 12-7N(ps)-12 and 18-7N(ps)-18 peptide-conjugated gemini
surfactants were purified using HPLC system with a Cis semi-prep column (Figure 7 ). The purified
products were then deprotected using TFA cleavage cocktail (TFA:TIS:Water) (95:2.5:2.5). The
deprotection reaction was monitored and the final products were purified, lyophilized and the identity
of the products were confirmed by ESI-MS. The purity of the obtained products was analyzed using
UPLC and the purity was found to be between 96-100%. The mass spectra of all peptide-modified

gemini surfactants synthesized were shown in Appendix 2, Figure 10.

Table 4-3 Peptide-modified gemini conjugates produced using the HATU/DIPEA reaction scheme

Properties
Conjugate Structure Chemical formula and
mol. weight (Da)
HN)N::H
b
18-7N(p1)-18 X7 CssHi19NoOs>*
\ﬁ/\/\i/\/\ﬁ/
pi=RGD ’ : 1022.65
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)\///
\ ’ %o | Ce3H120NoOs**
18-7N(p2)-18 Ry
1092.782
p2=RLE
o
HO/NW 3:0
18-7N(p3)-18 O{«}NH C77H147N11 0>
HzNJ_/ HN§=O
ps—FASNKL AN 1355.09
\g NH,
HN” O
Ho)
[©]
18-7N(p4)-18 CssHi21N50,*"
920.638

p4:LI
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18-7N(ps)-18

ps=YTDNGTF

CsoHi45N11013%"

1493.12

12-7N(ps)-12

ps=YTDNGTF

C7oH121N11015%

1324.80

4.4.2 Formulation and characterization of m-7N(p1.s)-m (m=12 and 18) gemini surfactant

PNPXs and pLPXs

Formulation of peptide-conjugated gemini pNPXs and pLPXs was successfully carried out at three

different, 2.5:1, 5:1 and 7.5:1, charge ratios (px). pNPXs were formulated without DOPE helper lipid,
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whereas pLPXs were formulated with DOPE (see section 3.3.3.2 and 3.3.3.3). DOPE vesicles were
prepared as described in Section 3.3.3.3.

4.4.2.1 Particle size and zeta potential

The particle size (mean hydrodynamic diameter, z-average diameter), PDI and zeta-potential values
are presented in Table 4-4 for charge ratio 5:1 pNPXs and 5:1:0.5 pLPXs as this ratio was found to

have the most optimum TE and viability.

The particle size range for all gemini pNPXs was approximately between 180-320 nm regardless of the
charge ratio (Figure 4-2 A). Within this range there were differences in particle diameters for the
different pNPXs prepared from the different peptide-conjugated gemini surfactant building blocks. All

pNPXs were larger than the NPXs made from the parent 18-7NH-18 gemini surfactant.

The PDI values were between 0.2 and 0.5 (Table 4-4). Values closer to 0.2 are indicative of more
uniform size distribution. 18-7N(p3)-18 pNPXs have a PDI closer to 0.2 = 0.01 while unconjugated 18-
7NH-18 NPXs had a PDI of 0.27 £ 0.01, and 18-7N(p1)-18 pNPXs and 18-7N(p4)-18 pNPXs had a PDI
0f 0.36 = 0.01. When lipid was included in the formulation the PDI of the formulations increased with
the exception of 18-7N(p1)-18 pLPXs where despite increase in particle size the PDI remained 0.36 +
0.06. Higher PDI was noted for 18-7N(p3)-18 pLPXs (0.41 = 0.01) and 18-7NH-18 LPXs (0.42 £ 0.06)
and the highest was for 18-7N(ps)-18 pLPXs (0.52 + 0.009) and 18-7N(p2)-18 pLPXs (0.47 £ 0.04).
The results overall revealed that higher charge ratio and the inclusion of DOPE resulted in increased
particle size, and the heterodispersity of the pNPXs or pLPXs was always higher compared to the parent
m-7NH-m at all the charge ratios tested.

Also, the results revealed that higher charge ratio and the inclusion of DOPE resulted in increased
particle size, the particle size distribution of the peptide-modified pNPXs or pLPXs was always higher

compared to its unmodified m-7NH-m counter parts at all the charge ratios tested.
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Table 4-4 Particle size (Z-average diameter), PDI and zeta ({) potential data for pNPXs (5:1 P:G ratio)

and pLPXs (5:1:0.5 P:G:L ratio)

Formulation Particle size (d.nm)* PDI £+ S.D. C-Potential (mV) +
S.D. (n=3) (n=3) S.D. (n=3)

18-7NH-18 5:1 NPXs 199.80 + 1.83 0.27+0.01 30.18+0.36
18-7NH-18 5:1:0.5 LPXs 213.63 £5.87 0.42 £0.06 32.24+0.82
18-7N(p1)-18 5:1 pNPXs 220.96 + 1.87 0.36 +0.007 30.76 £ 0.153
18-7N(p1)-18 5:1:0.5 pLPXs | 246.86 +2.10 0.36+0.01 33.91 £1.001
18-7N(p2)-18 5:1 pNPXs 273.60 £ 0.75 0.45+0.02 36.26 £ 0.80
18-7N(p2)-18 5:1:0.5 pLPXs | 297.40 + 8.12 0.47+0.04 41.65+0.98
18-7N(p3)-18 5:1 pNPXs 257.40 £7.70 0.2+0.01 37.13 £0.850
18-7N(p3)-18 5:1:0.5 pLPXs | 272.50 + 2.45 0.41£0.01 40.17+1.14
18-7N(p4)-18 5:1 pNPXs 263.66 +£4.76 0.36 £0.01 34.80+£0.26
18-7N(p4)-18 5:1:0.5 pLPXs | 292.73 +2.46 0.39 +0.006 39.67 + 0.693
18-7N(ps)-18 5:1 pNPXs 216.63 £ 1.71 0.46 £ 0.002 37.73 £2.65
18-7N(ps)-18 5:1:0.5pLPXs | 233.30 + 1.03 0.52 £ 0.009 42.60+3.1
12-7N(ps)-12 5:1:0.5pLPXs | 272.41 +4.23 0.28 £0.02 36.98 +1.22

Note: Z-average size and respective size distribution by intensity graphs obtained for the various
compositions of m-7-m, m-7NH-m and m-7N(p,)-m (p.=pi-s) are shown in Appendix 2 (Figure 11 ).
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The zeta potential of 18-7NH-18 NPXs and 18-7N(pn)-18 pLPXs increased when the charge ratio was
increased (Figure 4-2 B). Adding DOPE lipid did not increase the zeta potential of the formulations
significantly. Except for 18-7NH-18 NPXs and 18-7N(p2)-18 pNPXs at 2.5:1 G:P ratio all pNPXs and
pLPXs had zeta potential above + 25mV. The highest and lowest zeta potential was measured for 18-
7N(ps)-18 7.5:1:0.5 pLPXs and 18-7N(p»)-18 2.5:1 pNPXs, +53.667 + 1.15 and 13.13 £ 0.451 mV +

S.D., respectively.
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Figure 4-2 Physicochemical properties of 18-7NH-18 NPXs and LPXs and 18-7N(pi-5)-18 pNPXs and
pLPXs. A) Z-average particle size of the five 18-7N(pi1-5)-18 pNPXs and pLPXs, and the parent 18-
7NH-18 NPXs and LPXs at 2.5:1, 5:1 and 7.5:1 G:P ratio and 2.5:1:0.5, 5:1:0.5 and 7.5:1:0:5 G:P:L
ratios; B) Zeta potential for 18-7NH-18 NPXs and LPXs and 18-7N(pi.5)-18 pNPXs and pLPXs. All
values expressed as mean £+ S.D., n=3.

4.4.3 In vitro assessment of transfection efficiency and toxicity of pNPXs in A7 astrocytes
using flow cytometry

4.4.3.1 Assessment of pNPXs as potential gene delivery vectors

Transfection properties of 18-7N(ps)-18 pNPXs at 2.5:1, 5:1, 7.5:1 and 10:1 G:P ratio (n=1,2 (integrin-
binding) and n=3,4,5 (neural IgSF CAM) peptide modified) were assessed in A7 astrocytes based on
the gWIZ-GFP reporter plasmid using flow cytometry. Reference formulations were 18-7NH-18 NPXs
and Lipofectamine™ 3000. Figure 4-3A shows the percent of A7 cells expressing GFP (TE%) for each

NPX formulation. TE increased up to 5:1 ratio followed by a decrease for all NP formulations. The 18-
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TN(p1)-18 5:1 pNPXs (pi1-RGD, integrin binding) has shown significantly higher TE (****p<0.0001),
compared to its non-binding mutant RLE conjugated 18-7N(p2)-18 5:1 pNPXs, 9.6 + 0.28% and 4.58
+ 0.4%, respectively. All three ratios (2.5:1, 5:1 and 7.5:1) of 18-7N(p1)-18 pNPXs tested have shown
significantly higher TE compared to 18-7N(p2)-18. No significant difference in the TE was observed

between the 18-7N(p1)-18 5:1 pNPXs and 18-7NH-18 5:1 NPXs

From the IgSF CAM family, TE of 18-7N(p3)-18 pNPXs at 2.5:1 and 5:1 ratio was 12.48 + 0.49% and
15.36 = 0.73%, respectively, and 18-7N(ps)-18 5:1 pNPXs treated cells have shown a TE of 11.53 +
0.78%. The of 18-7N(p3)-18 pNPXs at 2.5:1, 5:1 and 7.5:1 ratio have shown significantly higher TE
(****p<0.0001) compared to 18-7N(p4)-18 and 18-7N(ps)-18 pNPXs at similar ratios. No significant
difference was observed in TE between 18-7N(ps)-18 pNPXs and 18-7NH-18 NPXs. Parent 18-7NH-
18 5:1 NPXs and Lipofectamine™ 3000 treated cells have shown TE of 10.67 + 0.46% and 12.15 +

0.43%, respectively.
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Figure 4-3 TE and toxicity of pNPXs and their physical mixtures in A7 astrocytes by flow cytometry.
A) TE of pNPXs at 2.5:1, 5:1, 7.5:1 and 10:1 G:P ratios; B) TE of bi-component mixtures of pi-ps
peptides mixed with plasmid at 2.5:1, 5:1 and 7.5:1 ratios; C) TE of tri-component mixtures of p:G:P
at2.5:5:1, 5:5:1 and 7.5:5:1 ratios; D. cell viability assessment after treatment with various pNPXs. TE
was measured at 48 hours after dosing by counting the GFP positive cells. Viability was evaluated by
Mitotracker Deep Red staining. All values expressed as mean &+ S.D., n=3. ****p<(0.0001, ***p<0.001,
not detected (n.d) and non-significant (n.s)

From the Integrin-binding CAP modified class 18-7N(pi)-18 2.5:1 pNPXs have shown improved TE
compared to 18-7NH-18 2.5:1 NPXs, while 18-7N(pi1)-18 5:1 pNPXs have shown no significant
improvement in TE compared to 18-7NH-18 5:1 NPXs. Similarly, from the IgSF CAM modified class
two sequences p3-FASNKL and ps-YTDNGTF modified pNPXs have shown to perform better or in
par with the 18-7NH-18 NPXs. 18-7N(ps3)-18 NPXs at 2.5:1 and 5:1 ratio has shown to perform

significantly better (****p<0.0001) compared to 18-7NH-18 NPXs at similar ratios. However, 18-
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7N(ps)-18 5:1 pNPXs have shown no significant difference in the TE compared to 18-7NH-18 NPXs.
While, 18-7N(p4)-18 5:1 pNPXs have under performed compared to 18-7NH-18 5:1 NPXs. Hence,
based on these results one nanoparticle system from each group of the CAP modified class such as 18-
TN(p1)-18 pNPXs from the integrin-binding class and 18-7N(p3)-18 pNPXs from the IgSF CAM class

were selected for further in vitro and in vivo testing.

Comparative studies between peptides (bi-component) and peptide modified gemini surfactant pNPXs
showed that the peptides themselves (unconjugated) complexed with plasmid DNA did not facilitate
gene delivery (Figure 4-3b). The cells treated with 18-7NH-18 5:1 NPXs and Lipofectamine® 3000
showed 10.66 = 0.4% and 4.99 + 0.316% TE, respectively, which were significantly higher
(****p<0.0001) compared to peptide-DNA complexes. From the result it is evident that the all the
peptides from both the integrin-binding and IgSF CAM class have shown either negligible amount of

TE or were not detected.

The addition of peptides to 18-7NH-18 5:1 NPXs at 1:2.5, 1:5, 1:7.5 (GP:p) ratios (tri-component
physical mixtures) (Figure 4-3 C) improved gene delivery and GFP expression. From the integrin-
binding class the non-covalently added p: peptide:18-7NH-18 NPX mixtures (5:5:1 ratio, p:G:P)
showed significantly higher TE, 9.32 + 1.77%, compared to its non-binding mutant p. peptide added
18-7NH-18 NPX system, 6.33 £ 0.54% (***p<0.001). Similarly, from the [gSF CAM class the non-
covalently added ps peptide to 18-7NH-18 5:1 NPXs at 2.5:5:1 and 7.5:5:1 p:G:P ratios showed
significantly higher TE, 10.14 £ 0.27% and 11.09 £+ 0.70% compared to 18-7NH-18 NPXs, 8.67 +
0.46% and 7.119 £ 1.00%, at 2.5:1 and 5:1 ratios (¥***p<0.001). No significant difference in the TE
was observed between non-covalently added p; peptide:18-7NH-18 5:5:1 mixture and 18-7NH-18 5:1
NPXs. The pi peptide:18-7NH-18 physical mixtures did not show any significant difference (n.s) in TE

compared to 18-7NH-18 NPXs (Figure 4-3 C).
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The A7 cell treatments indicated high level of viability (94.007 + 0.828 and 92.05 + 0.886 % mean +
S.D. for 2.5:1, and 5:1 ratios) for all 18-7NH-18 NPXs and 92-93.5%, 91-94%, 89-93% and 95-956%,
for pi1.sNPXs at 2.5:1 and 5:1 pG:P ratios. However, increased pG:P ratios of 7.5:1 and 10:1 resulted in
decreased cell viability (57-85%) with lowest viability observed for 18-7N(pi)-18 pNPXs (57.72-
68.96%). This indicates that the peptide modification performed on amino group of the 2™ generation
gemini surfactant did not contribute to any significant (p>0.05) increase in toxicity on the A7 astrocyte

cell line up to 5:1 ratio (Figure 4-3D).

4.4.4 In vitro EpiCorneal tissue penetration studies for NPXs and pNPXs

Figure 4-4 shows the results for corneal interactions of 18-7NH-18 NPXs, 18-7N(p1)-18 pNPXs and
18-7N(p3)-18 pNPXs (all 5:1 ratios). It was observed that18-7NH-18 NPXs penetrated through the
whole length of the corneal tissue within the first 0.5-1 hours. Similarly, 18-7N(p1)-18 pNPXs and 18-
7N(p3)-18 pNPXs showed good adsorption to the cell surface at 0.5 and 1 hours. 18-7N(p1)-18 pNPXs
were incubated up to 24 hours to identify their penetration and Mitotracker™ Green FM was used as
live cell stain, the viability was found to be good based on the staining pattern at 24 hours. Cell toxicity
was assessed using Image IT® dead cell stain that specifically stains dead cell nuclei. Cells produced
mitotracker dye when treated with Mitotracker™ Green FM at 24 hours showing the recovery of the
cells from the NPXs induced cell membrane disruption that was noticed at 0.5 and 1 hour when treated
with Image IT dead cell stain. The pNPXs well adhered to the surface even after three repetitive steps
of washing before imaging. This demonstrates the strong interactions of pNPXs to the cell surface.
pNPXs also penetrated well into the tissue reaching deeper layers of the corneal tissue. 18-7N(pi)-18
and 18-7N(p3)-18 pNPXs were shown to be internalizing (colocalization was assessed) with in the first

hour and are seen interacting on the surface of the cell in large number (Figure 4-4 v and viii).
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v) 18-7N(p1)-18 pNPXs 1 hours

vi) 18-7N(p1)-18 pNPXs-24 hours

Calcein stained

Mitotracker green stained
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vii) 18-7N(p3)-18 pNPXs-0.5 hours

viii) 18-7N(p3)-18 pNPXs-1 hours

Figure 4-4 Confocal microscopic images of NPX interactions with 3D EpiCorneal tissue model.
(1) untreated, stained with Calcein AM and Image IT; (ii) cornea treated with 18-7NH-18 NPXs for 0.5
hour, stained Calcein AM, z-stack and treatment with 18-7NH-18 NPXs for 0.5 hour, stained with
Image IT; (iii) cornea treated with 18-7NH-18 NPXs for 1 hour, stained with Calcein AM treatment
with 18-7NH-18 NPXs for 1 hour, stained with Image IT; (iv, v and vi) cornea treated with 18-7N(p1)-
18 5:1 pNPXs, stained with Calcein AM/Mitotracker green and Image IT at 0.5 and 1 and 24 hours
respectively; (vii and viii) cornea treated with 18-7N(p3)-18 5:1 pNPXs, stained with Calcein AM and
Image IT at 0.5 and 1 hour, respectively.
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4.4.5 Transfection studies in 3D retinal neurospheres

Selected pNPXs from integrin-binding (18-7N(p:1)-18 5:1 pNPXs) and IgSF CAM (18-7N(p3)-18 5:1
pNPXs along with 18-7NH-18 5:1 NPXs were evaluated for their efficiency to transfect in a 3D
environment using retinal neurospheres. MiEye8 neurospheres were generated according to a protocol
developed in our laboratory (279) and treated with 18-7N(p:1)-18 5:1 pNPXs and 18-7N(p3)-18) 5:1
pNPXs. Figure 4-5, column 1 shows the morphology and viability of neurospheres with about 200-250
um diameter. Mitotracker Deep Red (live cell stain) and Image IT (dead cell stain) indicated the
viability with limited number of green dead cells on the surface prior to treatment (Figure 4-5 B and
C). It was noted that the 30-minute staining was not sufficient to stain the center of the spheres, and

overall, the NPX interactions and staining may not represent penetration into the entire sphere.

Neurospheres treated with 18-7N(p1)-18 5:1 pNPXs for 48 hours showed no transfected cells, however
18-7N(p3)-18) 5:1 pNPXs treated spheres showed GFP expression in numerous cells on the surface
(seen as medium intensity green cells) (Figure 4-5 column 2 treatment groups). Comparatively, both
18-7NH-18 NPX and Lipofectamine® 3000 treated spheres showed a 1-3 bright green cells and some

medium intensity fluorescence on the surface.

To explore whether the cells transfected were RGCs, the 18-7N(p3)-18 pNPXs treated neurospheres
were immunostained with anti-RBPMS primary antibody and an Alexa 647-labelled anti-human IgG

secondary antibody.

The co-localization assessment on neurospheres treated with 18-7N(p3)-18 5:1 pNPXs indicated
multiple areas of GFP (green) and anti-RBPMS (red) fluorescence indicating GFP expression in RGC
cells of the neurospheres (Figure 4-5 Q, R, S and T). A selected path of interest in a neurosphere and

corresponding fluorescence intensity v distance graph is shown in Figure 4-5 T.
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Figure 4-5 Transfection of MiEye8 3D retinal neurospheres with pNPXs. Confocal microscopic images
captured 48 hours post treatment with 18-7NH-18 (parent gemini), 18-7N(pi)-18 (Integrin-binding
peptide) and 18-7N(p3)-18 (IgSF-binding peptide modified) pNPXs. Above presented figure shows
controls and treated groups. Untreated controls-A, B and C, Lipofectamine 3000 treated- D, E and F,
18-7NH-18 NPXs treated- G, H and I, 18-7N(p1)-18 pNPXs treated- J, K and L, 18-7N(p3)-18 pNPXs
treated-(M, N and O) and (P) shows 18-7N(p3)-18 pNPXs treated neurospheres counter stained with
Rbpms antibody tagged with Alexa Fluor 647 (RGC marker, merge image shows both GFP expression
(GFP channel) and Rbpms staining (RFP channel) (signifies presence of RGCs differentiated using
MiEye8 protocol) and Q. 3D retinal neurosphere showing GFP expression and RBPMS staining, R- 40
optical slices showing the distribution of GFP expression and RBPMS staining, S. illustration of MFI
analysis on GFP and anti-RBPMS (red) colocalization analysis, T. Representative colocalization profile
of GFP and RBPMS staining (signifies mature RGC population). Blunt end of arrow starts at Oum and
arrowhead represents the 241 um. All experiments were carried out at least n>2 neurospheres and
images were obtained from at least 2 different neurospheres. The mean fluorescence intensity of the
colocalization was carried out on at least 3 different images obtained from two different spheres (n=2).
Note: Neurospheres may have moved slightly after DRAQS staining therefore their orientation may be
different in column 2 and 3 for the same treatment.
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4.4.6 Gene delivery to the retina in vivo in a CD1 mouse model
Analysis of flat mount retinas and Z-stack images captured for the retinal whole mounts showed RFP
expression in the 18-7NH-18 5:1 pNPXs, 18-7N(p1)-18 5:1 and 18-7N(p3)-18 5:1 pNPXs treated

retinas.

Retinas treated with 18-7N(p3)-18 5:1 pNPXs showed strong positive RFP expression (Figure 4-6, A-
D) which was comparatively higher compared to all other treated groups and controls. It was observed
that the RFP expression was localized in RGC layer (Figure 4-6 U). The RGD-conjugated 18-7N(p1)-
18 5:1 pNPXs treated retina (Figure 4-6 E-H) showed few areas of strong RFP expression, whereas the
retinas treated with 18-7NH-18 5:1 NPXs (Figure 4-6 I-L) and Lipofectamine 3000 (Figure 4-6 M-P)
showed weak positive gene expression in limited areas. The saline controls did not show any red

fluorescence (Figure 4-6 Q-T) but accounted for some background fluorescence in the cMFI analysis.

The cMFI analysis compared the average MFI values for each image obtained from the retinal whole
mounts based on at least four of different 70pum? total areas in the retina (Figure 4-7). Based on the
calculated cMFI values 18-7N(p3)-18 5:1 pNPXs produced approximately 2-fold higher (32.40 & 0.80
a.u) gene expression compared to Lipofectamine® 3000 (18.07 £ 1.487 a.u, ****p<0.0001), 18-7N(p:)-
18 5:1 pNPXs (16.16 + 0.80 a.u , ***p<0.001) and 18-7NH-18 5:1 NPXs (14.79 + 4.24 au ,
***%p<(0.0001). No significant difference in cMFI was observed between 18-7N(p:)-18, Lipofectamine

3000 and 18-7NH-18 5:1 NPXs (Figure 4-7).
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Treatment Images showing tdTomato (red) and Syto 13 (green) fluorescence

18-7N(p3)-18 5:1 pNPXs

18-7N(p1)-18 5:1 pNPXs
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Saline control

18-7N(ps)-18 pNPXs

Figure 4-6 Confocal microscopic images of whole mount retinas from CD1 mice treated with 18-7N(p)-18
pNPXs. Whole mount images of retina treated with 18-7N(p3)-18 5:1 pNPXs (A-D), 18-7N(p1)-18 5:1 pNPXs
(E-H), 18-7NH-18 5:1 NPXs (I-L), Lipofectamine® 3000 (M-P) and Saline controls (Q-T). Whole mount retinas
were isolated post 72 hours of administration by intravitreal injection. Retinas were stained with Syto 13 and
imaged using CLSM 710 using green (Syto 13) and red channel (tdTomato). Image (U) shows 3D Z-stack
orthogonal section analysis of 18-7N(p3)-18 pNPXs treated retinas showing gene expression in the RGC layer
and INL.
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Figure 4-7 Quantitative assessment of gene expression by cMFI analysis of whole mount retinas from
CD1 mice treated with pNPXs and NPXs along with controls. All treatment groups were significantly
different from saline. All values expressed as mean + S.D., n=4. ****p<0.0001, ***p<0.001 and non-
significant (n.s)

150



4.4.7 BDNF gene expression in the retina in vivo in mice treated with integrin and IgSF

binding peptide modified gemini surfactant pNPXs

The ELISA assessment showed significant expression of BDNF in the eye homogenates of mice treated
with all nanoparticles tested (Figure 4-8). The highest amount of BDNF was produced after treatment
with 18-7N(p3)-18 pNPXs (422.60 + 42.60pg/eye (average weight of an eye-17.71 mg), n=6,
**x%n<(0.0001), followed by 18-7NH-18, 18-7N(p1)-18 and Lipofectamine® 3000 (245.90 + 39.72,
230.62 £24.47,199.99 + 29.90 pg/eye, respectively). The latter three treatments produced significantly
lower BDNF than the treatment with 18-7N(p3)-18 pNPXs, but still significantly higher than the
untreated background BDNF levels, 131.33 & 20.30 pg/eye (****p<0.0001, **** p<(0.0001 and ***
p<0.001, respectively). It was noted that BDNF gene expression was not significantly different between

treatments with 18-7NH-18 and 18-7N(p1)-18 pNPXs and Lipofectamine® 3000 (Figure 4-8).

500 - I

EE N * %k 3k k
o 4004
)
2
)
& 3004
=
z
a -
= 200
=
=l
= 100 -
04
+% "»"% "‘1'% Q% ‘e\
3 ) ] o,Q Q\
> Qé Qé o &
NS a a o 3
N %6 ) %%. \"& *
'\é N A O Cy
N < < Qé
N N R
:\é ,’\é Y
& &

Figure 4-8 BDNF gene expression in the eye in vivo after treatment with peptide-conjugated pNPXs.
Total BDNF produced in each eye was assessed after treating with 18-7NH-18, 18-7N(p:)-18, 18-
7N(p3)-18 pNPXs, Lipofectamine 3000 and saline controls. No significant difference between 18-7NH-
18 NPXs, 18-7N(p1)-18 pNPXs and 18-7N(p3)-18 pNPXs. All treatments were significantly higher than

saline control. Values expressed as mean = S.D., n=6; **p<0.01; ****p<0.0001, n.s.= not significant.
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4.5 Discussion

Neural IgSF and integrin-binding peptides were used to improve delivery of reporter/BDNF plasmid
by gemini pNPXs to the retinal layers in the eye. Based on in vitro and in vivo gene expression studies,
we have shown that neural IgSF CAM peptide based pNPXs have potential as gene delivery systems
to the retina. The IgSF peptide 18-7N(ps)-18 5:1 pNPXs performed consistently better in vitro in A7
astrocytes and in CD1 mice in vivo than the parent unmodified NPXs and integrin-binding peptide
modified 18-7N(p1)-18 pNPXs. In the in vitro studies better TE was achieved with two formulations,
18-7N(p1)-18 5:1 pNPXs with particle size of 220.96 + 1.87 nm and zeta potential of +30.76 + 0.153
mV and 18-7N(p3)-18 5:1 pNPXs with particle size of 257.40 + 7.70 nm. and a zeta potential of +37.13
+0.850mV.

Previous work in our laboratory made significant contributions to improve TE by various modifications
to gemini surfactants such as incorporation of an amino group into the gemini surfactant to facilitate
pH induced endosomal escape (157, 159, 173). The 18-7NH-18 NPs with DOPE were recently used to
improve the delivery of DNA to the retina in the eye in our group. After IVT injection the NPs localized
near the retina in the vitreous within 4hours and dispersed evenly at the NFL, GCL and IPL layers
within 48 hours (30). It was also shown that 4 hours after topical application NPs were present in
various anterior eye tissues such as iris, limbus and conjunctival layers, i.e. the direction of the lacrimal
drainage, but at the 48-hour time point there were no NPs either in the anterior or in the posterior
segment of the eye.

The development of amino-acid modified gemini surfactants have shown improved transfection
properties and better release kinetics of the plasmid DNA from the surfactant this is one of the first
study on the idea of having to modify the amino group of gemini surfactants to improve transfection

efficiencies (238). This conjugation of the amino-acid moieties to the gemini surfactant was made
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possible with the development of amino substituted gemini surfactants (m-7NH-m) development (157)
that allowed for more modifications on the gemini surfactants.

In this current chapter, we have designed and synthesized two integrin-binding CAP-conjugated gemini
surfactants and three neural IgSF binding peptide-conjugated m-7N(pn)-m (m=12 and 18, ,-1.5) gemini
surfactants (Table 4-3).

Size and zeta potential can have profound effect on the stability, uptake and release of the therapeutic
DNA from the vectors inside the cell (285). It has been observed that the size of the pNPXs and pLPXs
decreased as charge ratio increased in agreement with previous reports for gemini based NP systems
(159). The peptide modification on the amino group could have led to higher particle sizes due to the
structural complexity and increased molecular weight, but size only marginally increased and did not
have any correlation with molecular weight (Table 4-4). The 18-7N(p3)-18 and 18-7N(ps)-18 pNPXs
containing 6 and 7 amino acid sequences, respectively had a particle size of 257.40 = 7.70 and 216.63
+ 1.71, compared to 18-7N(p2)-18 and 18-7N(p4)-18 pNPXs modified with a 3 and 2 amino acid
peptides, respectively, with a particle size of 272.60 + 0.75 and 263.66 + 4.76. Also, the inclusion of
DOPE into the formulation increased the particle size of the LPX by10-50nm (Table 4-4), which is
likely due to the neutral DOPE reducing the overall zeta potential of the pLPX system. Higher net
positive charge of the pG with the DNA favours higher compaction resulting in a smaller particle size.
At the same time, zeta potential of the pNPXs and pLPXs increased with an increase in the charge ratio,
in agreement with previously published sources. The high cationic charge, however, can also lead to
increased toxicity during a more prolonged interaction with cell membranes (168). This explains the
reduction in TE and increase in toxicity observed in longer pNPXs and pLPXs treatments. Hence, an
optimization of the charge ratio is important as part of the NP design (286).

In vitro transfection studies in A7 astrocytes with the 18-7N(pi-p2)-18 pNPXs from integrin-binding

group, 18-7N(p3-ps)-18 pNPXs from neural I[gSF CAM binding group, and 18-7NH-18 NPXs showed
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that regardless of the peptide modification the TE increased for all the treatments with increase in the
ratio up to 5:1, and any further increase in the charge ratio reduced TE (Figure 4-3). This could be due
to the excess interaction of the plasmid DNA with the gemini surfactant leading to failure to the release
DNA inside the cell and eventually being eliminated by the cell endosomal mechanisms (263).

TE studies with p; (RGD) peptide modified 18-7N(pi)-18 pNPXs have shown significantly higher
(****p<0.0001) TE at all three ratios (2.5:1, 5:1 and 7.5:1) compared to p2 (RLE) peptide, a mutant
non-binding form of the integrin peptide, modified 18-7N(p2)-18 pNPXs. The results confirm the cell
adhesion potential of the RGD peptide compared to its non-binding Thy-1 RLD mutant (RLE) (268).
The conjugation of RLE (p2) was predicted to have low TE, due to the inability to bind with cell surface
Thy-1 or asB3 (204), which could have led to low NPX internalization, unlike RGD peptide that can
elicit good cell adhesion properties. However, it was observed that the p; peptide conjugation was not
significant in improving the TE compared to parent 18-7NH-18 NPXs in A7 cells (Figure 4-3 A). This
could be due to many factors that allow for adhesion or binding of the peptide modified pNPXs to the
cells such as the presence of relevant cell surface proteins such as integrins (asps on astrocytes) and the
particle physicochemical characteristics such as net charge, pH, size and zeta potential that dictate the
interaction of the pNPXs with the cell membrane and cell surface proteins.

TE of p; (FASNKL) peptide modified 18-7N(ps)-18 pNPXs was found to be significantly higher
(****p<0.0001) (15.36 + 0.73%) compared to p4(LI) and ps (YTDNGTF) IgSF CAM binding peptide
modified gemini surfactant pNPXs and controls (Figure 4-3 A). Hydrophobic dipeptide LI (ps) peptide
conjugation was not beneficial in improving the delivery of the reporter gene into the cells. The
hydrophobic nature of the short dipeptide could have imparted excess hydrophobicity on the pNPXs
leading to reduced disassembly of the plasmid DNA from pNPXs due to strong interaction and later

would have been cleared by the cell’s natural clearance mechanisms. Similar reduction in TE was
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noticed when the hydrophobicity of the NPXs was increased with the trimeric gemini surfactants and
gemini surfactants with longer alkyl tail in earlier studies (263).
FASNKL (p3) peptide, identified from L1CAM, conjugated to gemini surfactant can induce affinity
towards binding with IgSF CAMs such as neuropilin-1 and Sema3A structures that helps in axonal
growth and regeneration. NCAMs such as L1CAM were shown to create interactions between neuron-
glia (287), improve the signal transduction, axon guidance, neuronal migration (229) and repair of
damaged axons in the retina (288, 289). The LICAMs are highly expressed in the retinal layers and
increase in number during an injury in the retinal layers.
The L1 soluble peptide FASNKL was selected based on its affinity towards neuropilin-1 (NP-1) a
component of semaphorin 3A (sema 3A) receptor complex in the first immunoglobulin domain of
LICAM (276, 290). Therefore, the FASNKL binding ligand and the other optimized physicochemical
properties of the 18-7N(p3)-18 pNPXs combined (positive net charge, small particle size) improved the
cell adhesion to [gCAMs expressed in the retinal cell layers and lead to improved TE.
Generally, non-covalently added peptides to gemini-DNA formulations (tri-component mixtures)
showed TE similar to that of the parent 18-7NH-18 NPXs, except for ps peptide which showed even
lower TE compared to 18-7NH-18 NPXs. Collectively, these results indicate that the conjugation of
peptide to the gemini surfactant is necessary to enhance TE.
The cells across all treatments showed viability values ranging between 86-96% (Figure 4-3 D). The
change in physicochemical characteristics imparted by the peptide modifications such as charge, or
hydrophobicity did have negative effects on cell viability. Increased cationic charge lead to prolonged
interaction of particles with cell membrane and eventually lead to cell toxicity.

A 3D retinal stem cell-derived MiEye neurosphere model (291) served as a suitable model to
assess the TE of 18-7N(pi)-18 5:1 pNPXs and 18-7N(ps3)-18 pNPXs in a 3D retina mimicked

environment. MiEye8 neurospheres contain differentiated retinal cells, including RGCs, which stain
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positive with anti-RBPMS antibody. Treatment of neurospheres with 18-7N(p3)-18 pNPXs indicated
that the transfected cells expressing GFP also co-localized with the RGCs (Figure 4-5 P Q and T). The
18-7N(p1)-18 pNPXs treated neurospheres did not show any GFP expression. Overall, compared to
monolayers, the TE in the 3D environment was generally lower. The thickness of the neurospheres was
likely a hindrance for both NP penetration and imaging the deeper layers by confocal microscope.

In vivo analysis of the retinal flat mounts after treatment with 18-7N(p1)-18 pNPXs and 18-7N(p3)-18
pNPXs showed gene expression in various layers of the retina such as RGCs, IPL, INL, OPL and ONL
(Figure 4-6 U). cMFI analysis (Figure 4-7) demonstrated higher amount of gene expression in 18-
TN(p3)-18 5:1 pNPXs treated retina compared to integrin-binding peptide modified 18-7N(p:)-18 5:1
pNPXs. The cMFI analysis showed a 2.0-fold higher cMFI for 18-7N(p3)-18 5:1 pNPXs treated eyes
compared to 18-7N(p1)-18 5:1 pNPXs, 2.2-fold increase compared to 18-7NH-18 5:1 NPXs and 1.8-
fold compared to Lipofectamine® 3000. While, no significant difference in the cMFI was observed
between the 18-7N(p:)-18 5:1 pNPXs, 18-7NH-18 5:1 NPXs and Lipofectamine® 3000 treated retinas.
The BDNF ELISA assay also confirmed the same trend (Figure 4-9). Overall, it was found that 18-
7N(p3)-18 5:1 pNPXs produced higher gene expression compared to any other NPXs and pNPXs tested.
This is a significant finding since the levels of BDNF expressed (about 422 pg/eye for 18-7N(p3)-18
5:1 pNPXs or 23.84 pg/mg eye tissue; (Average weight of eye-17.71 mg) are pharmacologically
relevant and merit further functional evaluations. The effect of IVT doses between 50ng/mL to 1.5ug-
10ug of BDNF have been evaluated before on RGC population after an injury (292-294). In an earlier
study, BDNF production in genetically engineered astrocytes was found to be 83-166 pg/10° cells’h
which was sufficient to rescue degenerating neurons (295). In a recent study Domenici et al, reported
about 400pg/mg protein and 200 pg/mg protein BDNF levels after 1ug/ul IVT and 12ug/uL topical
administration of BDNF in saline in rats, respectively, (about 50pg/mg in mice after 2pg/uL IVT dose)

(296). In our study the 422 pg/eye BDNF level was achieved after a 0.5ug/uL single IVT injection of
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pNPXs, assessed after 72 hours. 72 hours was chosen as a time-point to analyze the transfection
efficiency based on few published studies (152)and in vitro analysis carried out on A7 astrocytes also
demonstrated the gene expression from 24 hours with peak levels at 48-72 hours. Optimization of the
dosage, incubation time can be potential avenues to explore further increase. Also, testing these 18-
7N(p3)-18 pNPXs in glaucoma disease animal models can determine whether this level of BDNF
produced will be able to protect the RGCs.

This improved gene expression is attributed to the presence of IgSF CAP on the NPs. FASNKL-
conjugated pNPXs may interact with other neural IgSF CAM on retinal cells by either homophilic or
heterophilic binding, thereby leading to enhanced internalization through various endocytosis
mechanisms (183). Also, the presence of ionizable NH groups in the peptide could have also led to
change in the pH of the endosome by creating an influx of protons leading to an endosomal escape of
the pNPXs. The lower pH may induce polymorphic phase inversion and interaction of the pNPXs with
the bilayer membrane, leading to rupture of the endosomal membrane, endosomal escape was shown
previously for other gemini NPs (159, 297).

In case of ps, a myelin Py protein-derived peptide, the heterophilic binding properties with other
membrane CAMs were employed for NP design. The Py protein and a Py peptide sequence (ps in this
study) was formulated into liposomes to target melanoma cells and keratinocytes with high level of
ICAM-1 expression (269, 270, 298, 299). Interestingly, in the current study the 18-7N(ps)-18 pNPXs
did not show significant improvement in the TE compared to 18-7NH-18 parent NPXs. The reasons
could be further explored in the future whether this is related to the physicochemical properties or the
binding characteristics of NPs.

Overall, the results demonstrate the potential of integrin and IgSF CAM-binding peptide-modified

pNPXs in delivering the therapeutic DNA to the retina and produce BDNF.
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BDNF have shown to rescue the retinal cells from induced cell death and promotes neuronal survival
by binding with TrKB receptor on RGCs (78) (86) (63). Local production of NTFs supports RGC
survival during the optic nerve injury or due to increased IOP leading to blockade of axonal
bidirectional transport of the BDNF and triggering RGC death (45). Earlier in our laboratory, we
showed that transfected A7 astrocytes expressed bioactive BDNF and promoted neurite outgrowth in
both unstressed and oxidatively stressed SH-SY5Y neuroblastoma cells in a 3D co-culture model (82).
In this study, both transfection and BDNF production iz vivo in a normal mouse model was achieved

using the novel peptide targeted NPXs administered by IVT injection.

4.6 Conclusion

Overall, two sets of peptide-modified gemini pNPXs were formulated. Integrin-binding 18-7N (pi-2)-
18 and neural IgSF CAM binding-peptide-modified 18-7N(ps.5)-18 were synthesized and pNPXs were
formulated. Their efficiency in delivering reporter/therapeutic gene to the retina was evaluated in vitro
and in vivo. The pNPXs with CAPs from the neural IgSF represents a novel approach to non-viral gene
delivery to the retina. The IgSF peptides are known to elicit a cell adhesion and binding interaction
between the neural IgCAMs and have potential to engage in homophilic and heterophilic interaction
with other cell surface proteins. This property of IgSF CAPs was exploited to improve the adhesion
and delivery of pNPXs to the retinal cells by conjugating them on to gemini surfactant gene vectors.
The conjugation of peptide to the 18-7NH-18 gemini surfactant and the pNPXs prepared from the IgSF

peptide-modified gemini surfactants have enhanced the TE with low toxicities.

Over the course of the development of peptide functionalized gemini surfactant pNPXs in this thesis,

the following conclusions and key findings are drawn:

. Synthesis of one integrin binding, one non-binding peptide and three neural IgSF peptide

modified gemini surfactants (18-7N(pi-s)-18 and one ps peptide modified 12-7N(ps)-12 gemini
158



surfactant were successfully carried out using HATU/DIPEA coupling technique and were

characterized using mass spectrometry.

Formulation optimization and physicochemical characterization of 18-7N(pi-5)-18 pNPXs
showed that the optimal ratio for highest TE was found to be 5:1 (G:P) for all pNPXs in in vitro
transfection studies with A7 astrocytes. The IgSF-binding 18-7N(p3)-18 pNPXs treated cells
demonstrated a 15.36 + 0.73% TE, a 1.4-fold increase compared to 10.57 + 0.58% for parent
18-7NH-18 NPXs, 10.67 £0.46% for integrin-binding 18-7N(p:)-18 pNPXs and 11.53 £0.43%

for IgSF-binding 18-7N(ps)-18 pNPXs with overall viability values between §6-95%.

The 18-7N(ps)-18 pNPXs transfected RGCs in a 3D environment, in MiEye8 neurospheres.

In the in vivo CD1 mouse model 18-7N(p3)-18 pNPXs administered by IVT injection delivered
tdTomato/BDNF plasmid to retinal cells and produced higher gene expression than the 18-
7N(p1)-18 pNPXs, the parent 18-7NH-18 NPXs and Lipofectamine® 3000 as demonstrated by

confocal microscopy of whole mount retinas.

The BDNF gene expression, assessed by ELISA, showed significantly high levels of BDNF
with 18-7N(p3)-18 (422.60 = 42.60 pg/eye), followed by 18-7N(p1)-18 pNPXs (230.62 + 24.47
pg/eye), 18-7NH-18 NPXs (245.90 + 39.72pg/eye), Lipofectamine® 3000 (199.99 + 29.90
pg/eye) and untreated controls (131.33 £ 20.30 pg/eye). In sum, the 18-7N(p3)-18 pNPXs
induced 3.4-fold higher BDNF level compared to controls and 2-fold higher than 18-7N(p1)-

18 pNPXs.

In conclusion, the novel multifunctional IgSF peptide and integrin-binding peptide conjugated

gemini NPXs provide a promising non-viral in vivo gene delivery approach to retinal cells.
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Chapter 5 Investigation of amphiphilic gemini surfactants and
peptide-modified gemini surfactants as potential Amyloid-fi-40

self-aggregation inhibitors

5.1 Introduction

Glaucoma is the result of RGC neurodegeneration leading to first a loss in peripheral vision and
eventually leading to complete vision loss (41). But when looking at the pathophysiology of the disease
more closely, it shows similar ties to the neuroinflammation pathways in the Alzheimer’s disease and
Parkinson’s disease. These neuroinflammatory processes are characterized by activation of the
microglial cells to promote phagocytosis of the dying RGCs and axons (55). With the above
manifestations, the deposition of amyloid-f (AB), synuclein and pTau were also detected in the retinas

of glaucoma affected individuals and experimental animal glaucoma models (300).

5.2 Amyloid-f hypothesis- A pathophysiology of glaucoma and IOP

associated with Alzheimer’s disease

Until recently the relation between the A deposition in the retinal layers and the glaucoma remained
a grey area and is not understood properly. Despite the uncertainty in pathophysiology of activation
of AP deposition in both Alzheimer’s and in glaucoma, it has been identified that an increase in the IOP
can lead to injury of RGCs and activation of APi4 and p-Tau protein deposition leading to
neurodegeneration and glaucomatous condition (301). It has also been recognized that Alzheimer’s and
glaucoma have some common pathophysiological elements and also the loss of RGCs and optic nerve
in both Alzheimer’s and glaucoma proceeds in a similar fashion (302). A study by Mckinnon et al.
(2003) found a link between neurodegeneration and activation of caspases. Caspase-8 and caspase-3
activation can lead to triggering of apoptosis but studies have shown that the activation of caspases and

the neurodegeneration were triggered by the secretion of amyloid precursor protein (APP) (303).
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Glaucoma and Alzheimer’s disease show common manifestations such as AP aggregation, few studies
where antibody-based immunotherapy with aducanumab has shown targeted inhibition of the AP
aggregation and was shown to reduce both soluble and insoluble AP during their phase 1 and phase 2
clinical trials for Alzheimer’s disease (304), but later the phase 3 clinical trials have been terminated as
the antibody did not meet its primary endpoints but had shown a dose-dependent reduction in AP
plaques. Similarly, solanezumab another antibody-based treatment for A aggregation has failed phase
3 trials and did not reach its primary outcomes (305). Another potential novel AP aggregation inhibition
therapies (GAL-101and GAL-201) entered phase 2 clinical trials. The treatments have shown positive
results during phase 1 trial, and their novel targeting compared to previously tried antibody therapies,
makes them first of its kind in targeting the misfolded AP and prevent their aggregation, the treatment

can lead to neuroprotection in the RGCs (306).

5.2.1 Amyloid- p implications in glaucoma and RGC neurodegeneration

Recent studies on identifying the relation between Alzheimer’s and glaucoma also provide evidence
for the role of AP in both Alzheimer’s and glaucoma and their similar pathophysiology leading to
apoptosis and cell death. It was shown that AP colocalizes in the apoptotic RGCs in experimental
glaucoma models and induces RGC apoptosis. Also, targeting the AP pathway has resulted in reduction
of RGC apoptosis and helped in the protection of RGCs from degeneration (307). Both these
neurodegenerative conditions were characterized with neuroinflammation as their primary pathway in
which microglia plays a significant role in their activation and lead to the localized aggregation of
proteins and pro-inflammatory mediators that can aid in the progress of neurodegeneration in glaucoma
(Figure 5-1) (308). The activation of the glial cell pathway can trigger secondary events such as NTF
deprivation, reactive oxygen species (ROS) production, mitochondrial dysfunction and glutamate

toxicity (308). Hyperphosphorylated tau proteins also lead to accumulation of the AB deposits leading
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to neurodegeneration in the retina and optic nerve. Specimens from human donors of ocular tissues
with uncontrolled IOP and with glaucoma have shown the characteristic presence of abnormal tau
(ATS) and phosphorylated tau (pTau), respectively (301, 309). The tau accumulation is known to cause
the impairment of the anterograde axonal transport leading to neuronal dysfunction and
neurodegeneration in the retina that is characterized with tau accumulation. Reduction in the tau
accumulation helps in improving the axonal transport and reduce neuronal dysfunction (310, 311).
Hence, it is evident from these studies that targeting the AP pathway along with other neuroprotective
therapies in eye can help in effective neuroprotection along with IOP reduction-based strategies and

treatments.

Increased I0P-leads to stress on
retina and activation of caspases
leading to amyloid-B deposition

Lamina
Cribrosa (LC)

Stressed and apoptotic RGCs
leading to degeneration

Glaucoma

Vision loss

@ Amyloid-p plaques

%Tau protein filament
Tau protein oligomer : _
ﬂ hyperphosphorylated
E o Astrogliosis
LC-Lamina Cribrosa % Microglial activation

RGC-Retinal ganglion cells
& Q l“‘ -
w Mitochondrial dysfunction

Activation of
neuroinflamation triggering
cascades of apoptosis
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|OP-Intraccular pressure

Figure 5-1 Schematic implications of amyloid-beta accumulation in retina on glaucoma and
neurodegeneration (308, 309). Figure generated by Lokesh Narsineni using BioRender.com.
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5.2.2 Amyloid-p peptide: Structural characteristics

The AB-peptide ranges from 34 to 43 amino acids released from the B and y-secretase pathway, two
species of AP peptides that are implicated in the AP fibril formation are ABs which is abundantly
produced amyloid peptide and AP4; is generally the most toxic form of amyloid that are produced from
the amyloid precursor pathway due to genetic mutations (312). The abnormal tau protein ATS
accumulation in the retina of the uncontrolled IOP eyes is evident from the surgical glaucomatous
specimens and were mostly identified in the outer border of the INL and this abnormal tau protein
accumulation can be having a shared common pathway with other neurodegenerative diseases. The
abnormal tau protein AT8 can lead to disturbances in the structural integrity of the microtubule
associated protein (MAP) which is a vital factor for the structural integrity of the neurons.
Disintegration in MAP caused by abnormal tau protein accumulation in a fibril form can lead to
blockade of the neuronal transport thereby leading to neurodegeneration (Figure 5-2). Studies carried
out in normal retina and glaucomatous retina demonstrate a deposition of abnormal tau protein AT8
which is absent in normal retinas. This deposition could be one of the main reason for the secondary
neurodegeneration due to the insult caused by the tau protein deposition leading to microtubule

disintegration (309).
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Figure 5-2 Hypothetical schematic of tau protein accumulation implications in retinal
neurodegeneration. Glaucomatous retina with uncontrolled IOP shows marked increase in abnormal
tau ATS8 and leads to changes in the structural integrity of the microtubules leading to neuronal injury

and neurodegeneration (309). Figure generated by Lokesh Narsineni using BioRender.com.

AB-peptide contains a number of hydrophobic residues that drive its aggregation property. The amino
acid sequence KLVFFA is generally considered as the hydrophobic in the AB-peptide structure that
helps in the binding and aggregation of the AB-peptides to bundle into higher order oligomers and
finally into AB-fibrils which are the toxic (313). The core hydrophobic pocket of KLVFFA in the Af-
peptide responsible for the self-induced aggregation of the AB-peptides into AB-fibrils is shown in

Figure 5-3 (314).
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Figure 5-3 Aso-peptide showing the hydrophobic regions (brown mesh like structure) in the peptide
that help in formation of AB-fibril (313, 314). Peptide structure obtained from RCSB protein data bank
(PDB ID:2LMN).

5.2.3 Amphiphilic surfactants in amyloid-  aggregation inhibition

Amphiphilic surfactants could be useful as amyloid fibril aggregation inhibitors as shown first by wang
et al. (2005). Two surfactants 1,2-dihexanoyl-sn-glycero-3-phosphocholine (di-C6-PC) and 1,2-
diheptanoyl-sn-glycero-3-phosphocho-line (di-C7-PC), at pH 7.2 were shown to inhibit the aggregation
of amyloid fibrils in a concentration and time dependent manner using thioflavin T (ThT) fluorescence
method. At 100 pM complete inhibition of fibril formation was found (315). Preliminary work showed
that the inhibition of the fibril formation takes place by preventing the a-helix structure from forming
the highly ordered -sheets which is an insoluble form of the amyloid fibril. This could be due to charge
interactions between the amphiphilic surfactant and the AP (316). The addition of cationic gemini
surfactant could lead to disruption of the ordered B-sheets on a concentration dependent manner, it was

identified that addition of monomers slowly will first lead to charge interactions between the A4o
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peptide leading to aggregation and -sheets formation, later when the concentration is slowly increased
above the CMC level the cationic gemini surfactants will start to show repulsive forces due to the head
groups leading to disruption. It was also identified that compared to DTAB, gemini surfactants have

higher charge interaction ability with AB4o(317).

5.3 Rationale and Objective

Gemini surfactants are a class of dicationic amphiphilic surfactants and conjugation of peptide on to
the gemini surfactant imparts further amphiphilic characteristics on the final molecule which can help
in the inhibition of APi.4 fibril formation. The A4y aggregation inhibition can lead to dual action of
the NPX systems prepared using gemini surfactants. Since, amyloid cascade is also part of glaucoma
pathophysiology along with targeted gene delivery to the retinal cells in eye the administered NPXs
can lead to APso aggregation inhibition. Hence, to assess the potential of 18-7NH-18, 18-7N(18)-18
gemini surfactants, peptides pi-4 and peptide modified gemini surfactant (18-7N(pi-4)-18) for inhibiting
the Aio fibril formation an AP aggregation inhibition assay was carried out using ThT-binding
fluorescence assay. Molecular docking studies with ABi.4 peptide dimer were also carried out for all
the above gemini surfactants to understand the interactions and to establish an in vitro- in silico

correlation of the inhibition assay.

The objectives of this chapter is to present the AP aggregation inhibition potential of amphiphilic-
gemini surfactants (m-7NH-m), peptide-modified gemini surfactants (m-7N(p)-m) and peptides using
a ThT fluorescence kinetic assay and to correlate the efficiency of their AP aggregation inhibition of

the ligand molecules with the AP peptide through in-silico molecular docking studies.
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5.4 Materials and methods

Chem Draw 18.0 (Perkin Elmer, Santa Clara, CA, USA), BIOVIA Discovery Studio (Dassault Systems,
San Diego, CA, USA), Research Collaboratory for Structural Bioinformatics (RCSB)- Protein Data
Bank (PDB), AB4o peptide (2LMN), Ligands- Chem Draw structures (.sdf files) were used for molecular
docking studies. Pure compounds of 18-7NH-18 gemini surfactant (N, N’-(azanediylbis(propane-3,1-
diyl))bis(N,N-dimethyldodecan-1-aminium) (Batch: FL18GLN-053117-RX9-001). 18-7N(18)-18
gemini surfactant (Batch: RX18-001-Jan 08 2018) were synthesized in-house, p: peptide (RGD), p2
peptide (RLE), ps peptide (FASNKL), ps peptide (LI), 18-7N(p1)-18, 18-7N(p2)-18, 18-7N(p3)-18 and
18-7N(p4)-18 gemini surfactant were synthesized by Celtek peptides, TN, USA, Thioflavin T (ThT),
Glycine, Na; HPO4.7H,0, NaOH, Ultra-pure water (UPW) and DMSO (HPLC grade) were obtained
from Sigma Aldrich (Oakville, ON, Canada), APi4o peptide in hexafluoro isopropanol (HFIP)

(rPeptide, Bogart, USA).

5.4.1 Ap-aggregation inhibition studies

The efficiency of gemini surfactants and peptide-modified gemini surfactants to inhibit the self-
aggregation of AP was determined using a ThT fluorescence binding assay. The assay was carried out
in a Costar 384 well clear bottom plates (Corning Inc, MA, USA) on a BioTek Synergy H1 microplate
reader (BioTek®, VT, USA). The kinetic assay for ABs was carried out by measuring the fluorescence
intensity obtained from the ThT binding with the AP fibrils. The ThT fluorescence was excited at
440nm and emission was captured at 490nm and the reading were taken every 5 minutes with frequent
shaking of the plate for 30 seconds for 24 hours. Before starting the kinetic assay, gemini surfactant
stock solutions were prepared in DMSO and diluted with sodium phosphate buffer pH 7.4 composition
to make sure the total concentration of DMSO was kept below 7.5%, to 1uM, 5uM, 10uM, 25 uM and

50uM. AB40 in HFIP samples were dissolved in 1% ammonium hydroxide in milli-Q water, sonicated
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at room temperature for 5 minutes and diluted up to 50 pM. Positive and negative controls such as
methylene blue and Oregon-green were prepared at 1uM, SuM, 10uM, 25uM and 50uM and used
along with test compounds and AB40 control. The assay was carried out by treating each well with 44
pL ThT, (35 pL buffer for control, 28 pL of buffer for compound backgrounds and 27 pL for Aao
control and 20 uL for test compounds treatment), 1 ul. DMSO (only for background and A4 controls),
8 uL of test compound (1-50 uM concentrations mentioned above). Final volume of the well is kept at
80 uL. Initially before adding the AP4 an interference test was carried out by covering the 384 plate
with the cover strip and then analyzing for ThT background fluorescence with compounds for 5
minutes. After 5 minutes, the freshly prepared AP4o peptide was added into the AP4o control wells and
kinetic assay was run for 24 hours. Kinetic assay was at Ecx=440 nm and Ecn= 490 nm for 24 h at 37°C.
Readings were recorded every 5 min with shaking for every 30 seconds between each reading. Data
were analyzed by constructing concentration over time of ThT concentration plots. Data presented is
an average of triplicate values. Relative fluorescence units (RFU) values were corrected with ThT-
interference before calculating the final RFU values plotted on the graph and inhibitory constant values

were drawn from the corrected values (318-320).

5.4.2 Molecular docking studies -binding interactions assessment of amphiphilic gemini
surfactants, integrin, 1gSF-peptides and peptide-modified gemini surfactants with Afo
peptide

Based on the in vitro AP aggregation inhibition studies four peptides (pi, p2, ps and ps), 18-7NH-18
gemini surfactant and peptide-modified gemini surfactants (18-7N(p1)-18, 18-7N(p2)-18, 18-7N(p3)-18
and 18-7N(ps)-18 were selected for this study to assess the binding affinity, bonding and non-bonding
interaction of the ligand molecules with the A4 peptide. The molecular docking studies outline the
assessment of the binding interactions of amphiphilic-gemini surfactants, peptide-modified gemini

surfactants along with gemini surfactants and peptides with A4 peptide (PDB ID: 2LMN). The solid-
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state NMR structure of A4 peptide (2LMN) was obtained from RCSB-PDB(321). The peptide is
prepared for docking (319). Ligand molecules were sketched using Chem Draw (PerkinElmer) and
imported into Discovery Studio to prepare for docking. CHARMm forcefield was applied and energy
minimization was carried out using steepest-descent protocol with 1000 iterations. After minimizing
energy for ligand molecules, ligand-peptide interaction studies were carried out by defining the active
site. Ligand active site of 20A was selected and the best iterations were reported. Molecular docking
was carried out using the ‘receptor-ligand interactions’ module (322). CDOCKER algorithm was used
to find the most appropriate binding sites and interactions for p; peptide (RGD), p peptide (RLE), p3
peptide (FASNKL) and p4 peptide (LI), 18-7NH-18, 18-7N(p1)-18, 18-7N(p2)-18, 18-7N(p3)-18 and
18-7N(p4)-18 gemini surfactants. The docked ligand poses were ranked based on the CDOCKER
energy scores. Polar and non-polar interaction were also analyzed, and all the important interactions

displayed by the ligand were visualized and analyzed (323).

5.5 Results

5.5.1 Af4o-aggregation inhibition studies

The ability of amphiphilic gemini surfactants with and without peptide modification and peptides
themselves to inhibit the self-aggregation of the A4y was assessed using the ThT-binding fluorescence
assay. From the obtained results it is evident that the all the control and treatment backgrounds did not
show any increase in the relative fluorescence units (RFU) which signifies that the background controls
without AP4o peptide did not contribute to the background fluorescence in the treatments with Ao
peptide. Methylene blue positive control has shown inhibition of the AP aggregation form as low as
1uM and complete inhibition is identified from SuM (Figure 5-4 A). Orange-green negative control

treated wells containing A4y peptide did not show any inhibition of the self-aggregation of the AP to
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form higher order oligomers with increase in the concentration of Orange-G up to 50uM, compared to

AP4o control without any treatment (Figure 5-4 B).

Peptides pi, p2, p3 and p4 did not show any strong inhibition of the AP4 aggregation. It was observed
that increased concentration of peptide pi, p2, p3 and ps4 increased aggregation of the AP4o peptide
compared to Ao peptide control confirms that the peptides themselves do not contribute to any
decrease in the AB4o peptide aggregation (Figure 5-4 C-F). The 18-7NH-18 gemini surfactant on the
other hand reduced the AP4o peptide aggregation by 50% value compared to the AB4o controls at 10uM,
and up to 90% at 25uM. However below 10 uM the AP4o peptide aggregation is higher compared to

the control (Figure 5-5 A).

From the peptide-modified amphiphilic gemini surfactants (18-7N(pi4)-18) it has been identified that
the 18-7N(p1)-18, 18-7N(p2)-18 and 18-7N(p3)-18 gemini surfactants have shown inhibition of APa4o
peptide aggregation from as low as 5 uM (Figure 5-5 B-D). Whereas 18-7N(p1)-18 and 18-7N(p2)-18
inhibited about 90% of the aggregation at 25 uM, 18-7N(p3)-18 gemini inhibited the aggregation up to
90% compared to APao control at a concentration of 10 uM (Figure 5-5 C) and 18-7N(p4)-18 gemini
surfactants on the other hand started inhibiting at 10uM and reached peak efficiency at 25 uM. Hence,
from the results it is evident that efficiency of the inhibition, in the decreasing order, is 18-7N(p3)-

18>18-7N(p1)-18>18-7N(p2)-18>18-7N(p4)-18 gemini surfactants.
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Figure 5-4 A4 aggregation inhibition studies of peptide controls (A) Methylene blue treatment-
positive control, (B-E) peptide p1, p2, p3 and ps treatments respectively. All treatments were tested from
1uM to 50uM concentrations. Peptide treatments did not show any inhibition of AB4o aggregation (n=2,

data points are average of 3 independent samples).
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Figure 5-5 A4 aggregation inhibition studies of treatment groups (A) 18-7NH-18 (B) 18-7N(p1)-18
(C) 18-7N(p2)-18, (D) 18-7N(p3)-18 and (E) 18-7N(ps)-18 amphiphilic gemini surfactant treatments
and backgrounds. All treatments were tested from 1uM to 50uM concentrations, 18-7N(pi)-18 and 18-
7N(p3)-18 gemini surfactants showed inhibition of AP aggregation from SuM and peptide modified
gemini surfactants performed better compared to peptides only treatments and 18-7NH-18 gemini

surfactant (n=2, data points are average of 3 independent samples).
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5.5.2 Molecular docking studies

Molecular docking studies of 18-7NH-18, 18-7N(p1)-18, 18-7N(p2)-18, 18-7N(p3)-18 and 18-7N(p4)-
18 gemini surfactants and p: and p; peptide ligands with the AB4o peptide (2LMN) was successfully
carried out. The results of the molecular interactions of each of the ligand molecule with the APao
peptide are shown in Figure 5-6 to Figure 5-10 and Table 5-1 to Table 5-5. All the non-bonding
interactions of the ligand molecule with the amino acids of the AB4o peptide were identified and the top
10 hits with the highest CDOCKER energy are reported. The top hit of 18-7NH-18 gemini surfactant
docked on to the AP4o peptide has a CDOCKER energy score of -36.16 Kcal/mol and a CDOCKER
interaction energy of -51.41 Kcal/mol (top 10 hits were shown in Appendix 4 Table 8). Some of the
non-bonding interactions obtained were pi-alkyl hydrophobic interactions between PHE19:C31
(BL:4.71), the interactions were between the pi-orbitals and the alkyl tail of the 18-7NH-18 gemini
surfactant (Figure 5-6), all the non-bonding interactions can be seen in Table 5-1(B).

Table 5-1 Top hits and non-bonding interactions from molecular docking studies of 18-7NH-18 gemini
surfactant with 2LMN

A) Top hit of 18-7NH-18 docked on to APao peptide

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol kcal/mol
1 36.16 51.41
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B) Non-bonding interactions

Bond

Non-bond length Donor
interactions A) Bond Type Interaction group Function Acceptor group | Function
A:PHEI9 - m-7NH- m-7NH-
m.sdf:C31 4.71 Hydrophobic Pi-Alkyl A: PHE19 Pi-Orbitals | m.sdf:C31 Alkyl
B:PHE19 - m-7NH- m-7NH-
m.sdf:C31 5.35 Hydrophobic Pi-Alkyl B:PHE19 Pi-Orbitals | m.sdf:C31 Alkyl

A. B

Figure 5-6 Molecular docking studies of 18-7NH-18 with 2LMN using CDOCKER algorithm, (A) 18-
7NH-18 binding into the pocket of ABao peptide (B) Pi-alkyl interactions of 18-7NH-18 alkyl tail with
pi-orbitals of PHE12, (C) Hydrogen bonding of 18-7NH-18 with LEU34 (D) Binding of 18-7NH-18

into the hydrophobic area where A4 monomers interact to form oligomers.
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Peptide modified gemini surfactant 18-7N(p1)-18 docked on to AB4o peptide exhibited a CDOCKER
energy of -60.57 kcal/mol and CDOCKER interaction energy of -70.69 kcal/mol (Table 5-2 A-B) (top
10 hits were shown in Appendix 4, Table 9 A). Non-bonding interactions such as hydrogen bonding
was found to be the predominant interaction between the ligand molecule and the peptide and some of
them with the lowest bond length were between VAL24:070 (BL: 2.16A), SER26:H190 (BL: 2.24 A),
ASP23:070 (BL: 2.77 A). Electrostatic interactions were also identified between the ASP23:N9 (BL:
5.32 A) and hydrophobic interactions were observed between HIS14:C47 and HIS13:C29. The
interactions were between the pi-orbitals of the amino acids in the peptide with the alkyl tail groups of
the ligand molecule (Figure 5-7 C). Whereas p: peptide alone docked on to A peptide showed a
CDOCKER energy of -45.23 kcal/mol and a CDOCKER interaction energy of -29.34 Kcal/mol for the
top hit (Table 5-2 C) and only hydrogen bonding was observed as the non-bonding interactions between
the ligand and the A4 peptide (Appendix 4 Table 9 B).

Table 5-2 Top hit and non-bonding interactions from molecular docking studies of 18-7N(pi)-18
gemini surfactant with 2LMN

A) Top hit of 18-7N(p1)-18 docked on to AP4o peptide

Top Hit (-) CDOCKER energy (-) CDOCKER interaction energy
kcal/mol kcal/mol
1 60.57 70.69

177



B) Non-bonding interactions

Non-bond Bond Donor Acceptor

interactions length (A) Bond Type Interaction group Function | group Function
m-7N(p;)- m-7N(p1)-

m_molecule.sdf:N9 Attractive m_molecul

- A:ASP23:0D2 5.32532 Electrostatic Charge e.sdf:N9 Positive A:ASP23:0D2 | Negative
A:VAL24:HN - m-

N(p1)- m-7N(pi)-
m_molecule.sdf:07 Hydrogen Conventional A:VAL24: m_molecule.sd | H-

0 2.16178 Bond Hydrogen Bond | HN H-Donor | £:070 Acceptor
m-7N(p:)- m-7N(p;)-

m_molecule.sdf:H1 Hydrogen Conventional m_molecul H-

90 - A:SER26:0G 2.24474 Bond Hydrogen Bond | e.sdf:H190 | H-Donor | A:SER26:0G Acceptor
A:HISI4 - m- m-7N(p1)-

TN(p1)- Pi- m_molecule.sd
m_molecule.sdf:C47 | 4.38018 Hydrophobic | Pi-Alkyl A:HIS14 Orbitals f:C47 Alkyl
B:HISI3 - m- m-7N(p)-

TN(p1)- Pi- m_molecule.sd
m_molecule.sdf:C29 | 5.0307 Hydrophobic | Pi-Alkyl B:HIS13 Orbitals f:C29 Alkyl
m-7N(p:)- m-7N(p;)-

m_molecule.sdf:N9 Attractive m_molecul

- A:ASP23:0D2 5.32532 Electrostatic Charge e.sdf:N9 Positive A:ASP23:0D2 | Negative

C) Top hit for p; peptide docked on to 2LMN

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol Kcal/mol
1 45.23 29.34
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Figure 5-7 Molecular docking studies of 18-7N(p1)-18 with 2LMN using CDOCKER algorithm, (A)
18-7N(p1)-18 binding into the pocket of AP4o peptide, (B) Hydrogen bonding interactions between
ligand and VAL24:070, SER26:H190, ASP23:070 and electrostatic interaction between N-O:ASP23,
(C) Pi-alkyl interactions of alkyl tail with HIS13 and HIS14 and (D) Binding of 18-7N(p:)-18 ligand
into the hydrophobic pocket of AP peptide and its interaction with the amino acids responsible for

binding for A4 peptide monomers to form oligomers thereby inhibiting the oligomer formation.

The 18-7N(p2)-18 gemini surfactant docked on to A4y peptide demonstrated a CDOCKER energy
of -63.36 kcal/mol and CDOCKER interaction energy of -59.86 kcal/mol (complete list of top hits
were shown in Appendix 4- Table 10 A) and non-bonding interactions such as hydrogen bonding,
electrostatic and hydrophobic interactions were obtained from the 18-7N(p2)-18- A4o peptide docking

studies. Hydrogen bonding interaction between the ligand molecule and the amino acids VALI18
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(BL:2.02A), LYS16 (BL: 2.69A), PHE20 (BL: 2.53 A) of Ao peptide were noticed (Table 5-3 A-B).
Other interactions such as electrostatic interaction (Pi-Cation) between Nitrogen (N1): PHE20 (BL:
4.84 A) and hydrophobic interaction between the alkyl tails of ligand molecule with alkyl tail of LYS16
(BL: 4.02A) were identified (Figure 5-8).

Table 5-3 Top hits of 18-7N(p2)-18, p2 peptide and non-bonding interactions of 18-7N(p2)-18 with
2LMN

A. Top hit for 18-7N(p2)-18

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol kcal/mol
1 63.36 59.86

B. Non-bonding interactions of 18-7N(p2)-18 with 2LMN

Non-bond Bond Donor Acceptor

interactions length (A) Bond Type Interaction group Function | group Function
A:VAL18:HN - m- Hydrogen Conventional A:VALI1S: m-7N(P2)- H-
7N(P2)-m.sdf:065 2.02574 Bond Hydrogen Bond | HN H-Donor | m.sdf:065 Acceptor
m-7N(P2)-m.sdf:N1 m-7N(P2)-

- A:PHE20 4.84854 Electrostatic Pi-Cation m.sdf:N1 Positive A:PHE20 Pi-Orbitals
m-7N(P2)-

m.sdf:C66 - m-7N(P2)-

A:LYSI16 4.02573 Hydrophobic | Alkyl m.sdf:C66 Alkyl A:LYSI16 Alkyl
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C) Top hit for p, peptide docked on to 2LMN

Top Hit (-) CDOCKER energy | () CDOCKER interaction energy
kcal/mol kcal/mol
1 38.62 23.15
A. B

Figure 5-8 Molecular docking studies of 18-7N(p2)-18 with 2LMN using CDOCKER algorithm, (A)
18-7N(p2)-18 binding into the pocket of AB40 peptide, (B) Pi-cation electrostatic interaction between
N1 and pi-orbitals for PHE20, (C) Hydrogen bonding interactions of ligand with VAL18, LYS16 and
hydrophobic interaction between alkyl tails of gemini surfactant and LYS16, (D) binding of 18-7N(p»)-
18 ligand into the hydrophobic pocket of Aso peptide.
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Peptide p2 docked on to AP4o peptide showed a CDOCKER energy of -38.62 kcal/mol and a CDOCKER
interaction energy of -23.15 kcal/mol for the top hit (Table 5-3 C) and hydrogen bonding interactions
were identified between p> peptide: VAL18, ASP23 and LEU34 (Appendix 4, Table 10 B). The
CDOCKER energy and the CDOCKER interaction energy have been higher for the 18-7N(p2)-18
compared to the peptide itself.

When, 18-7N(p3)-18 gemini surfactant was docked with AP4o peptide the CDOCKER energy of the
complex of 18-7N(p3)-18 and AP4 peptide was found to be -86.38 kcal/mol and a CDOCKER
interaction energy of -72.09 kcal/mol (complete list of top hits were shown in Appendix 4-Table 11 A).
Non-bonding interactions such as hydrogen bonding between H123:LEU34 (BL:2.28A), H117:ASP23
(BL:2.69A), H121:PHE20 (BL: 2.89A) was pre-dominant while hydrophobic interactions such as
between C31:ALA21 (BL: 3.92A ), C49:LEU17 (BL:5.25A ), C49:LEU17 (BL: 5.30A ) were also
observed and electrostatic interaction was evident between N9:ASP23 (BL: 4.60A) (Table 5-4 A-B)
(Figure 5-9). Similarly, p; peptide alone is docked on to AP peptide to identify if the ps peptide alone
can induce similar strong interactions with the AP peptide that can prevent ABso oligomer formation.
The CDOCKER energy of the p3 peptide docking with 2LMN peptide was found to be -69.61 kcal/mol
and the CDOCKER interaction energy obtained was -40.87 kcal/mol (Table 5-4 C). Non-bonding
interactions such as hydrogen bonding interactions and hydrophobic interactions were identified from

the docking studies (Appendix-4, Table 11 B).
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Table 5-4 Top hits of 18-7N(p3)-18, p3 peptide and non-bonding interactions of 18-7N(p3)-18 with
2LMN

A. Top hit of 18-7N(ps)-18 with 2LMN

Top Hit (-) CDOCKER energy | () CDOCKER interaction energy
kcal/mol kcal/mol
1 86.38 72.09

B. Non-bonding interactions of 18-7N(p3)-18 with 2LMN

Non-bond Bond Donor Acceptor

interactions length (A) Bond Type Interaction group Function | group Function
18-7N(P3)-

18.sdf:N9 - Attractive 18-7N(P3)-

A:ASP23:0D2 4.60755 Electrostatic Charge 18.sdf:N9 Positive A:ASP23:0D2 | Negative
A:ALA21 - 18- 18-7N(P3)-
TN(P3)-18.sdf:C31 3.92653 Hydrophobic | Alkyl A:ALA21 Alkyl 18.5df:C31 Alkyl
18-7N(P3)-

18.sdf:C49 - 18-7N(P3)-

A:LEU17 5.25479 Hydrophobic | Alkyl 18.sdf:C49 | Alkyl A:LEU17 Alkyl
18-7N(P3)-

18.sdf:C49 - 18-7N(P3)-

B:LEU17 5.3029 Hydrophobic | Alkyl 18.sdf:C49 | Alkyl B:LEU17 Alkyl
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C. Top hit of p3 peptide with 2LMN

Top Hit (-) CDOCKER energy (-) CDOCKER interaction
kcal/mol energy kcal/mol
1 69.61 40.87
A. B

Figure 5-9 Molecular docking studies of 18-7N(p3)-18 with 2LMN using CDOCKER algorithm, (A)
Docked top hit of 18-7N(p3)-18 with AP4 peptide, (B) Electrostatic and hydrogen bonding interactions
of ligand molecule with ASP23, PHE20, LEU34 and LYS16, (C) Hydrophobic interactions of ligand
with ALA21 and LEU 17 of AB4o peptide and (D) binding of 18-7N(p3)-18 ligand into the hydrophobic
pocket of AB4o peptide
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After docking with AP4o peptide for gemini surfactant 18-7N(p4)-18 the CDOCKER energy of the
complex of 18-7N(ps)-18 and AP4 peptide was found to be -42.47 kcal/mol and a CDOCKER
interaction energy of -58.35 kcal/mol (complete list of top hits were shown in Appendix 4, Table 12
A). Non-bonding interactions such as hydrogen bonding between ligand molecule and ASP23
(BL:2.72A), PHE20 (BL:1.75A), hydrophobic interactions such as between C31:LYS16 (BL: 4.94A),
LEU17 (BL:4.59A), C57, C58:VAL24 (BL:4.37 and 3.98A), C49:LEU17 (BL: 5.30A ) were also
observed (Table 5-5 A-B) (Figure 5-10). When ps peptide was docked on to Afs peptide the
CDOCKER energy of the p4 peptide docking with AB4o peptide was found to be -23.29 kcal/mol and
the CDOCKER interaction energy obtained was -20.18 kcal/mol (Table 5-5 C). Non-bonding
interactions such as hydrogen bonding interactions and hydrophobic interactions were identified from
the docking studies (Appendix-4 Table 12 B). It was evident that all interactions of the ligand molecule
were with LEU34 of the A4 peptide.

Table 5-5 Top hits of 18-7N(p4)-18, p4 peptide and non-bonding interactions of 18-7N(p4)-18 with
2LMN

A. Top hit of 18-7N(ps)-18 with AP peptide

Top Hit (-) CDOCKER energy (-) CDOCKER interaction energy
kcal/mol kcal/mol
1 42.47 58.35
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B. Non-bonding interactions of 18-7N(p4)-18 with A4 peptide

Non-bond Bond Donor Acceptor

interactions length (A) Bond Type Interaction group Function | group Function
m-7N(P4)-

m.sdf:C31 - m-7N(P4)-

A:LYSI6 4.94039 Hydrophobic | Alkyl m.sdf:C31 Alkyl A:LYSI16 Alkyl
m-7N(P4)-

m.sdf:C31 - m-7N(P4)-

A:LEU17 4.59534 Hydrophobic | Alkyl m.sdf:C31 Alkyl A:LEU17 Alkyl
m-7N(P4)-

m.sdf:C57 - m-7N(P4)-

A:VAL24 4.37433 Hydrophobic Alkyl m.sdf:C57 Alkyl A:VAL24 Alkyl
m-7N(P4)-

m.sdf:C58 - m-7N(P4)-

A:VAL24 3.98023 Hydrophobic Alkyl m.sdf:C58 Alkyl A:VAL24 Alkyl

C. Top hit of p4 peptide with AB4o peptide

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol kcal/mol
1 23.29 20.18
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Figure 5-10 Molecular docking studies of 18-7N(p4)-18 with 2LMN using CDOCKER algorithm, (A)
Docked top hit of 18-7N(p4)-18 with AP4opeptide, (B) Hydrophobic interaction of ligand molecule with
LYS16, LEU17 and LYS16, (C) Hydrogen bonding interactions of ligand molecule with ASP23 and
PHE20 and (D) binding of 18-7N(p4)-18 ligand into the hydrophobic pocket of A4 peptide
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Figure 5-11 Comparative graph of (-) CDOCKER energy and (-) CDOCKER interaction energy of
peptides and peptide modified gemini surfactants with A4 peptide, (A) 18-7N(ps)-18 ligand
demonstrates significant difference (****p<0.0001 with 18-7NH-18) in (-) CDOCKER energy, (B) 18-
7N(p3)-18 and 18-7N(p:)-18 ligands demonstrate no significant (n.s) difference in CDOCKER
interaction energy, while 18-7N(p3)-18 shows significant difference (****p<(0.0001) compared with
18-7NH-18, 18-7N(p4)-18 ligand and ***p<0.001 with 18-7N(p2)-18.
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5.6 Discussion

Targeting amyloid-f aggregation in the retinal layers is a new area that has been explored in the past
decade. AP is implicated in the development of neurodegenerative conditions in the eye due to the co-
localization of AP with apoptotic retinal cells leading to activation of the RGC apoptosis (307). It has
also been found that abnormal tau protein (AT8) accumulation occurred in the eye specimens collected
from glaucoma patients with elevated IOP (301, 309). The tau protein helps to stabilize the microtubule-
associated protein needed to maintain neuronal structure and integrity (324). Hyper-phosphorylated tau
protein on the other hand can lead to disruption of microtubules, neuronal injury and neurodegeneration
(Schematic Figure 5-2) (301). Hence, it is equally important to target the AP aggregation inhibition and
disruption of the AB-fibrils in the retina to treat glaucoma effectively along with IOP lowering therapy
and NTF gene therapy. It has been previously identified that amphiphilic gemini surfactants can
interfere with the AP aggregation into higher order oligomers in a concentration dependent manner
based on the charge interactions between the gemini surfactant and the AP (1.40) (325). In our current
study we evaluated the efficiency of the peptide modified gemini surfactants (18-7N(pi-4)-18, peptides
(p1-4) and 18-7NH-18 to inhibit the AP aggregation and formation of higher order oligomers. Only
peptide treatments pi, p2, p3 and p4 did not show any strong inhibition of the AP aggregation, while 18-
7NH-18 treatment reduced the A} aggregation at 25 pM, with strong inhibition achieved at 50 pM.
Below 25 uM 18-7NH-18 did not reduce the aggregation, in fact the aggregation was promoted at 5
uM and 10 puM concentration by 18-7NH-18 (Figure 5-5 A). This could be due to the surfactant
concentration being below CMC values (51.69 uM for 18-7NH-18 as per Chapter 3, Figure 3-6) in the
treatment. Another potential reason could be due to the presence of lower number of cationic charges
from the 18-7NH-18 gemini surfactants compared to higher number of negative charges from the Ao
peptide. The lower charge due to low concentration (below CMC) of treatment could have helped in

interacting of the surfactant monomers with the peptide and could have helped to form more ordered
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B-sheets. But when the concentration of the 18-7NH-18 gemini surfactant is increased which could
have been near to CMC or just below CMC the increase in the concentration will lead to increase in the
total net cationic charge. This could lead to repulsion of the B-sheet structures and disrupt the oligomer
structure formation. At very high concentration such as 50uM the surfactant inhibits the aggregation
completely which could have been due to the surfactant presence above CMC or equivalent to CMC
that can disrupt the aggregation by forming globular structures of AB4o by promoting the hydrophobic
interactions of the alkyl tail groups and leading to formation of higher number of hydrophobic clusters
leading to the inhibition of the AP4o aggregation. A similar behavior of the cationic gemini surfactants
was reported previously for Ci12CsCi2Br, surfactants and some tetrameric cationic surfactants (325-
327). Concentrations at 100pM inhibited the formation of the fibrils assayed by ThT fluorescence
method (315). A similar behavior was observed for peptide modified compounds 18-7N(pi-4)-18 in this
study. The gemini surfactants were able to inhibit the aggregation of the AB4o peptide from as low as
SuM. 18-7N(p1)-18, 18-7N(p2)-18 and 18-7N(p3)-18 inhibited AP4o peptide aggregation from as low as
5 uM Figure 5-5 (b-d). The 18-7N(p1)-18 and 18-7N(p2)-18 inhibited almost 90% of the aggregation at
25 uM while 18-7N(p3)-18 gemini inhibits the aggregation up to 90% compared to AB4 control at a
concentration of 10 uM (Figure 5-5 C). On the other hand, 18-7N(p4)-18 started inhibiting at 10uM
and peak inhibition is obtained at 25 uM. However, compared to 18-7NH-18 the peptide modified
surfactants started inhibiting at lower concentrations such as 5 uM (18-7N(pi-3)-18 unlike 25 uM for
18-7NH-18 gemini surfactant. The higher efficiency could be due to the increased cationic charge on
the surfactant due to peptide conjugation leading to higher interactions of surfactant with the APa4o
peptide or the stronger binding of the surfactant molecule in the hydrophobic region of the AB4o peptide
which prevents the oligomer formation. Hence, the Ig-SF peptide-modified gemini surfactants can act

as potential A4 peptide aggregation inhibitors.
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In Summary the 18-7N(ps3)-18 gemini surfactants showed higher AP4o aggregation inhibition
compared to any other peptide modified gemini surfactants and peptides, also their higher CDOCKER
and binding interaction energies (kcal/mol) show a correlation with the experimental results proving
that 18-7N(p3)-18 gemini surfactants have superior in silico CDOCKER and binding interaction
energies compared to 18-7NH-18, and peptide-modified gemini surfactants, making them one of the
ideal candidates for the development of 18-7N(ps)-1 NPX system for gene delivery to the retina to treat

glaucoma.

The results demonstrate in vitro- in silico correlation between the inhibition of the AP peptide using
molecular docking studies obtained for the 18-7NH-18, 18-7N(pi-4)-18 and peptides (pi-4) with in vitro
experimental data. The CDOCKER energy and binding energies form the molecular docking studies
clearly demonstrate that the peptide modified gemini surfactants showed higher interaction energies
and binding energies compared to the peptides themselves. Also, 18-7N(p3)-18 showed significantly
higher CDOCKER energy (****p<0.0001) compared to 18-7NH-18 and 18-7N(p4)-18 and showed a
higher CDOCKER energy (***p<0.001) compared to 18-7N(p1)-18 and 18-7N(p2)-18. Similarly 18-
7N(p3)-18 showed significantly higher binding energy compared to 18-7NH-18,18-7N(p4)-18
(****p<0.0001) and 18-7N(p2)-18 (***p<0.001). While 18-7N(p3)-18 and 18-7N(pi)-18 showed no
significant difference (n.s) in the binding energies. This shows the potential of 18-7N(ps)-18 and 18-
7N(p1)-18 as lead candidates. From the in vitro AP4o peptide aggregation inhibition studies carried out,
it is also observed that these two gemini surfactants 18-7N(p3)-18 and 18-7N(p1)-18 have started
inhibiting the ABso peptide aggregation at 5 uM and 90% inhibition at 10 uM was achieved for both
the compounds. It is also evident from the results that 18-7N(ps)-18 surfactant is the least performing
surfactant from the peptide modified gemini surfactants list. These results are in correlation with the

docking results obtained and show that the molecular modelling performance of the Ig-SF peptide
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modified gemini surfactants (18-7N(pi-4)-18) were in the following decreasing order 18-7N(p3)-18>18-
TN(p1)-18>18-7N(p2)-18>18-7N(p4)-18. The 18-7N(p3)-18 surfactant showed a CDOCKER energy of
-86.38 and a CDOCKER interaction energy of -72.09 Kcal/mol compared to -36.16 and -51.41
respectively for 18-7NH-18 and -69.67 kcal/mol and -40.87 kcal/mol for p; peptide only docking
demonstrating the increased energy of interaction of the 18-7N(ps3)-18 with the AP4o peptide. The
CDOCKER energy and CDOCKER interaction energy of 18-7N(p3)-18 with the amino acids in the
hydrophobic region (KLVFFA) responsible for the AP4o peptide aggregation was higher compared
other peptide modified compounds, peptides only and 18-7NH-18 gemini surfactant. Non-bonding
interactions such as hydrogen bonding and hydrophobic interactions (Table 5-4 B) between alkyl
groups of ligand molecule with the alkyl groups of the amino acid were few dominant interactions that
might have had strong interaction with the KLVFFA region shown by molecular docking studies,
leading to AP4o peptide aggregation inhibition at the lowest concentration based on the in vitro
aggregation inhibition studies. From the molecular docking studies data analysis, it is evident that,
despite the slight lower CDOCKER energies for 18-7N(pi)-18 compared to 18-7N(p3)-18 and binding
energies of the both the molecules was found to be similar. The in vitro AP4o peptide inhibition studies
for both the compounds also showed similar results, i.e. inhibiting the aggregation started at 5 uM, but
the overall performance of the 18-7N(p3)-18 was ranked better by the CDOCKER algorithm compared
to 18-7N(p1)-18 based on the number of interactions and their bond lengths which could lead to more

stronger binding interactions with the AP peptide.

5.7 Conclusion
Overall, in this study peptide modified amphiphilic gemini surfactants (18-7N(pi.4)-18), were evaluated
as potential AP4o peptide aggregation inhibitors. In vitro AP4o peptide aggregation inhibition studies

showed that 18-7N(p3)-18 and 18-7N(pi)-18 ligands have potential to inhibit AB4o peptide aggregation
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and formation of higher order oligomers from 5 pM. For the first time the efficiency of 18 series gemini
surfactant as potential AP4o aggregation inhibitors was evaluated and their positive inhibition effects

were reported in this study.

Also, in this study molecular docking studies were carried out to establish the in vitro-in silico
correlation of the m-7NH-m, m-7N(p)-m (m=alky] tail, 18C and p= IgSF peptide)gemini surfactants as
AB4o peptide aggregation inhibitors. The molecular docking studies clearly demonstrate the potential
of 18-7N(p3)-18 and 18-7N(p1)-18 gemini surfactants as AP peptide aggregation inhibitors. The
docking studies have also revealed that the peptides themselves do not possess any A4 peptide
aggregation inhibition efficiency compared to peptide modified amphiphilic gemini surfactants
correlating the results obtained in the in vitro AP peptide aggregation inhibition kinetic studies.
Compared to previously published reports (317, 325) on the efficiency of amphiphilic gemini
surfactants to inhibit the APs peptide aggregation the peptide modified 18-7N(pi4)-18 gemini
surfactants have shown better APso peptide aggregation inhibition potential at 10uM compared to
100uM as previously reported (315). The identification of the APso peptide oligomer inhibition
potential of 18-7N(pi.4)-18 could help in dual targeting of the retinal layers to target delivery of NTF
genes to treat glaucoma and also to inhibit the AP peptide aggregation that is implicated in the
glaucoma pathophysiology leading to neurodegeneration and RGC apoptosis. Also, the use of
molecular docking studies to correlate the in vitro results could help in validating molecular simulation
models for carrying out high throughput screening to identify lead candidates for inhibition of ABa4o

peptide aggregation.
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Chapter 6 Summary and future directions

6.1 Summary

Research presented in this thesis is an embodiment to improve gene delivery to the retina by non-viral
methods using a multifunctional CAP-modified dicationic gemini surfactant pNPX system. In Chapter
3 we have improved the purity, yield and identified a simple one-pot method to synthesize m-7NH-m
(m=12, 16 and 18) gemini surfactant, which acts as a parent molecule for any further functional
modifications performed to improve the gene delivery to the retina. Hence, having a pure species free
from any by product impurities such as DMAP or trimeric gemini surfactants is vital and their presence
can prove to be detrimental for the viability of the treated cells in vitro and in vivo. In addition to the
above improvement, we were also able to develop a one-pot method to synthesize bis-quaternary

trimeric gemini surfactants (m-7N(m)-m) (m=12, 16 and 18)

In Chapter 4 and 5, the synthesized parent molecule (m-7NH-m) from chapter 3 was used as a building
block for conjugation of selected CAPs from integrin-binding and IgSF peptide group at the amino
group in the spacer (m-7N(pi.5)-m, (m=C2, 13). NPXs, LPXs, pNPXs and pLPXs were formulated from
the parent molecules and newly synthesized peptide-functionalized gemini surfactant and subjected for
TE and viability evaluation in A7 astrocyte cell lines, 3D environment using MiEye8 retinal
neurospheres and in vivo CD1 mouse model. 18-7N(p3)-18 pNPXs administered by IVT injection
delivered tdTomato/BDNF plasmid to retinal cells and have produced higher gene expression compared
other pNPXs and controls tested. EpiCorneal penetrations and interactions studies showed higher
interaction for all the peptide-modified pNPXs. In summary, 18-7N(p3)-18 pNPXs showed 2-fold

higher BDNF production than 18-7N(p;)-18 pNPXs in the treated eyes.

In Chapter 5 an exploratory study to assess the APso aggregation inhibition potential of the integrin-

binding and IgSF peptide modified gemini surfactants using fluorescence kinetic assay demonstrated a
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good inhibition potential at very low concentrations for 18-7N(ps3)-18 and 18-7N(pi)-18 gemini
surfactants compared to p, and p4 peptide modified gemini surfactants. The molecular modelling studies
carried out on the same have shown good correlation with the results from in vitro studies and exhibited
better binding based on CDOCKER energy and CDOCKER interaction energy parameters with 18-

7N(p3)-18 and 18-7N(p1)-18 gemini surfactants.

Overall, novel multifunctional IgSF peptide and integrin-binding peptide conjugated gemini NPXs
provide a promising non-viral in vivo gene delivery approach to retinal cells and have potential to inhibit
the aggregation and higher order oligomer formation with AP4, which is a highly desirable property
for gemini surfactants to posses owing to the amyloid-f implications and their formation in glaucoma
patients and this effect of gemini surfactants can lead to dual targeting action of the gemini NPXs in
both reaching the retinal layers to deliver the gene to retinal cells in eye to treat glaucoma as mentioned
in the earlier chapters and the delivered gemini surfactant NPXs can also help in amyloid-p aggregation

inhibition.

6.2 Future directions

Second generation gemini surfactants (m-7NH-m) developed are used to prepare functionalized NPXs
with peptide modifications to increase cell binding and potentially targeting the retina and evaluate the
delivery of the therapeutic DNA in vivo an animal model. Various other tail lengths can be synthesized

using this modified protocol and their gene delivery potential can be evaluated.

The main goal of designing the IgSF and integrin-binding peptide-functionalized gemini surfactant
pNPXs is to deliver NTF genes to the retina after IVT administration to retinal cells to protect and
restore the degenerating RGCs in glaucoma. Hence, further studies to determine the functionality of
NPXs to provide neuroprotection will need to be carried out in glaucoma animal models. Similar

conjugation studies can also be carried out with the m-7NH-m (m=12, 16) gemini surfactants and
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assessed for their gene delivery efficiency. Several other CAP peptide-modified gemini surfactants
could be developed and assessed for their binding ability. The actual molecular targets on retinal cells
for CAP-NPXs should be elucidated in future studies keeping in mind the differences between normal
and diseased retina. In this regard, the 3D neurosphere model could be useful as an in vitro tool to
screen candidate NPXs in stressed cellular conditions and specific targeting to different retinal cells.
Another area for future studies could be to study the mechanisms NPX cellular uptake, intracellular
trafficking and release from the endosomes using a panel of endocytosis inhibitors. A complete
cytokine array studies on pNPX treated eyes will help in identifying inflammatory markers and toxicity
levels in vivo to avoid any later stage failures due to toxicity. /n silico molecular docking studies of the
IgSF-peptide modified gemini surfactants and target molecules can help in identifying the binding
affinity and in silico-in vitro-in vivo correlations can be drawn from the molecular docking studies and
validated with in vitro and in vivo TE and BDNF production studies.

More extensive in vitro inhibition studies could be carried out to identify the inhibition potential of
peptide modified amphiphilic gemini surfactants. Transmission electron microscopy (TEM) imaging
studies could help in visual confirmation of the AP peptide aggregation inhibition. Assessment of
AP4o and AP4 peptide inhibition studies can help in determining the potential of gemini surfactants in
inhibiting the most toxic form of AP4 peptide. Also, assessment of the AP4p peptide inhibition and
toxicity studies in cell lines and in vivo glaucoma models with AP4 peptide aggregation could be carried

out to assess the potential inhibition effects of peptide modified gemini surfactants.
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Appendices

Appendix 1 Improved synthesis and formulation design of dimeric and

trimeric gemini surfactants and their evaluation as gene delivery vectors

Mass spectrometry analysis of 18-7NH-18, 16-7N(16)-16 and 18-7N(18)-18 gemini surfactants,
spectra’s are obtained at multiple levels of synthesis and purification to confirm the obtained final

product of the reaction.

A. Mass spectra of Boc protected 18-7NH-18 before deprotection (m/z- 396.92)
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B. Mass spectra of deprotected 18-7NH-18 gemini surfactant (m/z- 346.89)
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C. Mass spectra of 18-7NH-18 gemini surfactant with the split pattern of a doubly charged gemini
surfactant-confirms a doubly charged dimeric bis-quaternary structure.
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D. Mass spectra of 18-7N(18)-18 gemini surfactant (m/z- 473.03)
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E. Mass spectra of 18-7N(18)-18 gemini surfactant with the split pattern of a doubly charged gemini
surfactant-confirms a doubly charged trimeric bis-quaternary structure.
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F. Mass spectra of deprotected 16-7N(16)-16 gemini surfactant (m/z- 430.98)
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G. Mass spectra of 16-7N(16)-16 gemini surfactant with the split pattern of a doubly charged gemini

surfactant-confirms a doubly charged trimeric bis-quaternary structure.
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H. Gemini synthesis from published protocols and using DMAP as catalyst yields DMAP as
reaction impurity and is not removed after successive recrystallizations (m/z-123.09)
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Figure 1 Identification and characterization of gemini surfactants using mass spectrometry
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Results of 18-7NH-18 using one-pot synthesis method
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A. "H NMR spectra of 18-7NH-18 gemini surfactant showing characteristic chemical shifts (8 ppm-

0.85, 1.55,3.28)
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B. 'H NMR spectrum of gemini synthesis as per in-house and previous published protocols
containing DMARP as catalyst, presence of DMAP in final product as impurity (6=2.9, 6.4, 8.2)
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C.'H NMR spectrum of only DMAP to identify the chemical shifts of DMAP to compare with the
final product of 18-7NH-18 made from both previous protocols and one-pot DMAP free method (&
ppm=2.9, 6.4, 8.2)

Figure 2 NMR spectroscopy analysis of purified 18-7NH-18 from old and new methods of synthesis

Surface tension and CMC determination

Below are the values of surface tension and CMC determined from Lauda TE3 automated tensiometer.

Table 1 Surface tension and surfactant concentration values for CMC determination

Surfactant conc
log C ST (mN/m) uM)
-1.79 69.11 0.02
-1.41 69.14 0.04
-1.21 69.68 0.06
-1.03 69.57 0.09
-0.80 69.39 0.16
-0.59 69.04 0.26
-0.38 68.99 0.42
-0.19 69.00 0.64
-0.02 68.66 0.96
0.20 68.64 1.60
0.46 68.67 2.86
0.61 68.37 4.09
0.77 68.62 5.89
0.94 68.57 8.79
1.06 68.26 11.55
1.19 66.96 15.46
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1.31 66.11 20.29
1.43 63.75 26.82
1.51 62.64 32.62
1.61 60.34 40.96
1.64 56.40 43.91
1.67 54.82 46.67
1.69 52.42 49.25
1.71 48.44 51.69
1.76 46.89 57.17
1.79 46.11 61.94
1.82 46.01 66.12
1.84 45.89 69.81
1.86 45.05 73.11
1.88 45.09 76.06
1.91 45.00] 81.13

1501

100 -

50

Viable Population (%)

Figure 3 Effect of 18-7NH-18 (NS)-NPXs charge ratio on viability of A7 astrocytes and assessment of
the effect of viability without DOPE and without DNA
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Figure 4 Viability studies for incubation and transfection assay time-point studies at 48 hrs.
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Appendix 2 Development of multifunctional gemini nanoplexes for non-viral

neurotrophic factor gene delivery to the retina
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Figure 5 Reaction monitoring using UPLC method developed to track the changes during a peptide
ligation reaction at 0, 0.5, 1 and 2 hours

Figure 6 Reaction monitoring: graphs showing peaks before and after addition of m-7NH-m gemini
surfactant into the reaction mixture
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Figure 7 Pure 18-7N(ps-protected)-18, 12-7N(ps-protected)-12 product isolation using a semi-prep
HPLC method on a Cis column
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Figure 8 Deprotection reaction monitoring for (a) 12-7N(ps)-12 and (b) 18-7N(ps)-18-products marked
with a blue circle
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Table 2 Peptide-modified m-7N(pn)-m gemini surfactants and their properties

m-7N(pn)-m Peptide sequence | Celtek peptides MW of m- m/z peak values
gemini code 7N(pn)-m (Values from
surfactant (PG) Chem Draw)
12-7N(ps)-12 ps-YTDNGTF -NA- 1324.80 661.96, 662.46
18-7N(p1)-18 pi- RGD GIPIMC 1022.64 510.96, 511.46
18-7N(p2)-18 p2- RLE G1P2MC 1092.78 546.00.546.05
18-7N(p3)-18 p3- FASNKL G1P3MC 1355.09 677.07,677.57
18-7N(p4)-18 ps- LI G1P4AMC 920.63 459.97, 460.47
18-7N(ps)-18 ps- YTDNGTF G1P5MC 1493.12 746.05, 746.55

CeltehPeptidescusem. ic s oot s rotn 100

Certificate of Analysis

Custom Synthetic Peptide

Sequence: NH2-R-G-D-MC

Name: GI1-P1-MC Length: 3AA

Scale: Research LotNo: 171213
Molecular Weight: 511 Appearance: White Powder
Requesting Purity:  >95% Requesting Weight: 200mg,

Results of Analyses:
Actual Weight: 55.0mg
HPLC Purity: 99.46%

Mol. Weight: 511.41

Storage: stored at -20°C and keep dry

The product is used for research only, not for human use

o
mgnmurel@‘j ! J‘\j Date:_ 2%~ *l ]

(a) Certificate of analysis (COA) for G1-P1-MC (18-7N(p1)-18, MC- Parent compound (18-7NH-18),
G1-P1 corresponds simply to peptide code (pi) and MC signifies the base gemini (18-7NH-18)

used to conjugate the peptide
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Custom Synthetic Peptide Custom Synthetic Peptide

Sequence:  NH2-R-L-E-MC Sequence: NH2-F-A-S-N-K-L-MC

Name:  G1-P2-MC Length: 3AA Name: G1-P3-MC Length: GAA

Scale: Research LotNo: 171213 Scale: Reseroh LotNo: 171221
Molecular Weight: 546 Appearance: White Powder Molecular Weight: 677 Appearance: White Powder
Requesting Purity:  >95% Requesting Weight: 200mg Requesting Purity:  >95% Requesting Weight: 200mg

Results of Analyses: Results of Analyses:

Actual Weight: 29.5mg Actual Weight: 40.2mg
HPLC Purity: 100.0% HPLC Purity: 99.78%
Mol. Weight: 546.50 Mol. Weight: 677.70
Storage: stored at -20°C and keep dry Storage: stored at -20°C and keep dry
The product is used for research only. not for human use The product is used for research only, not for human use

J

Signature: \{CJV*% N Date:_2* 1§-t1-- V Signature: \(awj ﬂj\/\\} Date: arf-l” '?p

(b) COA of G1-P2-MC (18-7N(p2)-18 and (c) GIP3MC, 18-7N(ps)-18

Custom Synthetic Peptide Custom Synthetic Peptide

Sequence: NH2-L-1-MC Sequence: NH2-Y-T-D-N-G-T-F-MC
Name: G1-P4-MC Length: 2AA Name: GI1-P5-MC Length: 7AA
Scale: Research TotNo: 171110 Scale: Research LotNo: 180528
Molecular Weight: 460 Appearance: White Powder Molecular Weight: 746 Appearance: White Powder
Requesting Purity:  >95% Requesting Weight: 200mg Requesting Purity:  >95% Requesting Weight: 200mg
Results of Analyses: Results of Analyses:

Actual Weight: 200.0mg Actual Weight: 13.6mg

HPLC Purity: 99.68% HPLC Purity: 96.10%

Mol. Weight: 459.96 Mol. Weight: 746.33
Storage: stored at -20°C and keep dry Storage: stored at -20°C and keep dry
‘The product is used for research only, not for human use The product is used for research only, not for human use
Signature: Yﬁ"‘é N"’j Date:__201)-12-7 —— CHen x%m%ﬁ _— 18.9).20

(d) COA of G1-P4-MC (18-7N(p4)-18) and (¢) G1-P5-MC (18-7N(ps)-18)
Figure 9 Certificate of analysis of peptide-modified gemini surfactants (a-e)
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(b) 18-7N(RLE)-18
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(€) 18-7N(YTDNGTF)-18

(f) 12-7N(YTDNGTF)-12
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Figure 10 Peptide-modified dicationic gemini surfactants m-7N(p)-m (m=12 and 18, P= RGD, RLE,
FASNKL, LI and YTDNGTF) (a-f), peaks shown in the graphs are triply charged [M*'] and doubly
charged [M*']. The doubly charged peaks are characteristic peaks in the mass spectrometry from the
cationic charged quaternary nitrogen’s, any additional charge peaks obtained could be contributed form
the peptide which is possible due to the use of 0.1% formic acid in MeOH which can form a charged
species of the molecule being analyzed.
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c. 18-7N(18)-18 GP-NPXs d. 12-7N(ps)-12 pLPXs
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1. 18-7N(ps)-18 pNPXs

Size Distribution by Intensity
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Figure 11 Particle size distribution profiles of m-7NH-m, m-7N(m)-m and m-7N(p,)-m pNPXs (m=12
and 18, pn=pi.s) and pNPXs at 5:1 ratio of gemini:plasmid (gWIZ-GFP) obtained from DLS using
Malvern ZetaSizer Nano ZS, a. 18-7-18 NPXs, b. 18-7NH-18 NPXs, c. 18-7N(18)-18 NPXs, d. 12-
7N(ps)-12 pLPXs, e. 18-7N(pi)-18 pNPXs, f. 18-7N(p2)-18 pNPXs, g. 18-7N(p3)-18 pNPXs, h. 18-
7N(p4)-18 pNPXs and i. 18-7N(ps)-18 pNPXs

R?=0.9946
3 Y = 0.05530*X + 0.08633

Optical density (OD)

0 1
0 20 40 60

Total BDNF (pg)

Figure 12 Standard plot for Total BDNF dilutions 15.6 pg/mL-1000 pg/mL made from BDNF standard
with an R? value=0.9946. Unknown concentrations of the BDNF from samples analyzed were obtained
from fitting the unknown values into the above standard plot

In vivo topical application studies of pLPXs in a CD1 mice model
A pilot experiment was carried out to evaluate the topical delivery of gWIZ-GFP plasmid using the 18-
7N(ps)-18 pLPXs, 18-7NH-18 LPX, Lipofectamine® 3000 and saline controls.
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Five pL doses containing 0.5ug DNA were applied into each eye two times a day for 5 days, 6-week
old male CD1® mice (Charles River) which were randomly assigned to three experimental groups as
follows Group 1 saline control (2 mice, n=4 eyes), Group 2 with topical treatment 18-7NH-18 5:1:1

LPXs (3 mice, n=6 eyes) and Group 3 topical treatment with 18-7N(ps)-18 5:1:1 pLPXs (3 mice, n=06
eyes).

For topical application, mice were restrained by grabbing the ventral superficial skin by hand to allow
the eyes pop out to easily apply the 5 uL topical doses two times a day for 5 days using a micropipette.
The animals were held for 10-15 seconds before releasing them into their cages and kept busy for
another 30 seconds, to avoid eye scratching and rubbing events allow the dose to spread completely in
the eye. Other ophthalmic drops or ointments were not applied before or after the formulation to
minimize interference with absorption of the test formulations. Animals were euthanized on Day 6,

eyes were collected and placed in 4% PFA for 2 hours on a rotary shaker.

Three eyes from Group 2 and 3 and 2 eyes from Group 1 were removed for isolation of retina under a
stereomicroscope and whole mounts are prepared. The remaining 3 eyes form each Group 2 and 3 and
one from Group 1 were transferred to 20% sucrose solution for overnight fixation. Eyes were later
embedded into cryosectioning molds using OCT medium and frozen (-20°C) till further cryosectioning
using Thermo-Microm manual cryostat. The whole mount retinas isolated from the eyes from Group 2
(18-7N(ps)-18 5:1:1 pLPXs) and Group 3 (18-7NH-18 5:1:1 LPXs) were examined for GFP expression

using CLSM (Carl-Zeiss AG).

In an explorative studies, CD1 mice received Sul doses of 18-7N(ps)-18 7.5:1:1 pLPXs (7.5:1:1,
pG:P:L) and 18-7NH-18 7.5:1:1 LPXs (7.5:1:1 ratio of G:P:L and gWIZ-GFP 0.5ug DNA/dose) twice
a day for five days by topical application. The confocal microscopic examination of the isolated retinas

indicated that mice treated with 18-7N(ps)-18 7.5:1:1 pLPXs have shown good GFP expression at the
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optic disc area where mostly the RGC converge to form an optic bundle, also the GFP expression was
noticed in various other parts of the retina marked with red arrow heads. 18-7NH-18 7.5:1:1 LPXs
treated retinas have also shown GFP expression mostly near to the optic disc area and can be seen under
Appendix 2 Figure 13 F and G. Comparatively with 18-7NH-18 7.5:1:1 LPXs treated eyes, 18-7N(ps)-
18 7.5:1:1 pLPXs treated retinas have higher gene expression when observed. All the positive
transfection areas were marked with red arrow heads in the images captured. Saline treated controls
have not shown any autofluorescence in the retinal layers and the autofluorescence was normalized by
capturing images at the same laser power and using similar gains to obtain true GFP expression data
compared to controls (H and I). GFP expression was observed with both the treated retinas but the
expression in 18-7NH-18 7.5:1:1 LPXs treated retina was confined mostly to the optic disc cup and
was also in a lower amount compared to the 18-7N(ps)-18 7.5:1:1 pLPXs treated retinas where the GFP
expression is observed at various areas of the whole retina and has distributed in the other retinal layers.
All imaged were obtained without any nuclei or cell staining, increased amount of autofluorescence in

the treated retinal whole mounts has been observed. (Data is shown under below figures).
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Figure 13 Evaluation of 18-7NH-18 LPXs and 18-7N(ps)-18 pLPXs as retinal gene delivery agents
after topical application in a CD1 mice model. Image A, B, C, D and E shows 18-7N(ps)-18 LPXs
treated retinas, retinal whole mount imaged using GFP channel (only few GFP expression spots were
marked with red arrow heads), Image (C) shows gene expression around the optic disc area, Image (D,
E) shows GFP expression on the RGC layers, Images (F, G) were treated with 18-7NH-18 LPXs retinal
whole mounts imaged using GFP channel (only few GFP expression spots were marked with red arrow
heads), Saline control image (H) using GFP channel at increased contrast setting to assess tissue
autofluorescence, Saline control (I) imaged at a baseline contrast setting (used to image treated retinas),
images did not show any autofluorescence.
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Appendix 3 Assessment of IgSF-peptide modified gemini surfactants as
potential cell surface binding entities to integrins and IgCAMs: An in silico

molecular docking study- Exploratory study

Introduction

In our previous chapter we demonstrated that having a functional peptide moiety conjugated onto a
gemini surfactant can improve gene delivery to retinal cells in eye. The peptide moieties are expected
to improve the delivery of therapeutic genes due to improved binding with cell surface proteins bearing
integrins and Ig-like domains expressed within the retinal cell population. There are many target
proteins expressed in retinal cells such as integrins (230, 267), L1-CAM (276), TrKB (45, 274), while
myelin protein zero (Po) (328) is expressed during the growth and injury to the axonal structures of the
RGCs. These expressed proteins help in the repair and growth of the damaged neurons and RGCs and
also maintain general homeostasis of the retinal cell layers. Hence, we have identified five CAMs, such
as integrin-binding (RGD, (p:) (230, 235, 329, 330)) and IgSF-peptides such as RLE (p2) (204),
FASNKL (p3)(276, 277, 331), LI (ps) (272, 273) and YTDNGTF (ps)(269-271, 328)) that can elicit
homophilic and heterophilic interactions with other CAMs including Ig-like molecules. The peptides
were conjugated onto 2" generation gemini surfactant molecules and have been successfully tested to

deliver therapeutic DNA to retinal cells in eye (Chapter 4).

Molecular docking studies have been used as a tool to screen ligands and chemical entities to identify
their binding affinity to target proteins. Programs such as AutoDock, DOCK, FLOG, GOLD, SLIDE
have been used over past decade and many new algorithms have been developed such as GLIDE (332)
and CDOCKER (333). With the availability of high-resolution protein structures, identifying targets
that bind with a specific peptide structure can be carried out by subjecting the peptide ligand molecule

and the protein structure to the docking algorithm and ranking the ligand molecules based on their
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binding affinity. This can often be adapted as a first-line technique to identify the lead targets and screen
the top ligand candidates for efficiency (334). There is no doubt that the success of molecular docking
studies depends on the availability of a pre-existing database; in this case databases such as proteins,
nucleic acids, ligands in higher resolution can help in achieving the best target hits for ligands. Force-
field based scoring functions have been developed that can be used to score the molecules based on
their interaction and binding energies in docking studies (335). With the use of the molecular docking
studies, the molecular confirmations of ligand binding with the protein at various active sites, charge

interactions, hydrogen bonding, hydrophobic and pi-alkyl interactions can be determined.

Rationale and objective

The presence of RGD or IgSF-peptide modification on the gemini surfactant (m-7N(pi.s)-m, m=Csg)
can enhance interactions with integrins or Ig-like cell surface proteins expressed in the retinal cells of
the eye. As shown in Chapter 4, NPs made from m-7N(pi.s)-m improve the delivery of therapeutic

DNA compared to NPs made from unmodified-gemini surfactants.

As a pilot study to explore whether molecular docking can be used to predict the binding properties of
peptide-modified gemini surfactants we used peptide 1 (RGD) and 18-7N(p1)-18 as a prototype for in
silico molecular docking studies with its known target, 1L5G integrin protein. IgSF peptide (p3)
FASNKL and 18-7N(p3)-18 gemini surfactant were selected from the IgSF class to identify potential
cell adhesion properties with other Ig-CAMs, FASNKL peptide (L1 sequence responsible for binding
with Neuropilin-1 (NP-1)) contain Ig like domains and acts like an L1-CAM mimetic. L1-CAM
peptides have binding affinity to NP-1 transmembrane protein a complex of Sema 3A together and
prevents endocytosis (336). The L1-CAM peptides also have affinity to bind to other Ig-like domains
(homophilic adhesion-similar type of Ig-like domains) and also towards the integrins and carbohydrates

(heterophilic interaction) (290, 337). Due to the non-availability of a pure crystal structure of NP-1 the
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molecular docking studies were only carried out on integrin proteins (1L5G) to at least identify their

binding affinity to the integrin (avp3) 1L5G.
This approach may be adapted to test large libraries of peptide modified compounds in the future.

Materials and Methods

Chem Draw 18.0 (Perkin Elmer, Santa Clara, CA, USA), BIOVIA Discovery Studio (Dassault Systems,
San Diego, CA, USA), Research Collaboratory for Structural Bioinformatics (RCSB)- Protein Data
Bank (PDB files)- Integrin (avB3) (1L5G), Ligands- Chem Draw structures (.sdf files) of 18-7NH-18
gemini  surfactant  (N,N'-(azanediylbis(propane-3,1-diyl))bis(N, N-dimethyldodecan-1-aminium)
(Batch: FL18GLN-053117-RX9-001) was synthesized in-house, pi peptide (RGD), ps: peptide
(FASNKL), 18-7N(p1)-18 gemini surfactant and 18-7N(p3)-18 gemini surfactants were synthesized by

Celtek peptides, TN, USA.

Molecular docking studies- binding interactions assessment of IgSF-peptides and their
conjugated gemini surfactant derivatives

Based on the results in Chapter 4, the binding affinity and non-bonding interaction of two peptide
modified gemini surfactants (18-7N(p1)-18 and 18-7N(p3)-18 and the respective peptides alone (p; and
ps) along with parent control 2™ generation18-7NH-18 gemini surfactant with the integrin (avf3), PDB
ID: 1L5G (338), were assessed in this part of the study. The high-resolution X-ray crystallographic
structure of integrin protein (avp3) was obtained from RCSB-PDB (PDB ID:1L5G). The protein was
prepared for docking by removing any already docked ligands leaving only the protein structure and
minimization of energy of the 1L5G integrin protein with a steepest-descent protocol was carried out
using BIOVIA Discovery Studio (Dassault Systems). Ligand molecules were sketched using Chem
Draw (PerkinElmer) and imported into Discovery Studio to prepare for docking. CHARMm forcefield

was applied and energy minimization was carried out using steepest descent protocol with 1000
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iterations. After minimizing energy for both protein and ligand molecules, ligand-protein interaction
studies were carried out by defining the active site. Ligand binding site of 75A was selected as a large
active site grid, which allows for ligand modelling all over the active sites in the 1L5G integrin protein,
and the best iterations were reported. Molecular docking was carried out using the ‘receptor-ligand
interactions’ module. CDOCKER algorithm was used to find the most appropriate binding sites and
interactions for 18-7NH-18 gemini surfactant, p; peptide (RGD), ps peptide (FASNKL), 18-7N(p1)-18
and 18-7N(p3)-18 gemini surfactants. The docked ligand confirmations were ranked based on the
CDOCKER energy scores. Polar and non-polar interactions were also analyzed, and all the important

interactions displayed by the ligand were visualized.

Results

Assessment of binding affinity and interactions of IgSF-peptides (p: and p3) and their conjugated
gemini surfactants

Molecular docking studies of 18-7NH-18, 18-7N(p1)-18, 18-7N(p3)-18 gemini surfactants, p; and p3
peptide ligands (Figure 14Figure 14 a-d) with the integrin protein (avB3) 1L5G was successfully
carried out and the results obtained have shown the binding affinity of each of the ligand molecule with
the integrin protein. All the non-bonding interactions of the ligand molecule with the amino acids of
the integrin protein were identified and a total of 10 hits with the highest CDOCKER energy were
reported. The 18-7NH-18 gemini surfactant docked on to the integrin receptor had a CDOCKER energy
score of -27.95. Some of the non-bonding interaction for this ligand molecule were hydrogen bonding
with Met301 (Bond length (BL): 2.76 A), ASN332(BL): 2.88 A) and hydrophobic interaction between
alkyl groups of gemini and the ILE216 (BL: 4.93A). Pi-alkyl interactions were also noted with HIS539
of the 1L5G integrin protein and alkyl groups of gemini surfactant (BL: 5.11 A). The 18-7NH-18

gemini surfactant was oriented with the 1L5G integrin protein in such a way that the two alkyl tails
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were placed between the av and B3 subunit and the interaction appeared to be mostly with the
superficial amino acids and not from inside the cavity core between the a and B propeller subunits
(Figure 15Figure 15 ).The non-bonding interaction results for 18-7NH-18 docking and the interactions

present were presented in Table 3.

Peptides p: and p; were also docked on to the 1L5G integrin protein, for p; peptide the

CDOCKER energy was found to be -64.33 and CDOCKER interaction energy of -46.50 Kcal/mol.

NH,

HN

O o
® I @
\N/\/\N/\/\N/
7/ N
(a) 18-7N(p,)-18
Chemical Formula: CsgH; oNgOs>* (b) 18-7N(p3)-18
Exact Mass: 1021.93 Chemical Formula: C77H,4,N |, 0g>"
Molecular Weight: 1022.65 Molecular Weight: 1355.09
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(c) p;-RGD Peptide
Chemical Formula: C;,H»;,NO¢
Molecular Weight: 346.34

iz

(d) p3-FASNKL peptide
Chemical Formula: C3;H5oNgOg
Molecular Weight: 678.79

Figure 14 Ligand molecules selected for docking on to 1L5G integrin protein using BIOVIA
Discovery Studio with CHARMm forcefield and CDOCKER algorithm. (a) 18-7N(p:1)-18, (b) 18-
TN(p3)-18, (¢) p1 peptide (RGD) and (d) p; peptide (FASNKL). The 2D structures were sketched using

Chem Draw.

The major non-bonding interactions were hydrogen bonding with GLN271(BL: 2.63A), ARG303
(BL:2.71A), GLN 314 (BL:2.52A), ASN332 (BL:2.86), ARG 563 (BL:2.65A), ARG303 (BL:1.75).
Electrostatic interactions between H39 of p; peptide-ASP302 (BL:1.93A) and 023 of p; peptide-
LYS330 (BL:4.96) were also noted with the 1L5G integrin protein (Figure 16 c, d). All the non-bonding
interactions of the p peptide were shown in Table 4. CDOCKER and binding energies for 18-7NH-18
gemini surfactant docked onto 1L5G integrin protein were found to be -27.95 and -54.83 Kcal/mol,

respectively.
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Table 3 List of top hits and non-bonding interactions between 18-7NH-18 ligand and 1L5G integrin
protein identified by docking using CDOCKER algorithm

a. Top hits from docking the 18-7NH-18 ligand to 1L5G

(-) CDOCKER
interaction energy
Top hits | Peptide conformation (-) CDOCKER energy (Kcal/mol)
1 18-7NH-18_final molecule 27.9537 54.8397
2 18-7NH-18_final molecule 25.5525 47.6708
3 18-7NH-18_final molecule 23.4255 58.8757
4 18-7NH-18_final molecule 23.4225 50.8261
5 18-7NH-18_final molecule 23.3994 50.686
6 18-7NH-18_final molecule 23.1355 50.2547
7 18-7NH-18_final molecule 22.8687 42.3297
8 18-7NH-18_final molecule 22.3544 46.1682
9 18-7NH-18_final molecule 20.4942 53.6812
10 18-7NH-18_final molecule 20.4693 49.0691
b. Non-bonding interactions between 18-7NH-18 ligand and 1L5G protein
Non-bond Bond | Bond Interaction | Donor Function | Acceptor Function
interactions | length | Type group group
A)
18-7NH-18:H152 | 2.76 Hydrogen Conventional 18-7NH- H-Donor A:MET301:0 H-Acceptor
- A:MET301:0 Hydrogen Bond | 18:H152
18-7NH-18:C29 - | 4.93602 | Hydrophobic | Alkyl 18-7NH- Alkyl A:ILE216 Alkyl
AILE216 18:C29
B:HIS539 — 511899 | Hydrophobic | Pi-Alkyl B:HIS539 | Pi-Orbitals 18-7NH-18:C47 | Alkyl
18-7NH-18:C47
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a. Docked ligand with the 1L5G protein b. Hydrogen bonding with MET301

c. Hydrophobic Pi-Alkyl interaction with HIS539 d. Hydrophobic Interaction-Alkyl with

ILE216

N
-

Figure 15 Docking of 18-7NH-18 ligand to 1L5G integrin protein and non-bonding interactions. a. 18-
7NH-18 ligand docked between the a and P subunits, b. Hydrogen bonding interaction with MET301,
c. Pi-Alkyl interaction between HIS539 and C47 of the ligand, d. Hydrophobic interaction between
ILE216 and C29 of the ligand.
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Table 4 List of top hits and non-bonding interactions between p; (RGD) peptide and 1L5G identified
by docking using CDOCKER algorithm

a. Top hits from docking p: peptide to 1L5G protein

(-) CDOCKER interaction
Top energy
hits Peptide conformation (-) CDOCKER energy (Kcal/mol)
1 RGD_peptide 1 64.3384 46.5078
2 RGD_peptide 1 64.2923 46.165
3 RGD_peptide 1 63.1076 45.3192
4 RGD_peptide 1 62.451 44.6273
5 RGD_peptide 1 60.3128 44.2566
6 RGD_peptide 1 60.0094 37.3512
7 RGD_peptide 1 59.6255 40.1807
8 RGD peptide 1 56.8117 40.4812
9 RGD_peptide 1 56.6701 36.0673
10 RGD_peptide 1 56.5529 38.3077

b. Non-bonding interactions of p; peptide docked in to 1L5G protein

Non-bond Bond | Bond Interacti | Donor Functi | Acceptor Functi
interactions length | Type on group on group on
(A)
RGD peptide 1:H3 1.93 Hydrogen Salt RGD peptide | H- A:ASP302:0D2 H-
9 - A:ASP302:0D2 Bond;Electros | Bridge;Attrac | _1:H39 Donor;Po Acceptor;
tatic tive Charge sitive Negative
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RGD _peptide 1:H4 | 1.91 Hydrogen Salt RGD peptide | H- RGD peptide 1: H-

2 - Bond; Bridge;Attrac | _1:H42 Donor;Po | 023 Acceptor;

RGD_peptide_1:02 Electrostatic tive Charge sitive Negative

3

A:LYS330:NZ - | 496 Electrostatic Attractive A:LYS330:N | Positive RGD_peptide_1: Negative

RGD_peptide_1:02 Charge z 023

3

A:GLN271:HE22 - | 2.63 Hydrogen Conventional | A:GLN271:H | H-Donor | RGD peptide 1: H-

RGD_peptide 1:02 Bond Hydrogen E22 024 Acceptor

4 Bond

A:ARG303:HE - 271 Hydrogen Conventional | A:ARG303:H | H-Donor | RGD peptide 1: H-

RGD_peptide _1:01 Bond Hydrogen E 017 Acceptor

7 Bond

A:GLN314:HE22 - | 2.52 Hydrogen Conventional | A:GLN314:H | H-Donor | RGD peptide 1: H-

RGD_peptide 1:02 Bond Hydrogen E22 023 Acceptor

3 Bond

A:ASN332:HD22 - | 2.86 Hydrogen Conventional | A:ASN332:H | H-Donor | RGD peptide 1: H-

RGD_peptide_1:01 Bond Hydrogen D22 013 Acceptor

3 Bond

B:ARG563:HH12 - | 2.65 Hydrogen Conventional | B:ARG563:H | H-Donor | RGD peptide 1: H-

RGD_peptide_1:02 Bond Hydrogen H12 02 Acceptor
Bond

RGD peptide 1:H3 1.75 Hydrogen Conventional | RGD_peptide | H-Donor | A:ARG303:0 H-

8 - A:ARG303:0 Bond Hydrogen _1:H38 Acceptor
Bond

RGD peptide 1:H4 | 2.02 Hydrogen Conventional | RGD_peptide | H-Donor | A:ASN332:0D1 H-

0 - A:ASN332:0D1 Bond Hydrogen _1:H40 Acceptor
Bond
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RGD _peptide 1:H4 | 2.11 Hydrogen Conventional | RGD peptide | H-Donor | A:ASN332:0D1 H-

1 - A:ASN332:0D1 Bond Hydrogen _1:H41 Acceptor
Bond

RGD _peptide 1:H4 | 2.67 Hydrogen Conventional | RGD peptide | H-Donor | RGD peptide 1: H-

2 - RGD_peptide_1: Bond Hydrogen _1:H42 013 Acceptor

013 Bond

RGD _peptide 1:H4 | 1.93 Hydrogen Conventional | RGD peptide | H-Donor | RGD peptide 1: H-

3 - RGD peptide 1: Bond Hydrogen _1:H43 022 Acceptor

022 Bond

a. p1 peptide docked between o and B subunits
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c. Salt-bridge: attractive charge (ASP302:0D2)  d. Hydrogen-bond interactions between pi:1L5G

Figure 16 Docking of p: peptide to 1L5G integrin protein and non-bonding interactions. (A, B) p:
peptide docked between a and B subunits of 1L5G integrin protein (C, D) Electronic and hydrogen
bonding interactions between p; peptide and 1L5G integrin protein.

The strong binding of p3 peptide was observed within the cavity of the integrin protein 1L5G between
both the av and B3 subunits (Figure 17 a, b). Electrostatic interaction between ps peptide (FASNKL):
1L5G receptor protein were H88-GLU270 (BL:2.91A), N39-ASP302 (BL:4.07A), hydrogen bonding
interactions identified were ARG303-022 (BL:2.53A), LYS330-029 (BL:1.87A), H86-GLU270 (BL:
1.72A). Few other interactions were also observed such as the Pi-Sulfur interaction between MET272-
Pi orbitals of ps peptide (BL:5.85A) and alkyl interaction between C46-LYS330 (BL:5.07 A). All the
interactions obtained were listed under Table 5. The peptide conjugated 18-7N(p1)-18 and 18-7N(ps)-

18 ligands were also docked on to 1L5G protein

Table 5 List of top hits and non-bonding interactions between p; (FASNKL) peptide and 1L5G
identified by docking using CDOCKER algorithm

a. Top hits from docking ps peptide and 1L5G protein

(-) CDOCKER interaction
Top hits | Peptide conformation (-) CDOCKER energy
energy Kcal/mol
1 FASNKL peptide 89.4801 59.7153
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2 FASNKL peptide 89.461 54.3412
3 FASNKL peptide 82.3538 45.7394
4 FASNKL peptide 81.2339 45.1971
5 FASNKL peptide 80.7824 48.0119
b. Non-bonding interactions between ps peptide and 1L5G protein
Non-bond | Bond | Bond Interact | Donor group | Functi | Acceptor Function
interactio | length | Type ion on group
ns (A)
FASNKL pept | 2.9166 Hydrogen Salt FASNKL peptide: | H- A:GLU270:0E2 H-
ide:H88 - Bond;Electr Bridge;Attr | H88 Donor;Po Acceptor;Ne
A:GLU270:0E ostatic active sitive gative
2 Charge
FASNKL pept | 4.07733 Electrostatic | Attractive FASNKL peptide: | Positive A:ASP302:0D2 Negative
ide:N39 - Charge N39
A:ASP302:0D
2
A:ARG303:HE | 2.53577 Hydrogen Convention | A:ARG303:HE H-Donor FASNKL peptide: | H-Acceptor
- Bond al Hydrogen 022
FASNKL pept Bond
ide:022
A:GLN314:HE | 2.0902 Hydrogen Convention | A:GLN314:HE22 H-Donor FASNKL peptide: | H-Acceptor
22 - Bond al Hydrogen 024
FASNKL_pept Bond
ide:024
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A:LYS330:HZ | 1.87446 Hydrogen Convention | A:LYS330:HZ2 H-Donor FASNKL peptide: | H-Acceptor
2 - Bond al Hydrogen 029

FASNKL_pept Bond

ide:029

A:ASN332:HD | 2.44996 Hydrogen Convention | A:ASN332:HD22 H-Donor FASNKL peptide: | H-Acceptor
22 - Bond al Hydrogen 024

FASNKL pept Bond

ide:024

FASNKL_pept | 1.72275 Hydrogen Convention | FASNKL peptide: | H-Donor A:GLU270:0 H-Acceptor
ide:H86 - Bond al Hydrogen | H86

A:GLU270:0 Bond

A:MET272:SD | 5.85488 Other Pi-Sulfur A:MET272:SD Sulfur FASNKL peptide | Pi-Orbitals
FASNKL pept

ide

FASNKL pept | 5.07907 Hydrophobi | Alkyl FASNKL peptide: | Alkyl A:LYS330 Alkyl
ide:C46 - c C46

A:LYS330

a. p3 peptide docking to 1L5G

b. H-bonding interactions between p3:1L5G
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c. Electrostatic interactions between p3:1L5G d. Pi-Sulfur interactions between p3:1L5G

Figure 17 Docking of ps; peptide to 1L5G integrin protein and non-bonding interactions. a. p3 ligand
molecule docked into the cavity of the a5 and B3 subunits (b) Hydrogen bonding interactions of
p3:1L5G, (c) Electrostatic interactions between p3 peptide and 1L5G and (d) Pi-Sulfur interactions
between MET272 and Pi-orbitals of p; peptide.

Peptide conjugated gemini surfactants, 18-7N(p1)-18 and 18-7N(ps)-18, were also evaluated to
identify their potential binding affinity towards 1L5G integrin protein. Docking studies demonstrate
stronger binding affinity of 18-7N(p1)-18 compared to p: peptide or 18-7NH-18. The CDOCKER
energy of the best hit was found to be -83.02 Kcal/mol with a CDOCKER interaction energy value of
-80.77 Kcal/mol. Hydrogen bonding was found to be the dominant binding interaction obtained from
18-7N(p1)-18 docking on to 1L5G protein. Complete list of non-bonding interactions that arise from
the 18-7N(p1)-18 ligand docking onto the 1L5G integrin protein are listed in Table 6. These are
hydrogen bonding between ligand: proteins such as O60:ARG303 (BL:2.92 A), 068:ARG303
(BL:2.47 A), 068:ARG303-HH21 (BL:2.00 A), H186:GLU270 (BL:2.79), H188: GLU270 (BL:2.29

A), and H128:ASN332-OD1 (BL:2.44 A) (Figure 18).
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Table 6 List of top hits and non-bonding interactions between 18-7N(pi1)-18 gemini surfactant and
1L5G integrin protein identified by docking using CDOCKER algorithm

a. Top hits from docking 18-7N(p1)-18 ligand to 1L5G integrin protein

(-) CDOCKER interaction
Top hits Peptide conformation (-) CDOCKER energy
energy Kcal/mol

1 18-7N(p1)-18 83.024 80.7795

2 18-7N(p1)-18 75.5032 69.3201

3 18-7N(p1)-18 65.9547 57.6342

4 18-7N(p1)-18 65.8202 78.2045

5 18-7N(p1)-18 65.3899 80.313

6 18-7N(p1)-18 63.6058 82.9474

7 18-7N(p1)-18 63.574 67.8352

8 18-7N(p1)-18 63.1893 69.9844

9 18-7N(p1)-18 62.3711 68.0847

10 18-7N(p1)-18 62.0203 62.9072

b. Non-bonding interactions between 18-7N(p1)-18 ligand and 1L5G protein
Non-bond Bond | Bond Interact | Donor Functi | Acceptor Functi
interactions lengt | Type ion group on group on
h Q)
A:ARG303:HN - 18- | 292486 | Hydrogen | Convention | A:ARG303:HN H-Donor | 18-7N(RGD)- H-
TN(RGD)- Bond al 18_final_molecule: | Acceptor
18_final_molecule:060 Hydrogen 060
Bond
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A:ARG303:HE - 18- | 2.47255 | Hydrogen Convention | A:ARG303:HE H-Donor | 18-7N(RGD)- H-
TN(RGD)- Bond al 18_final_molecule: Acceptor
18_final_molecule:068 Hydrogen 068

Bond
A:ARG303:HH21 - 18- | 2.00892 | Hydrogen Convention | A:ARG303:HH21 | H-Donor | 18-7N(RGD)- H-
TN(RGD)- Bond al 18_final_molecule: Acceptor
18_final molecule:068 Hydrogen 068

Bond
18-7N(RGD)- 2.7953 Hydrogen Convention | 18-7N(RGD)- H-Donor | A:GLU270:0 H-
18 final molecule:H18 Bond al 18 final molecule Acceptor
6 - A:GLU270:0 Hydrogen :H186

Bond
18-7N(RGD)- 2.29769 | Hydrogen Convention | 18-7N(RGD)- H-Donor | A:GLU270:0 H-
18_final molecule:H18 Bond al 18 final molecule Acceptor
8- A:GLU270:0 Hydrogen ‘H188

Bond

a. Docking of 18-7N(p1)-18 ligand with 1L5

b. Alkyl tail interactions 18-7N(pi1)-18:1L5G
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c. Hydrogen bonding H186:GLU270 d. Hydrogen bonding O60: ASP302, ARG303

Figure 18 Docking of 18-7N(pi)-18 gemini surfactant to 1L5G integrin protein and non-bonding
interactions. a. 18-7N(p1)-18 ligand molecule docked into the cavity of the a5 and 33 subunits and alkyl
tails positioned over the subunits b. Alkyl tail interactions of 18-7N(p1)-18:1L5G, c. Hydrogen bonding
interactions between 18-7N(pi)-18 and 1L5G (H186:GLU270), d. Hydrogen bonding interactions
between 18-7N(p1)-18 060:1L5G-ASP302 and ARG303.

Docking studies for the 18-7N(p3)-18 demonstrated stronger binding affinity compared to ps peptide
and 18-7NH-18. The CDOCKER energy of the top hit was found to be -92.82 Kcal/mol with a
CDOCKER interaction energy value of -100.116 Kcal/mol. Comparatively, CDOCKER energy and
CDOCKER interaction energy of ps peptide were -89.48 —and 59.71 Kcal/mol, respectively. (Table
7a). Among non-bonding interactions, hydrogen bonding was predominant in the 18-7N(ps;)-18
docking, with some electrostatic and hydrophobic interactions also present (Figure 19). Electrostatic
attractive interactions were found to be between (Ligand: Protein) N-GLU335 (BL:4.94 A) and N-
ASP302 (BL:5.26 A). Alkyl hydrophobic interaction was identified between C-ARG303 (BL:4.27 A).
All other interaction were mostly hydrogen bonding between hydrogens of the ligand and oxygens of
the amino acid of the 1L5G integrin protein with lower bond length between H-PHE334 (BL:1.80 A),
H-ASP302 (BL:2.01 A) and H-GLY333 (BL:2.26 A) all the other hydrogen bonding interactions were

shown under (Table 7b).
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Table 7 List of top hits and non-bonding interactions between 18-7N(p3)-18 gemini surfactant and
1L5G integrin protein identified by docking using CDOCKER algorithm

a. Top hits for 18-7N(p3)-18 gemini surfactant docking to 1L5G integrin protein

(-) CDOCKER
interaction energy
Top hits Peptide conformation (-) CDOCKER energy Kcal/mol
1 18-7N(FASNKL)-18 92.82 100.11
2 18-7N(FASNKL)-18 90.39 103.39
3 18-7N(FASNKL)-18 87.45 94.37
4 18-7N(FASNKL)-18 77.88 82.310

b. Non-bonding interactions between 18-7N(p3)-18 ligand and 1L5G integrin protein

Non-bond Bond Bond Interaction | Donor Function | Acceptor Function
interactions | length | Type group group
(A)
18- 4.94 Electrostatic Attractive 18- Positive A:GLU335:0E2 | Negative
TN(FASNKL)- Charge TN(FASNKL)-
18:N52 18:N52
A:GLU335:0E2
18- 5.26 Electrostatic Attractive 18- Positive A:ASP302:0D2 | Negative
7N(FASNKL)- Charge 7N(FASNKL)-
18:N84 18:N84
A:ASP302:0D2
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18- 1.80 Hydrogen Conventional 18- H-Donor A:PHE334:0 H-Acceptor
7N(FASNKL)- Bond Hydrogen TN(FASNKL)-

18:H234 - Bond 18:H234

A:PHE334:0

18- 2.013 Hydrogen Conventional 18- H-Donor A:ASP302:0D2 | H-Acceptor
7N(FASNKL)- Bond Hydrogen TN(FASNKL)-

18:H238 - Bond 18:H238

A:ASP302:0D2

18- 2.26 Hydrogen Conventional 18- H-Donor A:GLY333:0 H-Acceptor
TN(FASNKL)- Bond Hydrogen TN(FASNKL)-

18:H242 - Bond 18:H242

A:GLY333:0

18- 2.48 Hydrogen Conventional 18- H-Donor A:ASN332:0 H-Acceptor
TN(FASNKL)- Bond Hydrogen TN(FASNKL)-

18:H243 - Bond 18:H243

A:ASN332:0

18- 2.39 Hydrogen Conventional 18- H-Donor A:GLY333:0 H-Acceptor
TN(FASNKL)- Bond Hydrogen TN(FASNKL)-

18:H243 - Bond 18:H243

A:GLY333:0

18- 4.27 Hydrophobic | Alkyl 18- Alkyl A:ARG303 Alkyl
TN(FASNKL)- 7N(FASNKL)-

18:C93 - 18:C93

A:ARG303
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a. Docking of 18-7N(p3)-18 with 1L5G

b. Hydrophobic interactions between C-ARG303

c¢. Electrostatic interactions N84-ASP302
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d. Hydrogen bonding interactions

Figure 19 Docking of 18-7N(p3)-18 gemini surfactant to 1L5G integrin protein and non-bonding
interactions obtained. a. Docking of 18-7N(ps3)-18 with 1L5G, b. Hydrophobic interaction between
alkyl tail and ARG303, c. Electrostatic interaction between N-ASP302 and the nitrogens N52 and N84

and d. Hydrogen bonding interactions.

Comparative analysis of the CDOCKER energies and binding energies showed that the 18-7N(p3)-18

ligand molecules have shown significantly higher CDOCKER energy and CDOCKER interaction

energy (-92.82 and -100.11 Kcal/mol, respectively) (****p<0.0001), compared to 18-7NH-18 (-27.95
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and -54.83 Kcal/mol, respectively). Also, the p; peptide had similar CDOCKER energy to 18-7N(p3)-
18 (-89.48) while the CDOCKER interaction energy was found to be -59.71 Kcal/mol.

Similarly, docking 18-7N(pi)-18 ligand onto the 1L5G integrin protein produced a top with a
CDOCKER energy of -83.02 and CDOCKER interaction energy of -80.77 Kcal/mol, which are
significantly higher (****p<0.0001) compared to unconjugated 18-7NH-18 gemini surfactant ligand (-

27.95 and -54.83 Kcal/mol, respectively) (Figure 20 a, b).
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Figure 20 Comparative analysis of (-) CDOCKER energy and (-) CDOCKER interaction energy from
molecular docking studies. a. comparative analysis of (-) CDOCKER energies of 18-7NH-18, p;
peptide, 18-7N(p1)-18, p; peptide and 18-7N(p3)-18 ligands. 18-7N(p3)-18, 18-7N(p:1)-18 demonstrated
significantly higher CDOCKER energies compared to 18-7NH-18 and their respective peptides p3 and
p1 peptide (¥***p<0.0001), b. comparative analysis of (-) binding energies of 18-7NH-18, pi, p3
peptides, 18-7N(p1)-18 and 18-7N(p3)-18 gemini surfactants, 18-7N(p3)-18 and 18-7N(p1)-18 ligands
demonstrate a significant difference (****p<0.0001) compared to 18-7NH-18 and their respective
peptides ps peptide and p; peptide (¥***p<0.0001).

Discussion

Molecular docking studies are a vital tool in drug target identification, screening and in identifying
ligands with suitable binding affinities to target proteins. With the availability of high resolution X-ray
crystallographic structures of proteins, and various molecular docking algorithms such as CDOCKER
(Biovia Discovery Studio) (333), Libdock (Biovia Discovery Studio), GLIDE (Schrodinger) (332) were

developed to simulate and optimize the binding interactions. In previous chapters we have demonstrated
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the in vitro and in vivo TE of pNPXs made from selected ligands such as 18-7N(p3)-18, 18-7N(p1)-18

and 18-7NH-18.

The improvement in the TE was clearly evident with the pNPXs prepared from peptide modified
gemini surfactants. p1 peptide (RGD) is known to exhibit interaction with the integrin (avp3). Hence
RGD peptide is conjugated on to 18-7NH-18 gemini surfactant to provide the specificity of binding
with integrin protein that are highly expressed in the retinal layers of the eye. From the in vitro and in
vivo results, it has been identified that p; peptide modified gemini surfactant has shown positive TE.
Similarly, ps; peptide (FASNKL) from IgSF sequences has been identified to improve the cell adhesion
of the p3 peptide sequence with the IgSF cell surface proteins such as L1-CAMs, it has to be noted in
this study due to the lack of L1-CAMs protein x-ray crystallographic structures, we used integrin (av3)
PDB ID:1L5G to assess the interactions for 18-7N(p3)-18 gemini surfactant as well along with 18-
7N(p1)-18. It has been reported that ps peptide is able to bind with integrin (avp3)(276). To better
understand the interaction and adhesion of peptide modified ligands with cell surface integrin proteins
and the possible mechanisms involved, in silico docking studies were carried out on parent molecule
18-7NH-18, p: peptide, ps peptide, 18-7N(pi)-18 and 18-7N(p3)-18. Docking studies for all the above
ligands listed were carried out using CDOCKER algorithm using a grid-based molecular docking
method that utilizes CHARMm forcefield. In this method the receptor is held rigid and the ligands were
docked and are allowed to be flexible. The algorithm has generated the top hits for each of the ligand
molecule docked on to the 1L5G protein and were ranked based on their interactions and CDOCKER
energy was used as parameter by the software to rank the top 10 hits. The top hits and the interactions
of all the 5 ligand molecules docked on to 1L5G have shown comparatively that 18-7N(p3)-18 gemini
surfactant ligand has the highest CDOCKER energy -92.82 kcal/mol with a CDOCKER interaction

energy value of -100.116 kcal/mol obtained by docking compared to -27.95 kcal/mol and -89.48
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kcal/mol CDOCKER energy and CDOCKER interaction energy of -54.83 kcal/mol and -59.71 kcal/mol
for 18-7NH-18 and ps peptide respectively. Similarly, 18-7N(p1)-18 showed a CDOCKER energy of -
83.04 kcal/mol with the CDOCKER interaction energy of -80.77 kcal/mol compared to CDOCKER

energy of -64.33 kcal/mol and a CDOCKER interaction energy of -46.50 kcal/mol for p3 peptide.

The 18-7N(p3)-18 gemini surfactant has shown hydrogen bonding interactions as major contributors
of the interaction energies and other interactions such as electrostatic and hydrophobic interactions also
contributed to the strong binding affinity to the protein. CDOCKER energy acts as a marker for the
overall performance of binding of the 18-7N(p3)-18 with the 1L5G integrin protein. The higher negative
value represents stronger bond that is difficult to disrupt. The results clearly demonstrate that 18-
7N(p3)- possess the highest CDOCKER energy compared to any other ligand docked in this study,
CDOCKER energies and binding energies for unmodified 18-7NH-18 gemini surfactant ligand indicate
5-fold and 2-fold higher binding affinity with values -27.95 kcal/mol and -54.83 kcal/mol, respectively.
Similarly, 18-7N(pi)-18 showed higher CDOCKER energy and CDOCKER interaction energy
compared to 18-7NH-18 and p; peptide. These results demonstrate that the gemini surfactant without
peptide modification does not possess higher interaction ability with the cell surface proteins,
conjugation of peptides to gemini surfactants helped in retaining the interaction ability of the peptides
with the integrin receptors and the superiority of the 18-7N(p1)-18 and 18-7N(p3)-18 compared to their
unconjugated gemini and only peptides has been established. The in silico docking studies also helped
in identifying the potential interaction involved in the binding and adhesion interactions of ligands with

the 1L5G protein.

Conclusion
The molecular docking studies has shown that the p3 peptide modified gemini surfactant (18-7N(p3)-
18 showed the highest CDOCKER and CDOCKER interaction energy compared to p3 peptide and 18-
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7NH-18 gemini surfactant similarly 18-7N(p1)-18 showed higher CDOCKER energy compared to pi
peptide and 18-7NH-18 gemini surfactant which is a non-conjugated form of gemini surfactant. These
results demonstrate their superiority over the other peptide modified gemini surfactant molecules. The
5-fold increase in the CDOCKER energy and 2-fold increase in the CDOCKER interaction energy of
the 18-7N(p3)-18 and 3-fold, 1.5 fold increase in CDOCKER energy and CDOCKER interaction energy
for 18-7N(p1)-18 compared to 18-7NH-18 gemini surfactant shows the advantage of RGD peptide and
IgSF-peptide conjugation with 2™ generation parent gemini surfactant 18-7NH-18 to improve binding

and cell adhesion with their respective proteins such as integrins.

Performing the docking studies of the p; peptide and peptide modified compounds on a Ig-CAM
protein would have made the results more interesting to identify the behavior of a IgSF peptide in
interacting with an IgCAM protein, which could have provided more realistic conclusion on the
obtained data. Despite non-availability of a workable I[gCAM protein, this study has shown that
molecular docking studies can be used to identify binding interactions between peptide ligands and
target proteins and can be used as a tool for high throughput screening of peptide functionalized delivery

systems.

This study also helps in drawing the in vitro- in vivo- in silico correlation to confirm if the results
obtained both in vitro and in vivo on the 18-7N(p3)-18 gemini pNPXs are repetitive and dependent on
the peptide modifications performed on the surfactant and that the results are mere reflection of their
molecular interactions leading to their eventual adhesion with the cell surface proteins. This study also
reiterates the importance of in silico molecular modelling software in identifying the binding affinities
and interactions of the peptide ligand with the target proteins and it can be used as a screening tool to
identify potential peptides and peptide modified molecules to improve the delivery of therapeutic

molecules to the target cells expressing various surface proteins.
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Future directions

The screening carried out is completely an in silico based screening that depends mostly on the already
available data from the protein data base and the algorithms that were developed to simulate the binding
of ligand molecules to the active binding sites of the protein to identify their affinity to the target protein.
But an in vitro or in vivo demonstration of the binding affinities can be more of a real reflection of the
actual results. Despite having the in silico results clearly showing the lead compound and interactions
with the protein, one should not always completely rely on the in silico results to confirm their binding
affinity and interaction with the protein instead an in vitro receptor blocking assay, a binding assay can
help in confirming the results from an in silico study. Hence, an in vitro binding assay or the receptor
blocking studies will need to be carried out to support the findings and inferences made with the in
vitro, in vivo transfection studies and in silico molecular docking studies to make a strong and validated

method for future peptide modifications to improve TE and their evaluation.

Also, another major important aspect that need to be focused on is developing the NPX and
nanoparticle ligand systems, instead of docking a simple ligand molecule. There is an unmet need in
building physiologic based models such as bilayer models, surface and transmembrane receptor models
that can dynamically mimic all the physiologic conditions that these ligand systems get exposed to and
challenge the molecules by performing the dockings which can provide with more realistic data and

lead compounds that can behave similarly close to in vivo conditions.
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Appendix 4 Investigation of amphiphilic gemini surfactants and peptide-
modified gemini surfactants as potential Amyloid-Pi40 self-aggregation
inhibitors

Table 8 Top hits for 18-7NH-18 ligand with A4 peptide

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol
1 36.16 51.41
2 34.83 54.59
3 32.87 48.48
4 32.73 44.34
5 32.58 49.71
6 31.43 46.26
7 31.02 52.44
8 30.20 52.86
9 29.27 46.21
10 29.15 46.17

Table 9 Top hits of 18-7N(pi1)-18 and Non-bonding interactions of p; peptide with 2LMN

a. Top hits of 18-7N(p1)-18 docked on to 2LMN peptide

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
kcal/mol
1 60.57 70.69
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2 59.78 51.76
3 58.71 55.99
4 56.60 53.49
5 56.03 55.39
6 55.69 55.08
7 54.61 61.44
8 54.35 58.32
9 54.09 53.34
10 53.62 59.10

b. Non-bonding interactions of p; peptide docked with 2LMN peptide

Bond
Non-bond length Donor
interactions A) Bond Type Interaction group Function Acceptor group | Function
A:VALI18:HN - Conventional A:VALI1S: P1_peptide.sdf: | H-
P1_peptide.sdf:022 | 1.94 Hydrogen Bond | Hydrogen Bond | HN H-Donor 022 Acceptor
P1_peptide.sdf:H25 Conventional P1_peptide. H-
- B:LEU34:0 2.04 Hydrogen Bond | Hydrogen Bond | sdf:H25 H-Donor B:LEU34:0 Acceptor
P1_peptide.sdf:H34 Conventional P1_peptide. H-
- A:PHE20:0 2.80 Hydrogen Bond | Hydrogen Bond | sdf:H34 H-Donor A:PHE20:0 Acceptor
P1_peptide.sdf:H35 Conventional P1_peptide. H-
- A:VAL18:0 2.94 Hydrogen Bond | Hydrogen Bond | sdf:H35 H-Donor A:VALI18:0 Acceptor
P1_peptide.sdf:H35
- Conventional P1_peptide. P1_peptide.sdf: | H-
P1_peptide.sdf:024 | 2.07 Hydrogen Bond | Hydrogen Bond | sdf:H35 H-Donor 024 Acceptor
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P1_peptide.sdf:H36 Conventional P1_peptide. H-

- A:PHE20:0 1.91 Hydrogen Bond | Hydrogen Bond | sdf:H36 H-Donor A:PHE20:0 Acceptor

P1_peptide.sdf:H45 Conventional P1_peptide. H-

- A:LYS16:0 242 Hydrogen Bond | Hydrogen Bond | sdf:H45 H-Donor A:LYS16:0 Acceptor
a) b)

Figure 21 Non-bonding interactions between p; peptide and A4 peptide, (a) Interaction of p; peptide
with the 2LMN peptide, (b, c) hydrogen bonding interactions p: peptide with VAL18, ASP23 and
LEU34, (d) binding of peptide into the hydrophobic pocket of the AP4o peptide
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Table 10 Top hits of 18-7N(p2)-18 and Non-bonding interactions of p, peptide with 2LMN
a. Top hits of 18-7N(p2)-18 with 2LMN

Top Hit (-) CDOCKER energy (-) CDOCKER interaction
energy Kcal/mol
1 63.36 59.86
2 62.45 74.87
3 61.82 58.43
4 61.09 64.15
5 59.57 62.30
6 59.17 66.39
7 56.81 54.19
8 56.13 49.23
9 55.74 54.98
10 55.60 48.69

b. Non-bonding interactions of p» peptide with 2LMN

Bond
Non-bond length Donor
interactions A) Bond Type Interaction group Function Acceptor group | Function
P2_Peptide.sdf:H35 Conventional P2_Peptide. H-
- A:VAL18:0 2.52 Hydrogen Bond | Hydrogen Bond | sdf:H35 H-Donor A:VAL18:0 Acceptor
P2_Peptide.sdf:H36 Conventional P2_Peptide. H-
- A:VAL18:0 2.34 Hydrogen Bond | Hydrogen Bond | sdf:H36 H-Donor A:VALI18:0 Acceptor
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P2_Peptide.sdf:H43 Conventional P2 _Peptide. H-
- A:ASP23:0D1 2.77 Hydrogen Bond | Hydrogen Bond | sdf:H43 H-Donor A:ASP23:0D1 Acceptor
P2_Peptide.sdf:H44 Conventional P2_Peptide. H-
- A:VAL18:0 2.60 Hydrogen Bond | Hydrogen Bond | sdf:H44 H-Donor A:VAL18:0 Acceptor
P2_Peptide.sdf:H46 Conventional P2 _Peptide. H-
- B:LEU34:0 2.06 Hydrogen Bond | Hydrogen Bond | sdf:H46 H-Donor B:LEU34:0 Acceptor

Table 11 Top hits of 18-7N(p3)-18 and Non-bonding interactions of p3; peptide with 2LMN
a. Top hits of 18-7N(p3)-18 with 2LMN

Top Hit (-) CDOCKER energy | (-) CDOCKER interaction energy
Kcal/mol
1 86.38 72.09
2 85.94 64.96
3 80.53 60.85
4 79.10 59.58
5 77.91 58.47
6 77.73 53.70
7 77.43 66.86
8 76.46 59.58
9 76.41 58.12
10 76.22 58.86
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b. Non-bonding interactions of p3 peptide with 2LMN

Bond
Non-bond length Donor
interactions A) Bond Type Interaction group Function Acceptor group | Function
A:VAL18:HN - Conventional A:VALI18: P3_peptide.sdf: H-
P3_peptide.sdf:02 2.26 Hydrogen Bond | Hydrogen Bond | HN H-Donor 02 Acceptor
P3_peptide.sdf:H64 Conventional P3_peptide. H-
- A:VAL18:0 2.78 Hydrogen Bond | Hydrogen Bond | sdf:H64 H-Donor A:VAL18:0 Acceptor
P3_peptide.sdf:H74 Conventional P3_peptide. H-
- B:LEU34:0 231 Hydrogen Bond | Hydrogen Bond | sdf:H74 H-Donor B:LEU34:0 Acceptor
P3_peptide.sdf:H85 Pi-Donor P3_peptide.
- A:PHE19 3.14 Hydrogen Bond | Hydrogen Bond | sdf:H85 H-Donor A:PHEI9 Pi-Orbitals
P3_peptide.sdf:C46 P3 peptide.
- B:LEU34 4.56 Hydrophobic Alkyl sdf:C46 Alkyl B:LEU34 Alkyl
P3_peptide.sdf - P3_peptide.
A:LEU17 4.90 Hydrophobic Pi-Alkyl sdf Pi-Orbitals | A:LEU17 Alkyl

Table 12 Top hits of 18-7N(p4)-18 and Non-bonding interactions of ps peptide with 2LMN

a. Top hits of 18-7N(p4)-18 docked with 2LMN peptide

Top Hit (-) CDOCKER energy (-) CDOCKER interaction
energy Kcal/mol

1 42.47 58.3

2 40.88 63.51

3 38.05 50.48

4 37.08 59.41

5 36.23 53.77

6 35.48 48.93
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7 34.86 52.54
8 34.33 50.59
9 33.99 45.78
10 33.98 51.60

b. Non-bonding interactions of p4 peptide docked with 2LMN peptide

Bond
Non-bond length
interactions A) Bond Type Interaction Donor group | Function Acceptor group | Function
B:LEU34:HN - Hydrogen Conventional P4 peptide.sdf: H-
P4 _peptide.sdf:010 | 2.11 Bond Hydrogen Bond | B:LEU34:HN | H-Donor 010 Acceptor
P4 _peptide.sdf:H19 Hydrogen Conventional P4 _peptide.sd H-
- B:LEU34:0 1.93 Bond Hydrogen Bond | f:H19 H-Donor B:LEU34:0 Acceptor
P4_peptide.sdf:H30 Hydrogen Conventional P4_peptide.sd H-
- B:LEU34:0 2.19 Bond Hydrogen Bond | f:H30 H-Donor B:LEU34:0 Acceptor
P4 _peptide.sdf:C16 P4 peptide.sd
- B:LEU34 439 Hydrophobic Alkyl f:C16 Alkyl B:LEU34 Alkyl

274




