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Abstract

Peptide-based delivery systems show great potential as safer drug delivery vehicles. They
overcome problems associated with lipid-based or viral delivery systems, vis-a-vis stability,
specificity, inflammation, antigenicity, and tune-ability. We have designed and synthesized a set
of 15 and 23-residue branched, amphiphilic peptides that mimic phosphoglycerides in molecular
architecture. They undergo supramolecular self-assembly and form solvent-filled, bilayer
delineated spheres with 50-150 nm diameters (confirmed by TEM and DLS). Whereas weak
hydrophobic forces drive and sustain lipid bilayer assemblies, these structures are further
stabilized by B-sheet hydrogen bonding and are stable at very low concentrations and even in the
presence of SDS, urea and trypsin as confirmed by circular dichroism spectroscopy. Given
sufficient time, they fuse together to form larger assemblies and trap compounds of different
sizes within the enclosed space. They are prepared using a protocol that is similar to preparing
lipid vesicles. We have shown that different concentrations of the fluorescent dye, 5(6)-
Carboxyfluorescein can be encapsulated in these assemblies and delivered into human lens
epithelial cells and MCF-7 cells grown on coverslips. Besides fluorescent dyes, we have
delivered the plasmid (EGFP-N3, 4.7kb) into N/N 1003A lens epithelial cells and observed
expression of EGFP (in the presence and absence of a selection media). In the case of large
molecules like DNA, these assemblies act as nanoparticles and offer some protection to DNA
against certain nucleases. Linear peptides that lacked a branching point and other branched
peptides with their sequences randomized did not show any of the lipid-like properties exhibited
by the branched peptides. The peptides can be chemically decorated with target specific

sequences for use as DDS for targeted delivery.
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Chapter 1 - Introduction

Self-assembly is a common phenomenon in nature. The self-complementarity of the two DNA
strands drives their assembly into a double helical structure, protein assemblies are required for
cellular functions, and lipid assembly is involved in cell membranes. In the context of lipids and
peptides, the self-assembling molecule is usually amphiphilic with a hydrophobic and
hydrophilic domain. These domains can be spatially separated either along the length of the
molecule or along a defined section of the molecule!. The hydrophilic segments can either be
charged (cationic, anionic or zwitterionic) or uncharged®**. While such segments are spatially
segregated in lipids, it may not seem so evident in peptides and proteins where the primary
sequence may contain alternating or random segments of hydrophobic and hydrophilic regions.
Upon folding, the final, functional structure could have continuous faces of hydrophobic or
hydrophilic regions that allow them to interact with solvent, a ligand or an adjacent molecule.

Self-assembly in biomacromolecules is usually facilitated by weak non-covalent interactions that
can be any one or mixture of hydrogen bonding, Van der Waal forces, ionic, and electrostatic
interactions. When such amphiphilic molecules are introduced into an aqueous environment, the
hydrophobic segments tend to come together to exclude water thereby providing the driving
force for assembly aided by intermolecular associations.The hydrophilic segments of the
molecule remain exposed to the aqueous solvent. Much of our understanding of self-assembly of
amphiphiles comes from studies with lipids. Attempts to mimic lipid amphiphiles have led to the
design and development of many different types of molecules that retain the amphiphilicity and

relatively short length of lipids.



1.1. Various morphologies of self-assembling molecules
Amphiphiles, when exposed to an aqueous solution self-assemble into a variety of nano and

micro structures such as micelles, vesicles or molecular gels composed of tubules, fibrils and
fibres. Such amphiphiles tend to assemble into ordered structures that have the least free energy.
Micelles can be polymeric or non polymeric and adopt structures that are spherical, worm like or
disk shaped. Vesicles when composed entirely of lipids are called liposomes but other non-lipid
vesicle types exist, like, niosomes, proniosomes, polyhedral niosomes, polymersomes and
vesicles formed by the self-assembly of peptide amphiphiles (peptosomes). Finally, structures
that do not fall into either of these common categories can be as diverse as rods, bipyramids,
liquid crystalline structures®, lamellar, hexagonal phase, cubic phase, icosahedral, cage like, high
axial ratio microstructures (HARM)®, fibres, cochleates and myelin figures?. The energetics,
geometric constraints and the strength of the interacting forces (between the monomers) of the
individual amphiphilic molecules determine the architecture of the final assembly. Other factors
influencing the final assembly are pH, temperature, ionic strength of the solvent, as well as the
concentration of the monomer. Using the packing parameter of the monomer one can predict the
favored structure of the assembly’. The packing parameter depends on the area of the head

group a,, volume of the hydrocarbon chain or chains v, and the extended chain length I, of the

monomer:

Vv
Packing number = ——
aglp

While the head group of the amphiphiles plays a critical role in predicting the overall shape and
size of the assemblies, the tail regions play an important role too, especially in the formation of

spherical micelles, rod like micelles and spherical bilayer vesicles.



Fig. 1.1, illustrates some of the morphologies exhibited by self-assembling molecules. There are
many review articles (cited when relevant) that deal with the various morphologies adopted by
self-assembling molecules. This introduction deals exclusively with research related to spherical

aggregates especially micelles and vesicles.

Micelle

Core-shell Acoms Microemuision droplet
(egg) (swollen micelle)

Figure 1.1. Various morphologies exhibited by self-assembling amphiphiles.

“(a); TEM image of 60-nm gold nanosphere (b); TEM image of Au nanorod (c); HRTEM image
of cubic Pt nanocrystal oriented along [001] (d); SEM image of Ag bipyramids approximately
150 nm in edge length (e); a schematic micelle (f) and a cryo-TEM image of evolving vesicles



(9). h—1, One-component nanoparticles with at least one dimension in the nanoregime. HRTEM
image of PbSe nanowirel4 formed in the presence of oleic acid and n-tetradecylphosphonic acid
(h); schematics of actin (i) and surfactant or lipid bilayer (j); TEM images of microtubules98 (k,l;
scale bar refers to both). m—o, Two or more components (core—shell structures and so on). TEM
image of Au colloid99 stabilized by sodium citrate and 19 layers of polyelectrolyte (m); HRTEM
image of CoPd 'acorns'100 (n); microemulsion droplet (0).” [Reproduced with permission from
Macmillan Publishers Ltd; Min et al. (2008) , Nat Mater, 7(7), 527-538., © 2008]

1.1.1. Micelles

Hydrophilic head group

Hydrophobic tail group

Figure 1.2. lllustration of a micelle.

They are the simplest form of amphiphilic aggregation/assembly and are useful in their ability to
encapsulate water insoluble molecules within their hydrophobic core (Fig. 1.2). At a
concentration below their assembly point, called the Critical Micellar Concentration (CMC), the
amphiphiles exist as monomers but when the monomer concentration exceeds the CMC, they
tend to aggregate/assemble into stable structures. These structures are in a dynamic equilibrium
with the monomers present in solution. Further increase in concentration could lead to a change
in the overall shape (discoidal, rod like or liquid crystalline phase). Thus, giving one the ability

to tune the overall shape and size of the final assembly.


http://www.nature.com/nmat/journal/v7/n7/full/nmat2206.html#B14
http://www.nature.com/nmat/journal/v7/n7/full/nmat2206.html#B98
http://www.nature.com/nmat/journal/v7/n7/full/nmat2206.html#B99
http://www.nature.com/nmat/journal/v7/n7/full/nmat2206.html#B100

Non-polymeric micelles like SDS and Tween 80 (Polysorbate 80) have been well studied
but polymeric micelles on the other hand are a relatively new concept and include biodegradable
polymers prepared from block copolymers. Block copolymers are linear blocks or repeat units of
hydrophobic and hydrophilic residues covalently linked to impart amphilicity to the molecule.
KsoLso IS one such example of a diblock copolymer where a polypeptide of 60 lysine residues is
covalently linked to a polypeptide composed of 60 leucine residues. The block of leucine resides
form the hydrophobic segment of the block copolymer while the positively charged lysine
residues form the more hydrophilic segment. Triblock copolymers are similar to diblock
copolymers but differ in having an extra hydrophobic or hydrophilic segment that can be fused to
either of the existing segments. In general, a polymeric micelle consists of two parts, a core shell
composed of insoluble hydrophobic segments and the outer corona composed of the soluble
hydrophilic segments (Fig. 1.3). While simple spherical micelles with a core particle and corona
are common, it gets more complex with structures like onion type micelles’®, shell cross linked

11,12,13

micelles’®,  Janus  micelles ., schizophrenic  diblock  copolymer  micelles™,

multicompartmental hamburger micelles®®, which have been recently reported.

Figure 1.3. Polymer micelle.

Self-assembly and polymerization of a block copolymer yields a Shell-crosslinked knedel
polymer assemblies, where the crosslinked shell can be decorated with biologically relevant
ligands [Reproduced with permission from Elsevier; Tu et al. (2004) '°, Adv Drug Deliv Rev,
56(11), 1537-63., © 2004].


http://www.ncbi.nlm.nih.gov/pubmed/15350288

1.1.2. Polymer Vesicles
Among the different structures discussed in section 1.1. vesicles show considerable utility in that

they have the ability to encapsulate cargo (both hydrophobic and hydrophilic) thus giving them
the potential to act as drug delivering vehicles. Lipid based vesicles and micelles are the first and
most extensively studied drug carriers so far. Hence, it is no surprise that currently most, if not
all commercially available drug carriers are lipid based.

Vesicles are colloidal aggregates that are mostly spherical in shape. In biology, vesicles
are envisioned as small bilayer delimited chambers that entrap solvent. The solvent can in turn
contain dissolved solutes (water soluble compounds) that can range from peptides, proteins,
genetic material to bioactive compounds like anticancer drugs. It can also trap non-polar or
hydrophobic substances within their membrane thus making them a versatile structure that
allows them to take part in many diverse biological functions. Such versatility has made them the
most attractive choice for use in cell mimetic systems in biology. Apart from its biological uses,
vesicles have found application in pharmacology to deliver drugs, genetic materials and
vaccines, in the cosmetic industry, micro-reactor chemistry, food industry and more®’ .

At one point, lipids were the only choice for making vesicles artificially but with the explosion
of the field of self-assembling molecules, we now have a variety of molecules to choose from.
Fig. 1.4, is an attempt at classifying the various polymeric vesicles described so far. It is difficult
to strictly classify the various polymeric vesicles due to the issue of multi-functionality. This is
particularly true with the advent of hybrid polymers, where two or more different materials are
utilized to make an amphiphile. For example, vesicles formed from the self-assembly of an
amphiphile that combines a synthetic polymer like polyethylene oxide (PEO) to a polypeptide
(poly(L-Lysine) or a lipid offer more solubility, longer half-lives (in the blood stream) and the

option of functionalizing the molecule with desired ligands. Such a molecule could fit into a



block copolymer, a lipid vesicle or a peptide vesicle depending on the fraction of the individual

component or the fraction that drives the assembly.

[ Polymeric Vesicles as Nanocarriers ]

ElLeTele BiBEK Amphiphillic Charge balaning Natural )
based [GFEH : mixtures (cationic & 6531 Niosomes
surfactants SARRYINES dendrimers Anionic surfactants Biopolymers

Peptide

Polysaccharide
vesicles

[ Lipid vesicles B
vesicles

" . ) Biopolymer
[ Synthetic ] [Seml-synthetlc] [ —_—

Figure 1.4. Classification of polymeric vesicles that undergo self-directed assembly to form

vesicles.

1.1.2.1. Block copolymers
Block copolymers are blocks of hydrophobic and hydrophilic polymeric units that are linked

together covalently to impart amphilicity to the molecule. Like phospholipids, these amphiphiles
self-assemble into various ordered structures'®%%. Vesicles formed from block copolymers are
commonly referred to as polymersomes. Among the various polymeric vesicles being
researched, polymersomes, are by far the best characterized. Many variants of these block
polymers have been reported and tested in vitro for their ability to encapsulate and deliver cargo.
The blocks of such block copolymer can be entirely synthetic, semi-synthetic or composed of

biopolymers like polypeptides. Fig. 1.6 lists some of the common polymers used in designing



block copolymers. Table 1.1, lists some of the polypeptide based block copolymers that self-
assemble into vesicles.

By controlling the molecular weight of the monomers, one can control the properties of
the polymersomes such as elasticity, permeability and mechanical stability?:. Moreover,
polymeric building blocks allow for greater chemical diversity than lipids?2. Due to their higher
molecular weight, polymersomes are inherently thicker, tougher and more stable than
conventional liposomes. It has been shown that polymersome membranes sustain dilational
strains up to 40-50 % when compared with ~5 % or less for lipid membranes®*?*#. A coarse
grain molecular dynamics simulation supports the experimental observation that while lipid
membranes require only about ~ 5 % strain rate for rupture, it takes 20 % or higher strain to
rupture the thicker copolymer membranes®. These polymersomes can be designed to be
responsive to stimuli such as pH, temperature, redox potential, magnetic field, light and

ultrasound?.

\\
hydrophilic block, e.g. hydrophobic
PEG, fonii =3-60% block
Figure 1.5. Polymersomes derived from asymmetric block copolymers.

[Reproduced with permission from American Chemical Society; Meng et al. (2009)%,
Biomacromolecules, 10(2), 197-209., © 2009]
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Figure 1.6. Common polymers used for self-assembled delivery vehicles.
[Reproduced with permission from Elsevier; Branco et al. (2009)%°, Acta Biomaterialia, 5(3),

817-31., © 2009]



Table 1-1. Polypeptide based block copolymers that self-assemble into vesicles.

[Reproduced with permission from Elsevier; Carlsen et al. (2009)?’, Curr Opin Colloid Interface

Sci., 14(5), 329-339., © 2009]

Polypeptide-based vesicles in aqueous solution

Material

Key features

Polypeptide hybrid

Copolypeptide

PB-b-PLGA
PLGA-b-PPO-b-PLGA
PNIPAM-b-PZLLys
PB-b-PLLys
PZLLys-b-DGBE-b-PZLLys
PEG-b-PAsp/PEG-b-P[Asp-AP)
Dextran-b-PBLG
PMLG-phosphate
PLGA-b-PLLys
PLLeu-b-PELLys
PLLeu-b-PLGA
PLLys-b-PLLeu
PLArg-b-PLLeu
PLLys-b-PBLG-b-PLLys
PLLys-b-PLPhe

pH responsive, cross-linking

Size change with temperature; structure change with pH
Temperature responsive

Temperature and pH responsive; 3-sheet cross-linking
Vesicles and large compound micelles

PICsomes, semi-permeable vesicles
Polypeptide-b-polysaccharide vesicles, glycoprotein-mimic
Globular structures and fibrous aggregates

Schizophrenic vesicles

Micron-sized sheets and vesicles

Large range of morphologies

Vesicle loading, water permeability

Vesicles with protein-transduction domains

Size change with temperature

Size change with pH

1.1.2.2. Niosomes
These are non-ionic surfactant vesicles that are capable of entrapping hydrophobic and

hydrophilic solutes?®. They can be unilamellar or multilamellar depending on the method of
preparation. They are usually mixed with an additive like cholesterol to give rigidity to the
vesicle membranes. They were first reported in the 1970s as a feature of the cosmetic

29,30

industry“™>*. (Niosomes were developed and patented by L’Oreal in the 1970s and 80s). The

first product, Niosome, was introduced in 1987 by Lancome®:*2.

Examples of non-ionic
surfactants used to make niosomes include, Ci;s monoalkyl glycerol ether, sorbitan esters, and

others.

1.1.2.3. Amphiphilic Dendrimers
Dendrimers are synthetic, hyperbranched spherical molecules that are capable of trapping small

molecules within their structure. Amphiphilic dendrimers (Janus dendrimers) are capable of self-
assembling into stable bilayer vesicles, referred to as dendrimersomes. A Janus dendrimer is

formed by covalently linking two distinct dendritic building blocks. They can be made

10



amphiphilic by attaching a non-polar block (e.g. alkoxy gallate ether® to a polar block (e.g.
aliphatic arborol). A review by Rosen et al. (2009)*® details the self-assembly and disassembly of

dendrons. Fig. 1.7, is an illustration from the above review.

Divergent Convergent
1 e | 4
6 Reactions 2 Reactions
12 Reactions 2 Reactions
6 Reactionsg>
24 Reactions
42 Reactions 10 Reactions

Figure 1.7. Convergent and divergent synthesis of dendrimers and dendrons.
[Reproduced with permission from American Chemical Society; Rosen et al. (2009)**, Chem
Rev., 109(11), 6275-6540., © 2009]

1.1.2.4. Fullerene based surfactants
A hollow sphere, ellipsoid or tube composed entirely of carbon is a fullerene. Because of their

extremely hydrophobic nature, fullerenes are insoluble in agueous solvents. Some ways to make
them amphiphilic include adding polar functional groups such as carboxylic acids and amines,
starlike fullerene derivatives, pure hydrocarbon penta-substituitions stabilizing the
cyclopentadienide anion®®. Such molecules are capable of self-assembling into bilayer vesicles

and in the process, entrap solutes® (Fig.1.9).
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PhK : R=H
CnK: R=n-CnH2,,+1
(n=1-13, 20)

iC3K : R="Pr, 'C4K : R=Bu
RfnK : R=n-C,Fan,q

(n=1, 4, 8)

(b) (d)

polar core
nonpolar

part

Figure 1.8. Fullerene bilayer vesicles.
“Schematic images of vesicles made of fullerene anions. (a) Chemical structures of potassium

complexes of fullerene anions. (b) CPK drawing of PhK. (c) Schematic model of bilayer vesicle
of PhK. (d) A magnified image of the bilayer PhK vesicle.” [Reproduced with permission from
American Chemical Society; Homma, T. et al. (2011)*®, J. Am. Chem. Soc., 133 (16), 6364—
6370, © 2011]

12814 30000 K38 e G5k s v e
(a) (h)

Figure 1.9. TEM micrographs of isolated vesicles and clusters (of fullerene vesicles).

“(a) spherical vesicles with diameters 2R of 61 to 78 nm at ¢=4.17x10—6 g ml—1; (b) various
cluster geometries at c=4.17x10—4 g ml—1.” [Reproduced with permission from Elsevier; Burger
et al. (2004)*', J. Colloid Interface Sci., 275(2), 632-41., © 2004]
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1.1.2.5. Charge balancing mixtures of cationic and anionic surfactants
Mixing certain oppositely charged (anionic and cationic) surfactants can lead to the spontaneous

formation of single walled equilibrium vesicles®. The size, charge and permeability of such
equilibrium vesicles can be controlled by adjusting the molar ratios of the two surfactants. One
example of such a charge balancing mixture is cetyl trimethylammonium tosylate (CTAT) and

sodium dodecylbenzene sulfonate (SDBS).

1.1.2.6. Natural biopolymers
One of the main advantages of employing natural biopolymer vesicles as drug carriers is that

they are relatively more biocompatible and biodegradable than other synthetic and semi-
synthetic polymer vesicles. Lipids, polysaccharides and peptides are all capable of self-

assembling into vesicles and other nano and micro structures.

1.1.2.6.1. Lipid vesicles
Liposomes are lipid vesicles that are usually formed from the self-assembly of phospholipids

which are amphiphilic in nature (Fig. 10). The membranes of these vesicles can be unilamellar or
multilamellar depending on the method of preparation. Liposomes can be prepared from a
variety  of lipids like 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC),
Dipalmitoylphosphatidylcholine  (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) to name just a few. Most of our knowledge on vesicle assembly, dynamics and
properties come from studies on liposomes. The first lipid vesicle, formed by the dispersion of
phospholipids in water was reported by Bangham and coworkers*® in 1964 and since then, many
different and diverse vesicles have been designed and developed. There are a number of reviews
published on liposomes. Strictly speaking, unlike poly-peptides, poly-saccharides and poly-
nucleotides, lipids are not polymers by definition but they most readily self-assemble into

macromolecular aggregates. Liposomes have found uses in many biological and pharmaceutical
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applications. They are employed in studies related to cell physiology, as model cell membranes,

diagnostic agents, drug delivery vehicles, in cosmetics and textiles.

liposome

phospholipid
molecule

© 2007 Encyclopadia Britannica, Inc.

Figure 1.10. Illustration of a Liposome.

[liposome. [Art]. In Encyclopadia Britannica. Retrieved from
http://www.britannica.com/EBchecked/media/92244/Phospholipids-can-be-used-to-form-
artificial-structures-called-liposomes]

1.1.2.6.2. Polysaccharide vesicles
These are relatively less common. Chitin, chitosan and their derivatives have been investigated

for their use as drug carriers. Although most of the vesicles in this category are a combination of
lipids and polysaccharides, it is the polysaccharide part that drives the vesicle formation.
Chitosan derived polymer vesicles are the most studied in this category. Due to their membrane-
penetrating ability, these vesicles, palmitoyl glycol chitosan vesicles, are a good choice for

intranasal, or oral administration of gut-labile molecules®.
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Figure 1.11. Polysaccharide vesicles.

“Schematic illustrations showing the self-assembly of N-palmitoyl chitosan (NPCS) polymers
into nanoparticles (NPs) via the coarse-grained (CG) molecular dynamic (MD) simulations”.
[Reproduced with permission from Elsevier; Chiu et al. (2010)*, J. Controlled Release, 146(1),
152-9., © 2010]

1.1.2.6.3. Peptide vesicles
Peptide derivatives or peptides linked to synthetic molecule have been shown to form many

different nanostructures like tubes, fibers, rods, micelles, vesicles, doughnuts, bilayers and

434445464798 On the other hand, vesicles, whose monomers are composed entirely of

more
peptides, are relatively rare. While block copolymer monomers composed entirely of
polypeptides, and polypeptides like Ac-VyKn-NH;, Ac-GDn-OH, Ac-VgD-OH, Ac-KAs-OH

have been reported to form vesicles, these examples are only a few when compared to the many
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synthetic polymers that are capable of self-assembling into vesicles. The field of peptide vesicles
is still in its infancy but growing at a rapid pace. Vauthey et al. (2002)* were the first to show
that a simple 7-8 residue amphiphilic peptide is capable of self-assembling into nanotubes and
nanovesicles. They called these peptides, “Surfactant-Like Peptide”. Santos et al. (2002),
designed similar peptides as the ones by Vauthey et al. (2002)*° with glycine and aspartic acid
that were capable of self-assembling into nanotubes and naovesicles. van Hell et al. (2007)",
have shown the self-assembly of an amphiphilic oligopeptide SA2 into a nanosized vesicle.
These vesicles not only carry the advantage of being relatively more biocompatible and
biodegradable than other synthetic and semi-synthetic polymer vesicles but also are more stable
than lipid and polysaccharide vesicles®.

Peptide amphiphiles that are capable of self-assembling into nanovesicles can be as
simple as a short polypeptide sequence, or can be a more complex molecule that is characterized
by the presence of an alkyl chain (mostly synthetic) with a hydrophobic tail composed of amino
acids and with an epitope head. Fig. 12, is an example of a peptide amphiphile.
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Figure 1.12. Peptide amphiphile structure.

“Peptide molecule and its 5 basic structural sequential features: (1) a hydrophobic alkyl chain,
(2) 4 cysteine residues, (3) 3 glycines, (4) a phosphoserine group, and (5) an integrin-binding
motif, RGD”. (Reproduced with permission from Sage Publications; Semino C. E. (2008). J.
Dent Res., 87(7), 606-16. © 2008, International & American Associations for Dental Research]
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The forces that dictate vesicle formation in lipids and other polymeric vesicles apply to
peptide amphiphiles too (peptide sequence, length and the overall geometry of the individual
peptide molecule). Some examples of designer peptide amphiphiles that form nano structures
include GnD;, AsD, V6D, VeD,, AsK, 13K, AgK;, GAVILRR, A;V,L3WEy,7; and similar
peptides. Excellent reviews by Zhao et al. (2010)** and Zhang, S (2002)°® summarize the various
peptide amphiphiles that form nano structures and discusses a more exhaustive list of the various
peptide amphiphiles. Some interesting results from the studies involving peptide amphiphiles are
the use of isoleucines to promote interdigitation, mixing of oppositely charged peptides to reduce
the CACs of the assemblies, peptides with their hydrophobic sequences containing alanine and
valine form more homogeneous and stable nanostructures than those with glycine, isoleucine or
leucine®. The hydrophobic chain length plays a critical role in the final assembly. Typically, the
size of the hydrophobic tail in such peptide amphiphiles is about 3-9 hydrophobic residues. The
length of the hydrophobic tail can determine the thickness of the outer layer of such nano
structures but with longer chain lengths comes the issue of solubility and conversely, shorter
chain lengths decrease the propensity of aggregation. Hence a balance of chain length is desired

and is usually achieved by increasing or decreasing the hydrophilic head portion of the molecule.
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1.2. Mechanism of vesicle formation
At its simplicity, any amphiphile that has a geometric packing parameter close to unity will tend

to form a bilayer that can then be made to form vesicles under the appropriate conditions. When
phospholipids aggregate into vesicular structures (from a hydrated precipitate) they form either
multilamellar vesicles (MLVs), large unilamellar vesicles (LUVs) or small unilamellar vesicles
(SUVs). The free energy of the hydrated precipitate is lowest while energy must be dissipated
into the system for MLV, LUV and SUV®. The mechanism of vesicle formation in lipids has
been well studied and the principle may be extended to other non-lipid based systems. From a
drug delivery point of view, it might be most useful to prepare LUVs or SUVs that can
encapsulate bioactive compounds. The starting point for such structures could usually be MLVs.
Traditionally, MLVs were prepared by drying a film of phospholipids in a round bottom flask
and adding water while gently or vigorously shaking. The process of vesicle formation (MLVs
from hydrated precipitates) involves hydration of the different layers of the film. One can
visualize the hydrated precipitate to be a layer composed of many thin layers of phospholipid
film. When water is added, the top layer is hydrated leading to the formation of a convex bump.
As more water is added, it seeps into the other layers, hydrating them and forming bilayers that
eventually form tubular fibrils that increase the contact area with water. Upon agitation, these
tubules break off and seal off the exposed areas immediately to take the shape of vesicles™. On
the other hand, unilamellar vesicle formation involves a planar bilayer fragment as an
intermediate structure®. These intermediate structures are unstable since their edges are exposed
to the solvent. Micelles and vesicles are closely related especially when micelles can be induced

to transition into vesicles upon certain stimuli like pH, temperature or composition.
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The vesicles formed by the hydration of phospholipid films are metastable structures and are not
in their lowest free energy equilibrium state. That state belongs to the spontaneously forming flat
bilayer and it requires energy input to destabilize them into small dispersions. This energy input
can be classified broadly into two mechanisms®’.

e Mechanical fragmentation of pre-formed bilayer structures

e Induction of bilayer curvature by breaking the symmetry of the flat bilayer
Since these vesicles do not form spontaneously, the characteristics of vesicles formed is largely
dependent on procedural differences. Common parameters involved include® °;

e rate of surfactant depletion

e intensity of vortexing

e time and intensity of sonication.
There are two main energy components involved in the formation of a vesicle from a bilayer, the
curvature free energy required to bend the bilayer into forming vesicles (f¢) and translational
entropy. Entropy increases as the flat bilayer disperses into smaller aggregates. Thus, it’s
favorable for the formation of numerous vesicles. Since larger vesicles have lower curvature
energy, they are more stable than smaller ones. The curvature free energy required to bend the
bilayer into forming vesicles (f.) for a single vesicle is in the order of 50-300ksT>(curvature
moduli is expressed in terms of kgT, where kg is the Boltzmann constant), the contribution from
entropy is only a few kgT. Hence vesiculation is overall an unfavorable process. But, when the
mean curvature modulus of the bilayer is low or when the concentration of the monomer is low,
entropy factor dominates and vesicles now predominate. There is also the possibility of the
bilayer having a non-zero spontaneous curvature, leading to vesicle formation. A number of

spontaneously forming vesicles have been reported yet these vesicles may or may not be in their
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equilibrium state®. In principle, thermodynamically stable vesicles should possess the following
properties: #+°®

e are generated spontaneously

e are stable with time with respect to size and shape

e have size distributions and stability independent of preparation methods

e are found in equilibrium with other phases.

It would be difficult to follow all these factors experimentally but vesicles that show most of
these features are thought to be in an equilibrium state. Equilibrium vesicles of different mixtures
in aqueous medium have been reported. Excellent reviews by Antunnes et al. (2009)' and Lasic,
D. D., (1988)*°, discuss the dynamics of vesicle formation and stability in lipids and other
polymeric vesicles and summarizes the equilibrium vesicles reported so far. Although, the
principles and energy constraints described here are with respect to lipids and surfactant
polymers, they hold true to a large extent for other polymer vesicles too, since the forces driving

vesicle formation are similar.

Polymersomes
The polymers that constitute such polymersomes (block copolymer vesicles) are usually

synthetic polymers but can also be composed of natural polymers. They have been compared to
lipid vesicles although their properties more closely mimic viral capsids®®. The property of
polymersomes that stands out in comparison to lipid vesicles is their size. Polymersomes are
usually large molecular weight aggregates that can be orders of magnitude greater than that
observed for natural surfactants. The factors that dictate vesicle formation for lipids can be
extended to polymersomes (and other amphiphiles that self-assemble into vesicles). Just like the
packing parameter in lipids, the hydrophilic fraction f, along with the molecular weight and the

effective interaction parameter of its hydrophobic block with water can be used to predict the
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final structure an amphiphile would take. Among these, the hydrophilic fraction f plays a critical
role in determining the final morphology. When an amphiphile takes the shape of a cylinder,
wedge or a cone based on its time averaged molecular shape, it assumes a membrane, cylindrical
or spherical morphology (Fig 1.13).

As a general rule monomer with a f = 35 % + 10 %, forms polymersomes whereas a
monomer with a f > 45 % will be expected to form micelles. Inverted microstructures are
formed from monomers whose f < 25 %°%. While the hydrophilic fraction f determines the
morphology of the structure formed, the molecular weight of the monomer influences the
thickness of the polymersome. Low glass transition temperature (Tg4) on the other hand of the

hydrophobic fraction

Hydrophilic
fraction
Hydrophobic
fraction

Bilayer Vesicles é

Fibers Micelles

Figure 1.13. Monomer shape and hydrophilic fraction dictates assembly.

[Illustration based on Fig.2 of Discher, D. E., and Ahmed, F. (2006)%]



could help directly form polymersomes in water like the block copolymers of PBD- or PEE-
PEG. Copolymers whose hydrophobic blocks have a high T4 require an organic solvent to first
lower the Ty to provide chain mobility and hence cannot form polymersomes in pure water.
Hence, apart from the factors mentioned above that influence polymersome formation, in certain
cases, the concentration of the polymer solution as well as the percentage of water in the final
mixture can be detrimental to polymersome formation®*. As for the thickness of the
polymersome membrane, a scaling of the copolymer membrane thickness with copolymer
molecular weight was experimentally documented and confirmed by molecular dynamics (MD)
simulations®, a correlation could be achieved with:
d ~ MW;° (b=~0.55)

where, d: membrane thickness; MW: molecular weight of the hydrophobic moiety(h). Not only
is the membrane thickness affected by the molecular weight of the copolymer but so is its
permeability. Based on coarse grain-MD simulations, higher molecular weight copolymers with
longer chain lengths exhibit reduced area elastic modulus and chain entanglement
(interdigitation) in its membrane region which eventually decreases lateral mobility of the

copolymer in the membrane and hence permeability of solutes across the membrane®.

1.3. Vesicles stabilized by p-Sheet secondary structures
The self-assembling molecules in most peptide based polymeric vesicles either lack a defined

secondary structure or adopt a helical conformation when in their final assembled structure.

64,65,66,67 68,69,70

Recently, however, vesicular and micellar assemblies stabilized by B-sheets have
been reported. Gebhardt et al. (2007)®" in their work with poly(butadiene)sg7-poly(L-lysine)

coblock polymers elucidated the effects of secondary structure on the morphology of vesicles. In

22



the case of poly(butadiene);o7-poly(L-lysine),7 coblock polymers, transition from o-helix to B-
sheet takes place at a pH above the pKa of the lysine side chains. This transition resulted in a
slight increase in the hydrodynamic radii of the vesicles and the overall assembly was still intact
as determined by dynamic light scattering (DLS) and static light scattering (SLS). The formation
of parallel B-sheets between the corona chains at the vesicular interface served to release
interfacial curvature by creating a flatter interface. A molecular simulation study on the self-
assembly of peptide amphiphiles’ shows the interplay between hydrophobic interaction between
the alkyl chains and hydrogen bonding between the peptide blocks resulting in assemblies like
spherical B-sheets, micelles with B-sheets in the corona, and long cylindrical fibers (Fig.14).
Similarly, PEO-b-Poly(V:) and PEO-b-Poly(V;) block copolymers self-assemble in water to
form a mixture of vesicles and toroids (Fig. 16) and are stabilized by inter- and intrachain (-

sheets, confirmed by circular dichroism spectroscopy (Fig. 15)%.

Figure 1.14. Snapshots from molecular simulations of peptide amphiphiles.

“(a) The spherical micelle, (b) the micelle with B-sheets on the outside forming the corona, (c)
the pB-sheets, and (d) the fiber aggregate”. [Reproduced with permission from American
Chemical Society; Velichko et al. (2008)"*, J. Phys Chem B., 112(8), 2326-34. © 2008,
American Chemical Society]
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Figure 1.15. Example of CD spectra showing secondary structuring from the peptidic
component of the PEO-b-poly(side-chain peptide) copolymers.

e, PEO-b-poly(V1); o, PEO-b-poly(V2). [Reproduced with permission from American
Chemical Society; Adams et al. (2008)*, Biomacromolecules, 9(11), 2997-3003. © 2008,

American Chemical Society]

Figure 1.16. Cryo-TEM micrographs showing the self-assembled structures prepared from
PEO-b-poly(graft-peptide) copolymers.

“(a) PEO-b-poly(V1), (b) PEO-b-poly(V2), (c) PEO-b-poly(V2) showing toroid-like structures,
an example of which is highlighted by the arrow (scale bars = 200 nm (a and ¢) and = 100 nm
(b)). Insets to (b), (c), show high magnification cryo-TEM micrographs showing a single vesicle
or toroids (scale bars represent 50 nm)”. [Reproduced with permission from American Chemical
Society; Adams et al. (2008)®, Biomacromolecules, 9(11), 2997-3003. © 2008, American
Chemical Society]
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1.4. Characterization techniques - vesicles and micelles
Common techniques employed in characterizing polymer nanovesicles and micelles include the

following types of analyses.

Table 1-2. Characterization techniques.

Structural Analyses
Microscopy Transmission Electron Microscopy (TEM)
Scanning electron microscopy (SEM)
Freeze fracture TEM,
CryoTEM
Atomic force microscopy (AFM)

Scattering techniques Dynamic light scattering (DLS)
Static light scattering (SLS)
Small angle neutron scattering (SANS)
Small angle X-ray scattering (SAXS)

Determination of CMC 1,6-diphenyl-1,3,5-hexatriene
Benzoylacetone
Pyrene

Encapsulation/Leakage Studies Sodium fluorescein
Carboxyfluorescein
Calcein
Rhodamine B and many other fluorescent dyes

To differentiate between micelles and vesicles, SANS is probably the best technique.
Combination of DLS and SLS can also be used. For micelles, the ratio of the radius of gyration
(from SLS) to hydrodynamic radius (R¢/Rp) is ~0.8 while that for a vesicle is 1. For CMC
determination, pyrene preferentially partitions into the hydrophobic core region of the micelles
and this partitioning leads to a change in its vibrational band intensities that can be followed in a

fluorescence spectrophotometer.
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1.5. Therapeutic applications of nanovesicles

A few decades ago, the most common way to administer a drug was to administer the free drug
orally, intravenously or nasally. Unless the desired action of the drug is systemic, the obvious
problem with such an approach is the exposure of the drug to cells that do not require the drug.
Added to that, the dilution of the drug once administered into the body requires it to be
administered in high enough doses for it to remain effective. This type of an approach could have
some serious drawbacks of side effects such as cell toxicity. Thus, the method in which a drug is
delivered can have a significant effect on its efficacy and the quality of life of the recipient. It
may be administered as a free drug or packaged into a carrier molecule and then delivered. These
carrier molecules are commonly referred to as drug delivery systems (DDS). Using drugs by
DDS, can improve the biodistribution and pharmacokinetics of the drug molecule. Different drug
molecules present different types of problems, related to their solubility, toxicity and instability.
DDS can help attenuate some or most of these problems. The other advantages of using a DDS to
deliver drugs include sustained and controlled release of the drug molecules. Most drug
molecules are quickly cleared by the reticuloendothelial system and DDS can be designed to
release the drug molecules over a period of time instead of all at once. This helps keep the drug
molecules in the system long enough for the drug to be effective. An excellent review by Allen et
al. (2004)"® summarizes the advantages and limitations of lipid and polymer-based nanoparticle
DDS.

Polymeric Nanovesicles show promise as delivery vehicles. Various drugs (hydrophobic and
hydrophilic), proteins, nucleic acids and small molecules can be encapsulated within the large
compartment of these vesicles and administered in vitro or in vivo. Polymeric vesicles offer

superior advantages over their lipid counterparts (Liposomes) in terms of stability, storage and
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tunability. Drug delivery through polymeric vesicles increases the stability of the drug, extends
the circulation time in the blood and can be designed for controlled release. Most polymersomes
and peptide amphiphiles have a very low critical aggregation concentration (CAC) in the range
of 10° — 107" M, which is 1000 times lesser than most surfactants (10°-10*M) "*"* on a molar
basis. This allows for retention of payloads for a longer period as well as delivery to more distal
areas of the body. A review of the literature reveals a plethora of compounds encapsulated and
successfully delivered in vitro and in vivo using polymeric vesicles. These include various anti-
cancer drugs like Doxorubicin and Paclitaxil, proteins like myoglobin, hemoglobin and albumin,
fluorescent molecules, plasmids and siRNA. A review by Levine et al. (2008)" summarizing the
literature of polymersome research related to cancer diagnosis and therapeutics, gives a more
detailed account of the type of polymersomes and cargo that have been developed so far.
Polymeric vesicles are also useful as diagnostic tools and in optical imaging when they
can encapsulate fluorescent agents. One example of such a use would be the encapsulation of a
porphyrin-based near infrared (NIR) fluorophore that is able to generate a signal even through a
1 cm solid tumor’®. When such nanovesicles are injected into an animal, their biodistribution can
be monitored using non-invasive optical methods eliminating the need to sacrifice the animal.
The surface of these nanovesicles can be functionalized with various ligand molecules that are
specific for up-regulated receptors or molecules on disease cells. This site-specific delivery
further reduces the potential side-effects due to systemic delivery. The various ligand molecules
that have been attempted include (but are not limited to) various antibodies, transactivator of

transcription (TAT) peptide and anti-HER-2/neu peptide mimetic (AHNP) peptides.
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Chapter 2 - Branched Amphiphilic Peptides, bis(h,)-K-K, Self-
Assemble into Nanovesicles

2.1. Introduction

Lipid-based carriers have traditionally been the method of choice for delivering bioactive
compounds into living systems'. However, despite certain advantages, lipid-based vesicles
possess a number of shortcomings, especially with regard to stability, bioreactivity and toxicity®.
Cationic liposomes especially, are known to trigger specific signaling pathways which involve
protein kinase C (PKC)?, stimulate toll-like receptor 4 (TLR4) in dendritic cells* or directly bind
to membrane lipids and modulate the activity of membrane proteins™®. Virus mediated delivery
of genetic material has made much progress but still suffers from many serious drawbacks,
which include immunogenicity”*°, lack of specificity'® and insertional mutagenesis'' leading to
such adverse effects as the development of cancer. Recent research on non lipid-based carriers
shows promise in replacing liposomes and other lipid-based delivery systems as a means for
targeting cells or tissues'>. Non lipid-based systems have shown improved stability, specificity
and tune-ability over lipid-based vesicles'’. Linear blocks of amphiphilic peptides have been
shown to undergo self-assembly into various supramolecular assemblies like macroscopic

14,15,16

hydrogels , nanotubes' "'®, fibers'®, B-sheet tapes® and nanovesicles®'. Peptide vesicles are

one such example of non lipid-based carriers, with most of the research centered on di- or tri-

2223242526 These relatively high molecular weight, linear covalently linked

block copolymers
polymers are composed of repeating hydrophobic and hydrophilic segments and mostly adopt a
helical secondary structure. (3-sheet stabilized spherical assemblies are a relatively new field of
research and there are few examples in literature of such peptides or proteins adopting this

morphology (e.g., spherulites®’ and amylospheroids®®).
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2.2. Materials and Methods

2.2.1. Materials
Dichloromethane, Dimethylformamide, Piperidine and n-Methylpyrrolidone, Trifluoroacetic

acid, Acetonitrile were purchased from American Bioanalytical (Natick, MA), Diethyl ether, and
2,2,2-Trifluoroethanol, were purchased from Fisher Scientific (Fairlawn, NJ), all F-moc
protected amino acids were purchased from Anapsec, Inc. (Fremont, CA), CLEAR-amide resin
was purchased from Applied Biosystems (Foster City, CA), 5(6)-Carboxyfluorescein was
purchased from Fluka (Sigma-Aldrich, St. Louis, MO), 200 proof ethanol was purchased from
Decon Laboratories, Inc.(King of Prussia, PA), Amicon ultra-0.5 mL, 30K MWCO Centrifugal

units with regenerated cellulose filters were purchased from Millipore (Billerica, MA)

2.2.2. Peptide Synthesis
Peptides were synthesized wusing standard solid phase chemistries and 9-

fluorenylmethoxycarbonyl (Fmoc)-protected amino acids on CLEAR-amide resin on a model
No. 431 peptide synthesizer (Applied Biosystems; Foster City, CA). This resin generates a C-
terminus with a Carboxyamide moiety. The synthesis of the peptide begins with the first amino
acid, lysine (with its a-amino group blocked with Fmoc and its e-amine group blocked with t-
Boc) attached covalently to the resin. The t-Boc at the g-amine group allows for linear extension
of the peptide while preventing any side reactions at the side-chain amino group. Three more
lysines are added in in a likewise fashion to produce the tetra-lysine C-terminal segment. After
the fourth Fmoc/t-Boc lysine is attached, a fifth lysine with both the a- and e-amine groups
blocked with Fmoc groups [N*® di-Fmoc-L-Lysine] CssH3sN,QOg, is added. This amino acid
allows for the introduction of a branch point. The release of the two Fmoc protecting groups

allows for the simultaneous addition of two identical amino acids to the now bifurcated
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sequence. Upon the addition of new Fmoc-protected amino acids, extension occurs at both sites,
thereby permitting the synthesis of the two (bis) hydrophobic tails attached to the common C-
terminal oligo-lysine segment: FLIVIGSII (hy) or FLIVI (hs) (Fig. 2.1). The N-termini are
blocked with acetyl capping. The stepwise addition of amino acids to both the a- and e-amine of
a lysine was previously described by lwamoto et al. (1994)* —The completed peptides, are
cleaved with simultaneous side-chain deprotection by treatment with water in 95 %
trifluoroacetic acid for 2 h at room temperature. The cleaved peptides are then washed four

times with diethyl ether and dissolved in water, and then lyophilized (Fig. 2.2).
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Figure 2.2. Chemical structure of vesicle forming sequences.

These sequences are acetyl capped at the N-termini and Carboxyamide blocked at the C-

terminal. At neutral pH the lysine side chains are positively charged.
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2.2.3. Vesicle Preparation

Secondary Structure

bis(h,)-K-K, bis(hg)-K-K, Helical
In water Y In water
bis(hg:hg)-K-K,
In 40% TFE

l Solvent Removal

bis(h,:hg)-K-K,

Dried

l Rehydration

bis(hg:hg)-K-K, Beta - Sheet
In water
pH 7

Figure 2.3. A general protocol for preparation of bilayer assemblies

The general method of vesicle preparation is described using N-acetyl capped peptides. It should
be noted the same procedure can be carried out using uncapped peptides. Each of the N-acetyl
capped lyophilized peptide samples are individually dissolved in DDI water and their absorbance
read in a spectrophotometer. Peptide concentrations are calculated using the molar absorptivity
(¢) of Phe in water at 257.5 nm (195 cm™ M™). The two peptides (bis(hg)-K-K4 and bis(hs)-K-
Kg4) are then mixed together in an equimolar ratio in a 40 % Trifluoroethanol solution and
vortexed briefly and allowed to stand for a few hours before removing the solvent under vacuum.

In one experiment, the peptides were mixed to a final concentration of 1.6 mM of each peptide,
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followed by solvent removal. The dried samples are then redissolved in DDI water by the
dropwise addition of the water. The rehydrated samples are then vortexed briefly and allowed to
stand at least 2 h before any measurements are made.
2.2.4. Molecular modeling
All Molecular dynamics (MD) simulations were carried out by Dr. Jian Gao under the
supervision of Dr. Jianhan Chen (Biochemistry Department, Kansas State University, Manhattan,
KS). The MD simulation of peptide and DPPC bilayers were carried out in CHARMM®**° using
the MARTINI coarse-grained (CG) force field® 2. The model bilayers contain 128 peptide or
Dipalmitoylphosphatidylcholine (DPPC) molecules, solvated in about 5000 CG waters. The
equilibrium properties of the bilayers were calculated from 100 ns MD simulations at 320 K.
Additional 100 ns MD simulations were performed at elevated temperatures from 350 K up to
1000 K (every 50 K) to investigate the thermo-stability of these model bilayers. Peptide or lipid
diffusion constants and order parameters were monitored to infer bilayer integrity. The self-
assembly simulations were initiated from homogeneously dispersed systems that contain about
10000 CG waters and 128 branched peptide or DPPC molecules. The simulations were carried
out at 500 K until self-assembly occurred, which took up to 200 ns for both sequences. The final
state often contains small aggregates besides the bilayer. While a single bilayer is expected for
the most stable state, these final states are kinetically stable and much longer simulations would
be required to observe full incorporation of all peptides into a single bilayer.
2.2.5. Transmission Electron Microscopy

All Transmission Electron Micrographs (TEM) were taken with the help of Lloyd Willard at the
Department Diagnostic Medicine and Pathobiology, College of Veterinary Medicine, Kansas

State University.
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For phosphotungstic acid (PTA) staining, bis(hg)-K-K, was co-dissolved in DDI water at
a 1:1 molar ratio with bis(hs)-K-K, for a final concentration of 1.6 mM of each peptide. Next, 15
ML of the peptide vesicle solution was placed on a copper grid (which in turn was placed on a
piece of parafilm that was placed in a Petri dish) and allowed to stand for 3 min. Excess peptide
solution was wicked off by lightly touching the edge of a filter paper to the grid, followed by the
addition of 15 pL of 10 % PTA to the grid, which was allowed to stand for about 5 min. Excess
PTA solution was wicked off by lightly touching the edge of a filter paper to the grid, and the
grid was washed lightly with DDI water using a syringe which was fitted with a hypodermic
needle. Excess water was wicked off by lightly touching the edge of a filter paper to the grid and
the grid was allowed to dry for at least 30 min before the TEM images were taken.

For osmium tetraoxide (OsQO,) staining, bis(hg)-K-K4 was co-dissolved in DDI water at a
1:1 molar ratio with bis(hs)-K-K, for a final concentration of 25 puM of each peptide. Next, 7 uL
of the peptide vesicle solution was placed on a copper grid (which in turn was placed on a piece
of parafilm that was placed in a Petri dish) and allowed to stand for about 10 min. A drop of
0OsO,4 was placed on the parafilm, a few inches away from the copper grid containing the peptide
sample. The Petri dish was covered to allow the OsO, vapors to deposit on the peptide sample
for a period of about 5 min. These grids were then allowed to dry for at least 15-20 min before
the TEM photos were taken.

2.2.6. Confocal Microscopy

Confocal microscopy was performed using a Nikon C1 scanning confocal microscope with a 2-
laser units system: air-cooled argon laser (454 nm) and He—Ne laser (543 nm). Optical sections
(images) of the vesicles were taken using a Nikon Plan Fluor 100%/1.3/WD 0.20/0il objective,
standardized pinhole (30 um) and appropriate gain settings. Images were processed using Nikon

EZ-C1 Viewer software. Stock solutions of bis(hg)-K-K4 and bis(hs)-K-K,4 in DDI water were co-
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dissolved at a 1:1 molar in a 5(6)-Carboxyfluorescein solution for a final peptide concentration
of 1.6 mM each. About 25 pL of the sample was then mounted on a glass slide and covered with
a coverslip and sealed with nail polish. The slides were allowed to sit for 48-72 hours before
pictures were taken. In a separate experiment, the bis(hg)-K-K,4 and bis(hs)-K-K, peptides (1:1)
where allowed to sit for three days (72 h) in an unbuffered 5(6)-Carboxyfluorescein solution
before pictures were taken.
2.2.7. Analytical Ultracentrifugation

Sedimentation velocity experiments were conducted using an Optima XL-1 analytical
ultracentrifuge (Beckman Coulter, Fullerton, CA) with a An-60 Ti rotor. Sedimentation was
monitored by both absorbance (at 257 nm and 5 min interval) and interference optics with 30 s
interval. 350 pL of each sample was loaded into a double sector filled epon centerpiece with
sapphire windows. Sedimentation was carried out at 40,000 rpm for 3 h at 20°C . The raw scans
were then processed using DCDT+ 2.2.1 software to obtain g(s*) distribution. Theoretical
distribution (sum of individual peptide distribution) was obtained using OriginLab v. 7.0
software.

N-acetyl capped peptides for AUC were prepared using the protocol described above.
Three different samples were prepared from bis(hs)-K-K, alone, bis(hg)-K-K, alone, and a 1:1
molar ratio mixture of the two peptides, each with a final peptide concentration of 1 mM
dissolved in DDI water and pH adjusted to 7 using a dilute solution of NaOH.

2.2.8. Circular Dichroism

Circular Dichroism (CD) Spectroscopy was used to analyze the secondary structures formed by
the individual peptides and the peptide mixture formed by the above process. All Spectra were
collected in a Jasco J-815 CD spectrophotometer using a circular quartz cuvette. The pathlength

of the cuvette used for all scans was 0.1 mm unless noted. All spectra were scanned from 260 nm
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to 190 nm at room temperature. The final spectrum is an average of five scans recorded at a scan
rate of 50 nm/min with a 1 nm step interval and measured in mdeg. Raw scans were processed
(subtracted from blank and smoothed) using Spectra Analysis (registered software from Jasco).
Peptide concentrations were determined as previously described measuring the absorbance of
stock solutions at 257.5 nm and diluting the samples to the final concentrations.

For experiments related to the study of secondary structure in increasing ethanol-water
concentrations, 400 uM of the individual peptide (bis(hg)-K-K,4 and bis(hs)-K-K4 were prepared
in different ethanol concentrations (70 % - 10 %) using water as a diluent. Spectra were collected
in a 1 mm quartz cuvette (Starna cells, Inc., Atascadero, CA). All other parameters were kept
consistent to the method described above.

2.2.9. Attenuated Total Reflectance-Fourier Transform Infra-Red Spectroscopy (ATR-
The IR spectra were generated using a Iyl(:r-)rhliﬁged equimolar mixture of bis(hg)-K-K, and
bis(hs)-K-K,. A Nicolet 380 (Thermo Scientific, FL), ATR-FTIR fitted with a ZnSe crystal was
used to collect the spectra of the sample. Spectra were collected at a resolution of 1 cm™ and
averaged 64 times. The collected spectra were plotted using SigmaPlot (ver.9.01, Systat
Software, Inc., Chicago, IL )

2.2.10. Dynamic Light Scattering (DLS)
Bis(hs:hg)-K-K,; samples were prepared using the protocol described in section 2.2.3. The
concentration of the peptide sample used was 1 mM each. The rehydrated samples were allowed
to stand at room temperature for 2 h before filtering through a 0.22 p filter to remove any dust
particles that might be present. 5 mL of the sample was filtered directly into a clean glass tube.
The light scattering setup consisted of an argon ion laser operating at 488 nm (blue light). The

vertically polarized incident beam was focused onto the sample using a lens while the scattered
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light was collected using a second lens and imaged onto a 300 um pinhole. All experiments were
performed at room temperature. The scattered light was collected at four different angles; the
data shown here is that for 30°. The diffracted light from the pinhole was collected using a
photomultiplier tube. A commercial correlator was used to calculate the scattered-light intensity
autocorrelation function. The Mean correlation time 1, was obtained by plotting the collected
intensity trace using Dynals v2.0 (Photocor Instruments, Inc., College Park, MD), a

commercially available software. Using 1, the diffusion coefficient was calculated using the

i 1 . N .
equation T = g where 7 is the correlation time and q is the wave vector:
471'““ i
quid .
= ———— sin (&
Ay (2)

Where njiquiq is the refractive index of the solution (1.33); Ao wavelength of light (488 x 10° m); 0
is the angle at which the detector was located with respect to the sample (30°).
The hydrodynamic radius was calculated using the Stokes-Einstein equation:

_ kgT
~ 6mnRy

Where Kg is the Boltzmann’s constant (1.38 x 102 J K™); T is temperature in Kelvin (300 K); 1
is viscosity (0.7978 x 10 Pa.s); Ry is the hydrodynamic radius in meters.

2.2.11. 5(6)-Carboxyfluorescein Encapsulation
Stock solutions of the individual peptides were prepared by dissolving the lyophilized peptides in
water and their absorbance was recorded in a CARY 50 UV/Vis spectrophotometer (Varian Inc.,
Palo Alto, CA) using a 3 mm path length quartz cuvette (Starna Cells Inc., Atascadero, CA). The
peptide concentration was determined using the molar extinction coefficient of phenylalanine at

257.5 nm (as described in section 2.2.3). Peptide stock solutions were 4.8 mM for bis(hs)-K-K4
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and 4.7 mM for bis(hg)-K-K,. For all experiments the final working concentration of the peptide
was 100 pM.

Stock solution of 5(6)-Carboxyfluorescein was prepared by weighing out 10mg of the dry
powder and dissolved in 10 mL of water. The resulting solution was briefly vortexed followed by
sonication for 15 min and was filtered through a 0.22 um syringe driven filter unit (Millipore).
This stock solution was wrapped in aluminum foil and stored at 4°C until further use. All peptide
samples were prepared in 1.5 mL Eppendorf tubes. Preparation of peptide samples in various
ethanol concentrations proceeded with the addition of 5(6)-Carboxyfluorescein followed by the
addition of peptide into a solution of 200 proof ethanol (Decon Laboratories Inc., King of
Prussia, PA). This mixture was then diluted to a final volume of 200 pL by the dropwise (~100
ML per minute) addition of water. The final concentration of the peptide was always 100 uM and
that of 5(6)-Carboxyfluorescein was kept to 132.5 uM These samples were allowed to sit at
room temperature for 2 h before spinning them through a 30,000 Da molecular weight cut-off
(MWCO) filter unit (Millipore) at 14,000 g for 10 min in a benchtop centrifuge. At the end of
the spin, the retentate in the removable-filter unit was inverted and placed in a fresh tube and
spun at 2000 g for 5 min. The filtrate and retentate were then dried in a speed-vac for 3 h. The
dried samples were brought up in a solution of 50 % ethanol-water to a final volume of 200 pL.
The samples were immediately sealed with parafilm and vortexed. The resulting samples were
allowed to sit for 2 h at room temperature before their fluorescence intensities were collected in a
CARY Eclipse fluorescence spectrophotometer (Varian Inc., Palo Alto, CA). Fluorescence
intensities were collected after transferring the rehydrated samples into a 3 mm pathlength quartz
cuvette (Starna Cells, Inc., Atascadero, CA) and sealing the top of the cuvette with parafilm.

Fluorescence intensities were collected with the following parameters: For 5(6)-
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Carboxyfluorescein detection: excitation wavelength: 493 nm; emission scan: 500-650 nm; Scan
rate: 50 nm/min; PMT detector voltage: 480 v. For peptide detection: excitation wavelength: 259
nm; emission scan: 265-400 nm; scan rate: 50 nm/min; PMT detector voltage: 800 v.

For studies involving the encapsulation of increasing amounts of 5(6)-
Carboxyfluorescein, peptide samples were prepared with slight modification to the method
previously described in Section 2.2.3. Two sets of samples were prepared until the drying step
of the protocol described in section 2.2.3 (Fig. 2.4). For the first set of samples, the dried peptide
samples containing bis(hs)-K-K4 and bis(hg)-K-K4 in an equimolar ratio were rehydrated with
increasing amounts of 5(6)-Carboxyfluorescein dissolved in 100 % ethanol (20 pL). After
allowing these samples to sit at RT for 1 h, they were diluted with drop wise addition of water
until the final ethanol concentration was 10 %. These samples were allowed to stand at RT for 2
h before centrifuging them through a 30,000 Da (MWCO) filter (Millipore) at 14,000 g for 10
min. The second set, where the peptide vesicles are allowed to be formed before the addition of
5(6)-Carboxyfluorescein were initially rehydrated with 200 proof ethanol (10 pL) and diluted to
10 % ethanol by the dropwise addition of water (180 pL). 5(6)-Carboxyfluorescein dissolved in
100 % ethanol (10 pL) was added to this sample just before spinning them as described above.

The MWCO filters
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* Vortex ~ 30s
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¢ Vortex ~30sec
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* Remove solvent (speed —vac) ~ 3h
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*  Wash twice with 100uL, 10% ethanol-water (14,0008, 10min,

* Add 10pLethanol

* Vortex ~30s

¢ Letstand for 2h at RT

« Add 180uLD.l water (dropwise)

* Vortex ~30sec

* Letstand for 2h at RT

* Add 10pL 5(6) carboxyfluorescein in ethanol

bis(hg:hs)-K-K, with dye

* Separate over 30K MWCO filter (14,000g,
10min, RT)

*  Wash twice with 100puL, 10% ethanol-water
(14,000g, 10min, RT)

* Remove filter unit, reverse it and place itina
new vial

* Spinat 2500g for 3min

¢ Wash with 100 pL 10% ethanol-water

N

Dried Retentate Dried Filterate

All samples were dissolved in TFE. Let stand for 2h & collect fluorescence emission spectra (Ex:493nm)

Figure 2.4. Protocol for sample preparation in studies involving 5(6)-Carboxyfluorescein

encapsulation.

were initially prewetted with 10 % ethanol-water (50 pL) and spun at 14,0009 for 5 min. After
the peptide samples were spun down for the first time, they were washed three times with 10 %
ethanol-water (80 pL each time) at 14,000 g for 5 min. This step was necessary to minimize
sample retention in the filter dead space. Controls with 5(6)-Carboxyfluorescein without any
peptide were prepared in parallel. The retentate and filtrate were dried under vacuum and
brought up in a solution of 100 % trifluoroethanol (TFE). These samples were immediately

sealed with parafilm, vortexed and allowed to sit at room temperature for 2 h before their

fluorescence intensities were collected as described above.
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5(6)-Carboxyfluorescein was prepared by drying increasing (25 pL-200 pL) amounts of stock
solutions of 5(6)-Carboxyfluorescein under vacuum. The dried samples were dissolved in either
20 pL or 10 pL of ethanol. These samples were sealed with parafilm, vortexed and allowed to sit
at RT for 1h before adding them to the appropriate peptide samples.
2.3. Results and Discussion

While all previously reported peptides involved in vesicle formation are linear, the peptides
described herein are unique in that they are branched and mimic bilayer-forming
phosphoglycerides in architecture. These peptides are relatively short, extremely stable, and easy
to modify chemically. These sequences evolved from earlier studies on several adhesive

33,34

peptides Previously, we identified several peptide constructs that produced nano-fibrils,
which displayed mechanical adhesive properties due to entanglement®. The hydrophobic core
sequence used in the adhesives occurs in nature as an internal fragment of the human
dihydropyridine sensitive L-type calcium channel segment, CalVvS3
(DPWNVFDELIVIGSIIDVILSE). The underlined segment is a portion of a transmembrane
helix that contributes to the central water-filled pore of this channel®®. Lyophilization of the
CalVS3 peptide resulted in insoluble clumps resistant to mechanical disruption. This property
suggested that strong cohesive forces were driving this association. In this report, the adhesive
sequences were redesigned to be amphiphilic with a single cationic oligopeptide at the C-
terminus containing a branch-point for the attachment of two hydrophobic adhesive sequences
FLIVIGSII and FLIVI in a parallel array (Fig. 2.5). The incorporated oligo peptides, termed
bis(hg)-K-K, and bis(hs)-K-K4, are unique, having previously proven to be strong p-structure

formers in water, assembling into large p-sheet assemblies as judged by analytical

ultracentrifugation studies®.
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2.3.1. Design and synthesis of bilayer-forming and control peptides
s FLIVIKKKKK-co. bis(hs)-K-K,
«~FLIVI MW: 1912.29
«FLIVIGSITKKKKK-cow bis(hy)-K-K,
Ac ‘FLIVIGSHJ MW: 2652.73
+~FLIVIGSITKK KK K-coss. hy-K

MW: 1655.12

Figure 2.5. Branched bilayer-forming sequences.

The peptide assemblies are an equimolar mixture of the acetylated bis(ho)-K-K,4 and bis(hs)-K-K4
sequences unless otherwise stated. The linear hg-Ks control sequence does not associate to give
any type of structure.

The amphiphilic peptides employ an oligo-lysine (K=5) segment with the a- and e-amino groups
of the N-terminal lysyl-residue acting as the branch point for the addition of a pair of nine-
(FLIVIGSII) or five- (FLIVI) residue hydrophobic sequences. The Fmoc-based chemical
synthesis utilizes four lysine residues with g-amine t-Boc protecting groups while the branching
lysyl group employs Fmoc groups at both a- and e-amine groups. The t-Boc at the g-amine
group allows for linear extension of the peptide while preventing any side reactions at the side-
chain amino groups. The release of the two Fmoc protecting groups on the branching lysine
allows for the simultaneous addition of identical amino acids to the bifurcated chain, thereby
permitting the synthesis of the bis-N-terminal hydrophobic tails: FLIVIGSII (hg) or FLIVI (hs).
Several variants of the peptides were prepared, which include the N-terminal phenylalanines
unblocked or blocked by either acetylation or the covalent attachment of a fluorescent dye. The

data presented here were obtained using N-termini acetylated peptides unless otherwise noted.
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The stepwise addition of amino acids to both the a- and e-amine of a lysine was previously
described by lwamoto et al. (1994)%.

Based on the molecular architecture, we hypothesized that above certain concentrations,
analogous to the critical micellar concentration (CMC) observed for phospholipids, the peptides
would undergo supramolecular self-assembly. Most likely, the hydrophobic segments of these
peptides initially drive the formation of ordered bilayer delimited, spherical water-filled
structures with the positively charged lysines facing the aqueous phase, and the hydrophobic
residues interacting in the center of the assembly. In addition to the weaker hydrophobic
interactions that stabilize lipid bilayers, these assemblies could form hydrogen-bonding networks
between adjacent B-sheets (see CD data) to maintain the peptide assemblies at much lower

concentrations (low micromolar) where most phospholipid assemblies normally dissociate.
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Figure 2.6. 2-dimensional coarse-grained simulation of bis(hs)-K-K, bilayer self-assembly.

All lysine residues are plotted in green ball-and-stick representations, the aromatic sidechains of
phenylalanine residues in blue sticks, and all other residues in cyan. The snapshots were taken at
0 ns, 2 ns, 4 ns, 10 ns and 40 ns, respectively. A hypothetical peptide vesicle model, based on

available data is shown to the right.

Molecular dynamic simulations support the parallel between these peptides and
phospholipids. Fig. 2.6 summarizes a coarse-grained simulation of the self-assembly process for
the shorter peptide- bis(hs)-K-K4, which experimentally, leads to stable -sheet assemblies in

solution as measured by circular dichroism. Starting from a random distribution of the coarse
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grained modeled peptides in water at time zero, the peptides rapidly begin to segregate and by 40
ns have formed a discernable bilayer structure. Interestingly, equilibrium simulations suggest
that these branched peptides have similar lateral dimensions compared to phospholipids in the
bilayers. The effect of temperature on the stability of the peptide bilayers appears to be similar to
that of lipid-based ones.

2.3.2. Preparation and characterization of peptide assemblies
In water, these peptides initially form small spherical assemblies with diameters of 50-150 nm

(Fig. 2.7A-D), a size on the order of adenovirus capsid particles (40-80 nm in diameter)®.

Figure 2.7. Transmission Electron Micrograph (TEM) of peptide assemblies bis(hg:hs)-K-
K4 (200 nm scale bar)
These peptides self-assemble into bilayer assemblies. TEM images of (A) a concentrated and

(B, C and D) diluted samples of the peptide mixture, stained with 5 % Phosphotungstic Acid and

Osmium tetroxide (OsO,4) vapors, respectively.
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The peptide bilayer assemblies can be prepared from the bis(hg)-K-K, and bis(hs)-K-K,4 peptides
by themselves or in combination. Mixing of the longer and shorter peptide chains is analogous to
the preparation of lipid bicelles®. We generally used an equimolar mixture of the two peptides
(N-termini blocked) to reduce potential strain due to high curvature. This ratio yields more
homogeneous preparations based on sedimentation rates and a sharper distribution recorded
using analytical ultracentrifugation velocity sedimentation protocols (see sedimentation velocity
experiments). We observed that these preparations also resulted in better samples for collecting

Transmission Electron Microscope (TEM) images.

Figure 2.8. Transmission Electron Micrograph (TEM) of control peptides

(A) hg linear peptide, (B) bis(h7)-K-K4 and (C) bis(hsy)-K-K4. These peptides do not form nano
sized spherical assemblies. Diluted samples stained with OsO,4 vapors.

Preparation of the peptide bilayer assemblies begins with the mixing of the two peptides, bis(hg)-
K-K; and bis(hs)-K-Kg, individually dissolved in 40 % 2,2,2,-Trifluoroethanol (TFE). Under
these conditions the peptides adopt a helical conformation, thereby forcing the peptides into a
monomeric state, thus ensuring proper mixing. Once combined, the solution was briefly
vortexed and allowed to stand for two hours before removing the solvent under vacuum. The

dried samples were redissolved in water added dropwise. The rehydrated samples were vortexed
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briefly, adjusted to pH 7 and allowed to stand at least two hours before using. Peptide
concentrations were determined using the molar extinction coefficient (€) of two Phe residues per
sequence, at 257.5 nm (195 cm™ M™). This equimolar ratio of the peptide mixture will
henceforth be referred to as bis(hg:hs)-K-K4.

In Fig. 2.7, TEM images are shown for a 1.6 mM, (panel A) and diluted 25uM (panels B-
D) of bis(hg:hs)-K-K,4 preparations. The TEM images revealed that the peptide mixtures adopt a
spherical morphology with a fairly uniform size distribution between 50-150 nm. This size
distribution range is in agreement with dynamic light scattering (DLS) data (see DLS data),
using identically prepared samples. The DLS data yielded an average hydrodynamic radius value
with a diameter of 160 nm. The concentrated sample (Fig. 2.7A) appears as a densely packed
layer that resembles fish roe. In Fig 2.7C, under dilute conditions, individual liposome-like
structures are visible with some appearing to be fusing and others, which are larger and more
oblong, as though they have completed the fusing process. This property of fusion is commonly
associated with lipid bilayers. Other sequences failed to show any spherical assemblies
indicating that branching as well as the sequence plays an important role in the assembly of these
vesicles. TEM images (Fig. 2.8) of (A) linear peptide which is similar to bis(ho)-K-K, but lacks
a branching point at the e-amino group of the Lysine side chain. (B) a slightly modified shorter
branched peptide, bis(h7)-K-K4 with the hydrophobic sequences VFFLIVI at the N-termini and

(C) bis(hsy)-K-Ks where the phenylalanine residues have been replaced with tyrosine .
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Figure 2.9. Sedimentation velocity analysis of peptides using analytical ultracentrifugation.
Individual peptides, bis(hs)-K-K4 and bis(hg)-K-K4 show an apparent sedimentation coefficient
of 6.3 S (solid circles) and 10.5 S (half-filled squares) respectively while the peptide mixture,
bis(ho:hs)-K-K4 (solid traingles) is centered around 8s. A theoretical (open circles) distribution
refers to a hypothetical distribution which is a sum of peaks of the individual peptide

distribution.

In the analytical ultracentrifuge experiments looking at the supramolecular assembly of
individual bis(hs)-K-K4 and bis(hg)-K-K4, the two peptides yielded structures with different
sedimentation rates (Fig. 2.9). The smaller peptide assembly sedimented at roughly 60 % that of
the larger peptide’s structure, indicating a substantial difference in size. This result suggests that
ultimately structures with different sizes can be generated based on the chain length of the

hydrophobic segments.
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The S values are unusually low for a particle whose mean diameter is ~100 nm. Using SEDFIT
(“a software for the analysis of analytical ultracentrifugation and other hydrodynamic data,
written at the National Institutes of Health and distributed without charge for research use”,
https://sedfitsedphat.nibib.nih.gov ), it was calculated that an s value of 8 corresponds to a
spherical particle of roughly 10 nm in size (without hydration) while a spherical particle with a
diameter of 100 nm, would have an s value in the hundreds. As a control experiment 2 mM
POPC:POPS liposome samples of 1 um and 100 nm mean diameter were tested and showed a
sedimentation rate of close to 250 S and 200 S respectively.

In a separate bilayer assembly experiment employing mixed peptide sequences with free
N-termini (no acetyl capping), larger structures were detected with confocal microscopy when
the solutions stood for 2 or more days (Fig 2.10A, 2.10B), visualized by the addition of 5(6)-
Carboxyfluorescein. On day three, the fused peptide bilayer assemblies formed a thin
membrane-bounded enclosure that trapped micron sized peptide aggregates (Fig. 2.10B). The
aggregated material likely comes from bridgehead peptides internalized during the many rounds
of fusion. Capping the N-termini, to remove the positive charge, appears to hinder the fusion
process, as we failed to observe larger, micron-sized structures. For this reason, we chose to use
N-termini acetyl capped peptides, in order to work with assemblies that remain in the nanometer

size range.
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Figure 2.10. Confocal Images of pepti assemblies
bis(hg:hs)-K-K4 assemblies prepared in a solution of 5(6)-Carboxyfluorescein. The samples were
imaged 48 h (A) and 72 h (B) after preparation.

The CD spectra support the B-sheet conformation in the assembled branched-peptides structures
(Fig. 2.11A, solid line), with a bisignate profile characteristic of a -sheet secondary structure
with a minimum at 218 nm and maximum at 198 nm. However, when dissolved in 40 % TFE,
the peptides adopt helical-like conformations with the characteristic a-helix minima at 208 nm,
222 nm, and a maximum at 190 nm (Fig. 2.11A, dotted line). The linear sequence (he-Ks),
lacking the branching point, appears to have a random structure (Fig. 2.11A, dashed line). It
failed to show any type of assembly in either analytical ultracentrifugation studies or TEM
images (Fig 2.8A). These data support the requirement for branched sequences for assembly and
are able to undergo a transition from helix (monomer) to beta structure (assemblies) depending

on solvent conditions.
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Figure 2.11. Circular dichroism (CD) and Infra-red (FTIR) spectroscopy to determine
secondary structure of peptides.

(A). CD spectroscopy shows that the branched bis(ho:hs)-K-K4 peptide mixture adopts a B-sheet
secondary structure (solid line) at pH 7 in 5 mM NaHCOs, a helical structure (dotted line) in 40
% TFE and remains unstructured (dashed line) when lacking the lysine branch point.. (B). FTIR

1

spectroscopy of a lyophilized sample shows the characteristic 1629 cm™ maximum

corresponding to B-sheet secondary structure.

The peptide assemblies were very stable, withstanding the action of SDS, urea and trypsin, as
determined by the absence of change in the CD spectra before and after treatment. Once

assembled, the bis(hg:hs)-K-K,4 peptides can be switched from a pure aqueous solution to one
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containing 40 % TFE thereby yielding a CD spectrum with the hallmark a-helical minima and
maximum, indicating that a reversible inter-conversion between B-sheet and a-helical is possible.

ATR-FTIR was used to further confirm the peptide secondary structure in the assembled
state. The spectra of a dry peptide mixture sample (Figure 2.11B) revealed a single amide-I
stretch at 1629 cm™. Normally, antiparallel p-sheets possess principal B-sheet amide | stretching

vibration at a maximum of 1630-1640 cm™ ***

with a secondary absorption band at a frequency
50-70 cm™ higher. The absence of the secondary absorption in Figure 4b is more consistent with
the branched peptides adopting a parallel 3-sheet orientation. This result is consistent with those
observed from the self-assembly simulations (Figure 2.6).

Dynamic light scattering data of a concentrated sample of the peptide vesicles yielded an
average hydrodynamic radius of 80 nm (Fig. 2.12). The hydrodynamic radius of the sample was
obtained by performing curve fitting and analyzing the distribution, using Dynal (performed by
Dr. Louis R. Nemzer) yielded a mean auto correlation time of 1.85 ms for the major distribution
(Fig. 2.12A-C). This autocorrelation time was used to calculate the hydrodynamic radius from

the Stokes-Einstein equation (see material and methods section 2.2.10 for details).

671'??RH..10
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T =

Where, t: Correlation time; n: Viscocity (0.7978 x 10 P.s); Ry: hydrodynamic radius (m); Ao =
wavelength (cm™); k: Boltzman constant (1.38 x 102*J K™); T: Temperature (300°K); Nyquia is
the refractive index of the solution (1.33); 6 = the angle at which the detector was located with
respect to the sample (30°).

6 X 3.14 X 0.7978 x 1073 (Pa.5) X R, (488 X 107 7) cm?

0.001852 = _ _
2 X 1.38 X 10723 (JK~1) X 300K[4 X 3.14 X 1.33 X sin(15)]?
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Figure 2.12. Dynamic Light Scattering.

(A). logarithmic plot of time vs. correlation function. (B). Distribution analysis of the data showing
two major distributions centered around 1.68ms and 119.4 ms. (C). Residuals of the curve fitting of
the data in panel (A). (D). Table of the results of the distribution analysis. (E). Equations used in

calculating hydrodynamic radius.

2.3.3. Encapsulation studies with 5(6)-Carboxyfluorescein
In order to improve the encapsulation efficiency, we prepared the peptide assemblies in an

organic solvent, ethanol, while simultaneously encapsulating the dye 5(6)-Carboxyfluorescein.
The peptides and the dye were initially dissolved in 100 % ethanol and eventually diluted with
water to achieve various solvent concentrations (70 %-10 %). After encapsulation, the samples

were separated over a 30,000 MWCO filter and dried under vacuum. The dried samples were
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brought up in 50 % ethanol concentrations and their fluorescence intensities recorded. The
encapsulation efficiency initially showed an increase up to 10 % ethanol concentration but soon
began to decrease with higher ethanol concentrations (Fig. 2.13A). A comparative study of the
CD spectra of the individual peptides shows that peptides initially start off in a beta
conformation and slowly change to a more helical conformation as the concentration of ethanol

increases (Fig. 2.13 B and D).
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Figure 2.13. Encapsulation efficiency in increasing ethanol concentration.

(A) 5(6)-Carboxyfluorescein loaded peptide vesicles were prepared in different ethanol
concentrations and separated over 30 kDa MWCO filters. Fluorescence intensities of the filtrate
(open circles) and retentate (solid circles) were collected after separation and show that
encapsulation efficiency decreases with increasing ethanol concentration. No curve fitting was
done. Lines connect the midpoints of each data point. (B and C) CD spectra of the individual
peptides obtained in different ethanol concentrations (corresponds to the ethanol concentrations

used in A.
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The helical conformation is an indicator of the monomeric state of the peptide. The amount of
dye in each sample is kept the same. With increasing ethanol concentrations the peptides begin to
adopt a helical conformation which leads to their dissociation and hence they are unable to retain
the dye. The initial increase in encapsulation efficiency (from 0-10 % ethanol) is the result of
increased solubility of the dye in ethanol over water. Three contributing factors to increased
encapsulation are (1). increased solubility of the dye in ethanol, relative to water (2). higher
initial concentration of the dye and (3). the shift from a purely hydrophobic environment, where
the peptides are more dispersed and monomeric, to a more hydrophilic environment as the
sample becomes diluted, thus giving the peptides a better chance of coming together and
trapping the dye molecules.

To differentiate dye encapsulation from dye binding, 5(6)-Carboxyfluorescein was added
at two different stages of vesicle formation. The first one involved preparing the vesicles in the
presence of the dye and in the second, the dye was added after the vesicles were formed. The
rationale involves saturating the binding sites on the outside of the vesicle with increasing dye
concentration. The binding should increase until at a certain dye concentration no more dye will
bind to the surface. On the other hand, if the dye is encapsulated (inside the vesicle), it will
continue to show an increase in dye intensity until the dye reaches its solubility limit. At high
dye concentrations, (a) fluorescence self-quenching, (b) fluorescence intensity changes due to
dye-peptide interaction, (c) dye-solubility and (d) filter-membrane saturation are important
factors that need to be addressed. To avoid self-quenching at high concentrations, the dried
samples (after separation) were dissolved in large volumes of the solvent. TFE was chosen as a
solvent for two primary reasons. (1) At concentrations above 40 % TFE the peptides adopt a

completely helical secondary structure (see CD data Fig. 2.11) and exist as monomers. Hence in
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100 % TFE, intact vesicles are absent. This is important because any dye still trapped inside the
vesicles may exhibit self-quenching due to a locally high concentration of the dye. (2) In TFE
there is no intensity change due to peptide-dye interaction (data shown or not shown). Stock
solutions of the dye were filtered through 0.22 um filters to remove any insoluble dye particles.
Pre-wetting of the filter with organic solvent and multiple washes were performed during the

separation step to avoid filter saturation and dead volume effects.
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Figure 2.14. Encapsulation of increasing amounts of 5(6)-Carboxyfluorescein.

Peptide assemblies prepared with the dye present during vesicle formation (solid circles) or
added after the vesicles are formed (open circles). Each data point represents an average of 3
separate experiments performed on different days. Data points are connect with straight lines
through their midpoints. Trend is not a curve-fit.

Fig. 2.14 shows the results of increasing concentrations of the dye, 5(6)-
Carboxyfluorescein, encapsulated into and bound to peptide vesicles that were prepared by the
two different methods described above. The results indicate that more dye is incorporated

(encapsulation + binding) when the vesicles form in the presence of the dye (Fig. 2.14, solid
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circles) as compared to the dye added to preformed vesicles (Fig. 2.14, open circles). The
concentration of the peptide in the two samples remained constant indicating that fluorescence
intensity changes of the dye were due to dye binding or encapsulated and not due to peptide-dye
interaction.
2.3.4. Peptide sequence modifications

Peptides with slight modifications to the original sequence were synthesized and their secondary
structure studied using circular dichroism. The modifications included (1) replacing the C-
terminal poly lysine chain with arginines or polyehtyleneglycol [these peptides were synthesized
by Xiao Yao] (2) modifying the N-terminal sequence by either randomizing the sequence or
making minor modifications to the original sequence. While we had difficulty obtaining the final
product for some sequences (Table. 2.1), others yielded no spherical assemblies when viewed
under TEM.

Table 2-1. Peptides Synthesized

Sequence Seq.ID MW Solubility |2° Structure
(FLIVI),-K-KKKK bis(hs)-K-K; | 1828.279 | Soluble Beta
(VFFLIVI)-K-KKKK bis(h,)-K-K; | 2320.553 | Soluble Beta
(FLIVIGSI),-K-KKKK bis(he)-K-K; | 2568.723 | Soluble Beta
FLIVIGSII-KKKKK ho-Ks 1655.123 | Soluble | Unstructured
Ac-(IIVGSLIFI),-K-K, bis(hees)-K-Ks | 2652.743 | Soluble Beta
Ac-(FLIVI)-K-KKKK bis(hse)-K-Ks | 1912.3 | Soluble Beta
Ac-(FLIVIGSIN),-K-KKKK | bis(hg)-K-K, | 2652.743 | Soluble Beta
Ac-(FLIVI),-K-PEG bis(hs;)-K-PEG | 16049 | Insoluble | - |
Ac-(FLIVIGSII)-K-PEG bis(he)-K-PEG | 2363.3 | Insoluble | --- § >E
Ac-(FLIVI)-K-RRRRR bis(hee)-K-Rs | 2764.75 | Insoluble | --- % S
Ac-(YLIVI),-K-Ky bis(hsey)-K-K; | 1944.28 | Soluble | Beta 2
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2.4. Conclusions
To the best of our knowledge, no other branching amphiphilic peptides have been successfully

designed, simulated, synthesized and tested that behave similarly to phospholipids. By
combining an oligolysine tail with two strong B-forming hydrophobic sequences we have
identified such an ensemble. The linear version of the peptides failed to show any lipid- or
detergent-like behavior. One might have expected the linear sequence to form micelles, however
this was not the case. Clearly, the bis- arrangement of the hydrophobic sequences is essential for
assembly.

Direct pictorial evidence (cryo-EM) visualizing the bilayer would have helped strengthen
our hypothesis but currently we lack the resources to obtain such images. Taken together, the
peptide architecture, the final assembly state, and results from the encapsulation studies, it is
hard for me to imagine these vesicles forming anything other than a bilayer delineated vesicle.
Based on the peptide architecture we expected the hydrophobic tails to adopt an anti-parallel beta
conformation where the hydrophobic tails of the individual peptides interact so as to exclude
water. FTIR data shows that the peptides adopt a parallel beta conformation. Together with the
MD simulations, it is evident that the secondary structure could well be a mixture of hydrophobic
chain entanglement and inter-molecular hydrogen bonding between adjacent tails. This helps
explain the extremely strong cohesive nature of the assemblies and their resistance to treatments
with SDS, Urea and trypsin.

An important question addressed at the latter part of this chapter is, do the self-assembled
peptides form micelles, vesicles or a mixture of the two? While TEM images give a clue, the dye
encapsulation assay proves beyond doubt that there is encapsulation of water solvated dye

molecules in addition to binding (to the surface) indicating an interior space within the vesicles.
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No specific experiments were carried out to address the question of mixtures of micelles and
vesicles but TEM and AUC results indicate a slightly broad size distribution part of which could
be a result of a mixture of final assemblies. Further studies related to encapsulation efficiency,
leakage studies and stability would help in understanding how best to prepare these vesicles.
Finally, while the encapsulation assay described here deals exclusively with a negatively charged
dye (which is capable of binding to the positively charged lysine tails), a comparative
encapsulation study involving a positively charged dye (Rhodamine B) was carried out (see
Appendix A, Fig. A.3) and yielded a relatively low encapsulation efficiency. This encapsulation
was done using the protocol described in section 2.2.1. and did not involve ethanol. One reason
for this may involve the positive charges on the dye interfering with vesicular assembly. Neutral,
uncharged dyes have problems with solubility in water and hence were not tried.

The branched peptides mimic the ability of phospholipids to form bilayer structures, trap
solvent within the interior space, and under certain conditions, fuse to increase in size. This
enclosed space was successfully used to trap small fluorescent molecules. We expect that since
they are similar in size to viral particles, large molecules such as hydrophilic drugs, peptides,
proteins and large plasmids could be encapsulated and taken up by cells.

Peptide nanoparticles, and more importantly peptide nanovesicles, are potential drug
delivery systems that can be designed to achieve greater stability and specificity when compared
to traditional delivery protocols. The peptides described here are relatively short, stable and easy
to prepare. The ability of both short and longer peptides to associate, hints at possibilities of
controlling the overall size of the assembly, which will be a useful property when delivering

compounds of different sizes. Whereas lipid-based vesicles require additional steps, such as
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extrusion through polycarbonate filters with defined pore sizes or sonication to achieve a

homogeneous distribution, the peptide assemblies described here do not require such treatments.
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Chapter 3 - Bis(hg:hs)-K-K, vesicles as in vitro delivery vehicles
3.1. Introduction

Polymeric vesicles and other nanoparticles show great promise as drug-delivery and gene-
delivery systems. Using such systems, various molecules like hydrophobic and hydrophilic
drugs, fluorescent dye markers, proteins and nucleic acids have been delivered in vitro and
in vivo. The ability to deliver various molecules, small and large, is an ongoing research but
of all the different molecules that polymeric vesicles can deliver, DNA is the one that is
most studied™?. This is understandable considering the emergence of alternative (to viruses)
packaging and delivery systems that has resulted in a renewed interest in gene therapy. A
wide variety of cationic liposomes, surfactants and peptide amphiphiles are being
investigated for their usefulness in delivering genetic material. From these studies it is now
known that DNA most readily binds to cationic lipids and surfactants. It is interesting to
note that while we expect a DNA molecule binding to the outside of a cationic vesicle
would do so in an extended conformation, research has shown that it in fact undergoes
compaction when bound®. This DNA compaction can be reversed when anionic
amphiphiles are added to the mixture, leading to de compaction of the DNA, where it is
more likely to integrate into the host genome®. While it is tempting to dismiss all DNA
interactions with cationic vesicles as simple electrostatic association, there are many
reports of single stranded DNA associating more strongly than double stranded DNA to
such cationic surfactants®®. Double stranded DNA has a much larger linear charge density
than single stranded DNA. Moreover, reports of small changes to the head group of the
amphiphile lead to dramatic increases in transfection efficiencies’. Thus, there appear to be

more factors than simple electrostatic association. Despite the numerous studies on the
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interaction of DNA and cationic (and other polymeric) surfactant vesicles, the exact
mechanism of DNA uptake still remains unclear®. In general, delivering DNA (using a
vehicle) into a cell’s nucleus has to overcome eertair obstacles that include (but are not
limited to) the DNA being taken up by the cells, released into the cytoplasm, entering the
nucleus and finally, stably integrating into the host genome followed by its expression.
Currently, in cell culture, most commercially available transfection agents are lipid-based.
Very few, if any, are polymer based and to the best of our knowledge, none are peptide-
based. A peptide based transfection agent has several advantages over lipid-based systems.
It is relatively easy to modify peptides to attach cell specific recognition ligands. It is easier
to synthesize them chemically and are more stable than lipids. The peptide vesicles
described here are potential drug-delivery and gene-delivery vehicles that can be tuned to

meet the requirements of targeted delivery.

3.2. Materials and Methods

3.2.1. Peptide synthesis (covalently labeled dye)
N-Hydroxy Succinimide ester of the 5/6-carboxy-tetramethyl rhodamine was used to

couple the dye to the e-amino site of a lysine residue (C-terminal) of bis(hs)-K-K, in the
presence of DIEA. Before the addition of the dye, the t-boc protected €-amino group was
deprotected using TFA. This labeled lysine was used as the first amino acid in the synthesis
of the peptide using standard solid phase chemistry. The peptides were synthesized as

described in section 2.2.2.
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3.2.2. Cell Culture
Human lens epithelial (HLE), human breast cancer (MCF-7), rabbit lens epithelial (N/N

1003A) and mouse neuroblastoma (N2a) cells were obtained from Dr. Dolores Takemoto's
lab (Biochemistry Department, Kansas State University).

HLE cells were grown in Minimum Essential Medium (MEM) with 10 % fetal
bovine serum (FBS). MCF-7 cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) with 10 % FBS, 0.5 % antibiotics (streptomycin, penicillin and gentamycin) and
0.1 % insulin. N/N 1003A cells were grown in DMEM with 10 % fetal bovine serum (FBS)
and 3.7 g/L NaHCOg3. N2A cells were grown in Eagle’s Minimum Essential Medium with
10 % FBS. All cells were grown under normoxic condition (5 % CO,, 21 % O,) in T25 cell
culture flasks (MIDSCI™, St. Louis, MO). Depending on the experiment, cells were grown
in 6 well or 12 well culture plates by either seeding cells directly in wells or onto coverslips
placed in the wells.

3.2.3. Loading peptide vesicles
Peptide vesicles were prepared with slight modifications to the protocol described
previously (section 2.2.1.). DNase/RNase free water and DNase free pipette tips
(MIDSCI™, St.Louis, MO) were used to prepare the samples. 1-3 pL of 1 pg/uL peGFP-
N3 was diluted to 100-600 pL using DNase/Rnase free water. Plasmid solution was added
dropwise into the dried peptide mixture in autoclaved 1.5 mL Eppendorf tubes. These
plasmid loaded peptide vesicle samples in the tubes were gently tapped, inverted a few
times (instead of vortexing) and allowed to sit for 30 min at room temperature before
adding them to the cell culture. When required, before addition of samples to the cell
culture, loaded peptide vesicle samples were filtered through a 0.22 um Costar spin-X

centrifuge tube filter (Corning Incorporated, Corning, NY). The samples were spun at
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10,000 rpm for 6 min in a benchtop centrifuge to drive the samples through the filter.
Loaded peptide samples were added directly into the cell culture wells using micropipettes.

For 5(6)-Carboxyfluorescein encapsulation, bis(hg:hs)-K-K, assemblies were
prepared using the protocol described in section 2.1.1 to achieve a final concentration of 25
MM of each peptide in a 600 pL final volume. The dried samples were rehydrated with a
0.5 mM solution of the fluorescent dye 5(6)-Carboxyfluorescein (MW = 376.3 Da)
dissolved in DNase/RNase-free water.

3.2.4. Fluorescence microscopy
All fluorescent images were taken in Dr. Dolores Takemoto’s lab (Biochemistry
Department, Kansas State University), using a Nikon Eclipse E600 fluorescent microscope
fitted with an Optronics Magnafire, CCD camera and appropriate filters (Blue, green and
red). Images were acquired using the software, MagnaFire 2.1C (Olympus America Inc.,
Center Valley, PA).
3.2.5. 5(6)-Carboxyfluorescein uptake

HLE cells were seeded onto coverslips placed in 6 well plates containing 2 mL of the
medium. When cells reached roughly 80-90 % confluence, 600 pL of the DMEM was
replaced with the peptide vesicle solution loaded with 5(6)-Carboxyfluorescein. The cells
were then allowed to grow at 37°C under normoxic conditions. At 4 h and 12 h after
incubation with dye-loaded vesicles, the cells were washed twice with phosphate buffered
saline (PBS) and fixed using 3.7 % paraformaldehyde (PFA). The fixed cells were then
mounted on a glass slide and pictures were taken using the fluorescence microscope.
Control cells were incubated with only the free fluorescent dye and no peptide vesicles. For
peptide-dye co-localization experiments, rhodamine-labeled bis(hs)-K-K,4 peptides were

prepared separately and mixed with unlabeled bis(hs)-K-K, in a 1:1 ratio. This mixture was
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again mixed with unlabeled bis(ho)-K-K, in 1:1 ratio and prepared as described in section
3.2.3.

MCEF-7 cells were seeded onto coverslips placed in 12 well culture plates containing
1 mL of the medium. When cells reached roughly 80-90 % confluence, 100 pL of the
medium was replaced with loaded peptide samples (25 uM each and 100 pL final volume)
in each well. After 10 -12 h the medium was removed and washed three times with PBS.
Cells were then fixed with 3.7 % PFA for 10 min. The PFA was subsequently removed
and the cells washed three times with PBS. Fixed cells were incubated for 1 h with nuclear
staining dye, DAPI. Excess DAPI was removed and the cells washed again with PBS. The
coverslips containing the fixed and stained cells were mounted on to a glass slide
containing a drop of ProLong® liquid mountant with antifade (Invitrogen, Carlsbad, CA).
The coverslips were sealed using Sally Hansen (#01 invisible) nail polish.

3.2.6. Cytotoxicity assay

Cell toxicity assays were carried out to assess peptide toxicity in MCF-7, N/N 1003A and
N2A cells. Cells were grown to roughly 60 % confluence in 12 well plates with 1 mL of
media in conditions as described in section 3.2.1. 100 pL of the media was replaced with a
solution of peptide assemblies prepared in nuclease free water. Peptide concentrations used
were 10, 25, 50, 75, 100 and 200 uM each. Controls included, one well left undisturbed and
the other contained 100 pL of nuclease free water. After a 6 h incubation with loaded
peptide vesicle samples all media was removed and replaced with 1 mL of fresh media in
each well. After 24 h, all medium was removed and cells were washed three times with
PBS. Next, cells were treated for 5 min with 100 uL TrypLE™ Express (GIBCO [Life
Technologies], Grand Island, NY) to release the cells from the surface of the well. Medium

(900 pL) was added to each well and the contents transferred into a 1.5 mL Eppendorf
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tube. The cells were centrifuged at 5000 rpm for 5 min in a benchtop centrifuge. The
supernatant was discarded and the pellet was resuspended in 1 mL PBS. To check for cell
viability, 10 pL of the resuspended cells were mixed with 10 pL of 2X trypan blue
solutions and allowed to sit for 2 min before counting them in a Cellometer® AutoT4
automated cell counter (Nexcelom Bioscience LLC, Lawrence, MA). Assays were repeated
three times and data were plotted using Sigmaplot (ver.9.01, Systat Software, Inc.,
Chicago, IL)
3.2.7. pEGFP-N3 plasmid transfection

Transfection experiments were carried out by encapsulating a ~4.7kb plasmid DNA (Fig.
12) that encodes for an enhanced green fluorescent protein (EGFP) and delivered to MCF-7
cells and N/N 1003A cells. The plasmid pEGFP-N3 was obtained from Dr. Dolores
Takemoto lab (purchased from Clontech, Mountain View, CA). Controls for transfection
were carried out using a commercial transfection agent, Lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA) (Fig. 3.1). Plasmid concentrations used for encapsulation varied from 0.36
Mg — 3.6 pg, while peptide concentration were 50 uM each of bis(hg)-K-K,4 and bis(hs)-K-
K4 mixed in an equimolar ratio.

N/N 1003A cells (and in a separate experiment, MCF-7 cells) were grown to
roughly 50-60 % confluence on coverslips placed in 6 well culture plates. Plasmid loaded
peptide vesicle samples were prepared as described in section (3.2.3.). Prior to adding the
loaded samples to the cells, all medium was removed from the wells and 1.8 mL of Opti-
MEM® 1 reduced serum medium (Invitrogen, Carlsbad, CA) was added. Next, 200 uL of
loaded samples were added to cells and allowed to grown in normoxic conditions. 6 h after
incubation with loaded vesicles, the medium was removed and replaced with 2 mL of fresh

DMEM (containing 10 % FBS and lacking loaded peptide samples) in each well. 48 h after
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initial incubation, all medium was removed and the cells washed three times with PBS and
fixed with freshly prepared 3.7 % PFA for 10 min. At the end of 10 min, the PFA was
removed and cells washed three more times with PBS. Fixed cells (on coverslips) were
removed and mounted on slides which had a drop of ProLong® Gold liquid mountant. This
mountant contains a mixture of antifade and the nuclear stain, DAPI. The coverslips were
sealed with nail polish. Slides were wrapped in aluminum foil and stored at 4°C overnight.

The slides were imaged the next day using a fluorescence microscope.

pEGFP-N3 Vector Information 0T3054.6
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Figure 3.1. Restriction map and cloning sites of pEGFP-N3 (from bdbiosciences.com)

3.2.8. Plasmid digestion with nucleases and chemical method (Cu(l1)-GSH)
Plasmid loaded peptide vesicles were prepared as described in section (3.2.3.). The nuclease,

RQ-1 RNase-free Dnase-1 (Promega Corp., Madison, WI) treated samples were prepared
according to the protocol supplied by the manufacturer. Briefly, to 100 pL of the loaded vesicle

sample solution containing 1ug pEGFP-N3, 8 uL of the nuclease, followed by 10 pL of a 10x
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reaction buffer (400 mM Tris-HCI (pH 8.0), 100 mM MgSO,4 and 10 mM CaCl,, provided by
manufacturer) was added. This sample was incubated for 30 min at 37°C. At the end of the
reaction, 1 pL of the stop solution (20 mM EGTA (pH 8.0), provided by manufacturer) was
added and the sample incubated for 10 min at 65°C, to inactivate the DNase.

Benzonase treated samples were prepared by mixing 0.5 uL of the enzyme (250 units/uL
in 20 mM Tris, 0.2 mM MgCl, and 20 mM NaCl) with 200 uL of peptide sample containing 1pg
pPEGFP-N3. To this mixture, 10 puL of a 10x reaction buffer (supplied with RQ-1 RNase-free
Dnase-1 kit, see above) was added and incubated at 37°C for 30 min. At the end of 30 min, 2 pL
of stop solution (supplied with RQ-1 RNase-free Dnase-1 kit, see above) was added and the
sample incubated at 65°C for 10 min. Concentration of the enzyme used was determined based
on results obtained with treatment of the plasmid for different time intervals (see Appendix A,
Fig A.1).

For chemical cleavage, stock solutions of glutathione (GSH) and copper sulphate
(CuSQ,4) were prepared at 1 M concentrations each and stored at 4°C until further use. All
plasmid loaded vesicles were prepared with slight modification to the protocol described in
section (3.2.3.). Instead of DNase/RNase free water, the dried peptides were rehydrated with 1ug
pPEGFP-N3 diluted in 50 mM sodium phosphate buffer with 50 mM NaCl and pH 8, to a final
volume of 100 pL. The samples were treated with 400 uM each of GSH and CuSO, and
incubated at 40°C for 90 min. 2 pL of the stop solution (20 mM EGTA (pH 8.0) from Promega
RQ-1 RNase-free Dnase-1 kit) was added to stop the reaction. The concentrations of GSH and
CuSO,4 used in the final experiment were determined after treating the plasmid with increasing

concentrations of GSH and CuSQ, (see Appendix A, Fig. A.2).
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Gel experiments were carried out in Dr. Gerald Reeck’s lab (Biochemistry Department,
Kansas State University). All samples were run on a 0.5 % agarose gel containing 0.2 %
ethidium bromide. 10 pL of each sample was mixed with loading buffer in a 1:5 ratio. 10 pL of
this mixture was loaded into each well and the gel was allowed to run for 45 min (nuclease
experiment) and 1 h (chemical cleavage experiment) at 100 V. At the end of the run, the gel was
removed and placed on a UV scanner and images acquired using Kodak Digital Science 1D ver.

2.0. (Scientific Imaging Systems, New Haven, CT)

3.3. Results and Discussion

3.3.1. Peptide vesicles as delivery vehicles in vitro
The potential of these peptide assemblies to function in vitro as delivery vehicles was explored

by preloading the assemblies with the fluorescent dye 5(6)-Carboxyfluorescein during the
aqueous hydration/assembly step. This protocol is similar to that used to encapsulate compounds
in lipid vesicles: the assemblies form around solutes dissolved in the aqueous systems. Non-
encapsulated dye was removed by gel filtration over Sephadex G-10. Dye added to preformed
vesicles did not adhere appreciably to the assemblies and was removed during the gel filtration
step. The loading efficiency was checked with three different fluorescent compounds, 5(6)-
Carboxyfluorescein, tryptophan and Rhodamine 6G (see Appendix A, Fig. A.3). The calculated
trapping efficiency was approximately 5 to 8 % with the generation of 10'° to 10™ vesicles,

using a 1.6 mM concentration of the bis(hg:hs)-K-K, peptides.
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Figure 3.2. Cellular uptake of preloaded peptide assemblies by HLE cells.

Fluorescence microscope images of HLE cells grown on coverslips and incubated with peptide
assemblies loaded with 5(6)-Carboxyfluorescein for 12 h. Images show that the dye is localized
primarily at the peri-nuclear region. Cells were fixed with 3.7 % paraformaldehyde before
imaging. (A) 20x magnification, (B) 40x magnification, (C and D) bright field images of A and

B respectively.

Figure 3.3. Peptide—dye co-localization in N/N 1003A cells.
(A-C) Bis(hg:hs)-K-K, assemblies with one of the peptides labeled (bis(hs)-K-K, labeled

with Carboxytetramethylrhodamine) and loaded with 5(6)-Carboxyfluorescein were

delivered to N/N 1003A cells. Green and red filter settings were used for the detection of
Rhodamine labeled peptide (A) and 5(6)-Carboxyfluorescein (B) respectively. (C) is a

merge of a and b showing co-localization of dye and peptide assembly within the cell.
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Vesicular uptake was followed in two different epithelial cell lines: HLE and N/N 1003A
cells grown on cover slips (in six well cell culture plates). Both cell types showed uptake of
soluble 5(6)-Carboxyfluorescein loaded bis(hg:hs)-K-K4 peptide assemblies. Control cells,
incubated with either free dye or dye mixed with the linear peptide (he-Ks) showed no
incorporated fluorescence (image not shown). In Fig. 3.2, HLE cells show uptake of the
dye after 12 h of incubation with peptide vesicles loaded with the dye and localize on the
peri-nuclear region of the cell. In Fig. 3.3 a-c bis(he:hs)-K-K, vesicles containing
encapsulated 5(6)-Carboxyfluorescein were prepared with a portion of the (bis(hs)-K-Kj)
peptide covalently attached to the fluorescent dye Carboxytetramethylrhodamine (50 %
label). These vesicles were then incubated with N/N 1003A cells. This experiment was
designed to look for the co-localization of the trapped soluble dye with the peptide
assemblies labeled with a different fluorescent dye (Rhodamine). The images shown are of
the same cells visualized with different filter settings to check for co-localization of the two
dyes. After a 10 h incubation period, encapsulated 5(6)-Carboxyfluorescein (Fig. 3.3.a) was
visible when viewed with a green filter indicating that the cells had internalized the dye. In
Fig. 14b the cells were imaged using a red filter also showing the cellular uptake of the
covalently labeled peptide assemblies. Fig. 3.3.c shows the color merge of 3.3.a and 3.3.b,
indicating co-localization of the soluble dye and the rhodamine-labeled peptide within the
cell. Co-localization indicates that the intact loaded vesicles enter the cytoplasm rather
than releasing their contents through a fusion-like mechanism at the plasma membrane.
Due to the inert nature of the dyes, these experiments gave no indication that the dye was
released from the vesicles within the cell. All we can claim with this line of investigation

is that the soluble dye has been delivered. MCF-7 cells when incubated with free dye (Fig.

82



3.4..a) or when the dye was mixed with control peptides (Fig. 3.4. c-f) did not show
appreciable uptake of the dye. The peptides used as controls were: Linear peptide (h9),

sequence scrambled peptide (hos) and K;hsKo.

Figure 3.4. Comparing dye uptake in MCF-7 cells using various peptides.

MCF-7 cells incubated with (A) free 5(6)-Carboxyfluorescein, or mixed with peptides (B)
bis(hg)-K-Kj, (C) bis(hs)-K-Kj, (D) scrambled, sequence of bis (hes)-K-Ks, (E) Linear peptide-
h9 and (F) KzhsK,. DAPI was used as nuclear stain.

Cellular uptake of lipid vesicles occurs via membrane fusion and the subsequent release of

the vesicle contents directly into the cytoplasm. Cellular uptake of the peptide vesicles
described here occurs non-specifically, most likely via endocytosis. However, the presence

of multiple addressable functional groups could allow for the attachment of receptor
targeting molecules, such as biotin, estradiol and TAT sequence thereby helping to target

the vesicles to specific cell types. The peptide concentration used in these experiments was

50 uM. There was no apparent toxic effect on the cells at this concentration. Cell toxicity
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assays carried out for the peptide assemblies in three different cell types showed no

observable cell death at concentrations up to 50 uM (Fig. 3.5).
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Figure 3.5. Cell Cytotoxicity assay.

Cell toxicity assays were performed for peptide assemblies in three different cell types, N2a
(open circles), N/N 1003A (closed circles) and MCF-7(open triangles) cells. Each data point
represents an average of 3 separate experiments performed on different days.Data points are

connect with straightlines through their midpoints. Trend is not a curve-fit.

3.3.2. Delivery of plasmid DNA using peptide assemblies
To further investigate the ability of these peptide assemblies to deliver and release larger

biologically relevant cargos, we encapsulated the ~4.7 kb DNA plasmid pEGFP-N3 that
encodes the enhanced green fluorescent protein (EGFP) for transfection studies. The
plasmid encapsulation was carried out using the protocols previously described. The

encapsulated pEGFP-N3 was directly added to N/N 1003A rabbit lens epithelial cells (Fig.
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3.6) or MCF-7 cells (Fig. 3.7) grown on coverslips. After 6 h incubation, fresh medium was
added and the cells were allowed to grow for another 24 h. Cells were then fixed with 3.7
% PFA and stained with DAPI (nuclear stain) before imaging with a fluorescent

microscope.

Figure 3.6. N/N 1003A cells transfected with pEGFP-N3 plasmid DNA encapsulated in
peptide assemblies.

(a). Fluorescent microscopy images of N/N 1003A cells transfected with encapsulated
plasmid, show EGFP expression. (c). Encapsulated plasmid, treated with DNase-1 prior to

their addition to cells, showed EGFP expression. (e). Cells treated with naked pEGFP-N3

(unencapsulated), showed no EGFP expression. b, d and f are bright field images of a, ¢
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and e respectively. DAPI was used as the nuclear stain. Cells were fixed with 3.7 % PFA
and stained with nuclear dye DAPI.

Plasmid + Peptide Plasmid + Lipofectamine Only Plasmid

Figure 3.7. MCF-7 cells transfected with pEGFP-N3 plasmid DNA encapsulated in peptide
assemblies.

Fluorescence microscope images of MCF-7 cells grown on coverslips and transfected with
pPEGFP-N3 using (A) peptide assemblies, (B) Lipofectamine™ and naked plasmid (C).
Cells were stained with DAPI and fixed with 4 % PFA. D, E and F are bright field images

of A, B and C respectively.

In the case of N/N 1003A cells, EGFP expression was observed only when the
plasmid was delivered using the peptide assemblies (Fig. 3.6a). To test if the peptide
assemblies could offer protection to the encapsulated plasmid during delivery, we treated
the free and encapsulated plasmid with DNase-1 for 30 min at 37 °C before adding them
directly to N/N 1003A cells grown on cover slips. Cells incubated with DNase-1 treated-
encapsulated plasmid were able to express EGFP (Fig. 3.6¢), confirming the protective role

of the peptide assemblies during delivery of the encapsulated cargo. Control cells with

either the free plasmid or plasmid treated with DNase-1 showed no expression (3.6€), most
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likely due to the breakdown of the plasmid as a result of DNase-1 hydrolysis. Similar
results were observed with MCF-7 cells when transfected with pEGFP-N3. EGFP
expression was observed only when the plasmid was delivered using either the peptide
bilayer assemblies (Fig. 3.7a) or when using a commercial transfection agent,
Lipofectamine™ (Fig. 3.7b). Control cells with only the free plasmid did not show EGFP
expression (Fig. 3.7c).

Under certain conditions, we observed that MCF-7 cells transfected with the
pEGFP-N3 showed a faint green fluorescence which was absent in cells transfected with
the free plasmid or in control cells that have only the peptide vesicles but no plasmid (see
Apendix A, Fig. A.4). The fluorescence is not the usual bright green fluorescence
associated with GFP expression. We suspect that this could be very low levels of EGFP
expression. The most likely cause of such low intensity fluorescence would be that the cells
take up the plasmid loaded peptide vesicles but are unable to release all of the plasmid from
the peptide vesicles. The observed low intensity fluorescence could be the result of a very
low number of plasmid(s) in the cell.

In most cases, transfection of plasmid DNA into most cell types leads to only a
transient expression. Very few cells successfully integrate foreign DNA into their genome.
To determine if the transfection using peptide assemblies resulted in any stable
transfections, we transfected N/N 1003A cells grown in T-25 flasks (5 mL) with the
peptide assemblies and after 48 h, added the drug G-418 disulfate (RPI Corp., Mount
Prospect, IL) at a concentration of 1 mg/mL into the medium for selecting stable
transfectants. This particular concentration (1 mg/mL) was chosen based on a cell

cytotoxicity assay carried out in N/N 1003A cells treated with varying concentrations of G-
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418 disulfate (0.1-2 mg/mL). This work was done by Ms. Adriana Avila as part of her
research. The plasmid EGFP-N3 carries the neomycin gene (neo) as a selection marker
and can be used to amplify cells that have stably integrated the plasmid (or portions of it)
into their genome. After growing the cells in this selection medium for two weeks, we
obtained four colonies that were allowed to grow for two more weeks before imaging them
under a fluorescence microscope for GFP expression (Fig. 3.8). Fluorescence microscopy
images revealed that only three out of the four colonies expressed GFP. Two sets of
controls were used. In one, 100 pL of the medium was replaced with DNase/RNase free
water and in the other, 100 puL of medium was replaced with DNase/RNase free water

containing 1 pg of the plasmid. Both sets of control cells eventually died after a week.

Figure 3.8. Stable transfection of N/N 1003A cells using peptide assemblies.

Fluorescence microscope images of N/N 1003A cells transfected with pEGFP-N3 using peptide
assemblies and grown in selection medium containing 1mg/mL G-418 disulfate for four weeks.
Three (D, E and F) separate colonies expressing GFP. A, B and C are bright field images of D, E

and F respectively.
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3.3.3. Location of plasmid within peptide assemblies (inside vs. Outside)
Given that two highly charged entities, peptide vesicles (positive) and plasmid DNA (negative),

are coming together more than one type of association is possible. In addition to encapsulation
these molecules will interact electrostatically. In order to determine the types of associations of
the plasmid within the peptide vesicles, we treated the plasmid loaded vesicles with two different
nucleases, DNase-1 and Benzonase. Both these nucleases are endonucleases that cleave DNA
non-specifically. DNase-1 acts on single stranded, double stranded and chromatin DNA and
preferentially cleaves at the 5° phosphodiester linkages adjacent to pyrimidine nucleotides®.
Benzonase (genetically engineered nuclease from Serratia marcescens) cleaves all forms of
DNA and RNA™ Benzonase is also a preferred nuclease for removal of nucleic acid
contaminants from recombinant protein preparations (according to the manufacturer’s website).
We hypothesized that if the portion of the plasmid encapsulated inside the peptide vesicles will
be protected from the action of the nucleases and remain intact. On the other hand, if the plasmid
is bound on the outside of the vesicles it should be cleaved by the nucleases. Plasmid loaded
peptide vesicle samples were prepared with the plasmid added to preformed vesicles or during
vesicle formation. These preparations were treated with the nucleases and separated over an
agarose gel containing ethidium bromide. The results (Fig. 3.9) indicate that while the major
portion of the plasmid is cleaved by the nucleases, a small fraction of the plasmid, when prepared
with the peptide assemblies, doesn’t enter the gel and remains intact (Fig. 3.9 lanes 2, 4-6, 8 and
9). This small fraction remains in the well due to the charge neutralization of the plasmid (DNA
is negatively charged and binds to the positively charged lysine tails of the peptide) but can also
be the result of the plasmid being encapsulated within the peptide vesicles. It is known that

nuclease activity may be inhibited by the binding of DNA to peptide/protein. Hence, we decided
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to do away with nucleases and use a chemical method to cleave the plasmid DNA. To determine
if this small fraction of plasmid (stuck in the well) is a result of nuclease-inactivity or
encapsulation, we treated the plasmid loaded peptide samples with glutathione (GSH) in the
presence of CuSOy (Fig. 21). GSH in the presence of Cu** forms hydroxyl radicals that attack the
bases of DNA resulting in base damage and strand scission'®*3, Results from this experiment
indicate that most (if not all) DNA is cleaved under these conditions (Fig. 3.10 lanes - 4,5,7 and
8). We cannot be entirely certain if the GSH and copper ions are impermeable to the interior of
the vesicles. Hence, from the experiments above, we can only conclude whether the plasmid is
protected or unprotected. In the case of nucleases, the plasmid is protected and in the case of

GSH-Cu complex, it is unprotected.
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Figure 3.9. Treatment of plasmid loaded peptide samples with nucleases.

A 0.5 % agarose gel containing ethidium bromide shows the results of various samples treated
with two different nucleases where, P refers to plasmid (pEGFP-N3) and Peptide* are samples
where the plasmid is added to preformed peptide vesicles. Lanes 4-5 and 8-9 are plasmid loaded
peptide samples treated with DNase-1 and Benzonase respectively and show complete
degradation except for some plasmid DNA in the well. Lanes 11 and 12 are free plasmids treated
with nucleases and show complete degradation of the plasmid. Lanes 3 and 10 are free plasmids

that have not been treated with any nucleases. Lanes 2, 3 6 and 7 are controls.
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Figure 3.10. Treatment of plasmid loaded peptide samples with Cu(l1)- GSH.

A 0.5 % agarose gel containing ethidium bromide show results of various samples treated with
Cu(I1)-GSH complex where, P refers to plasmid (pEGFP-N3) and Peptide* are samples where
the plasmid is added to preformed peptide vesicles. Lanes 4-5 and 7-8 are plasmid loaded peptide
samples treated with Cu(l1)-GSH complex with or without filtering through a 30K MWCO filters
respectively and show highly degraded plasmid DNA. Lanes 10 and 11 are free plasmids treated
with Cu(11)-GSH complex. Lanes 1, 2, 3 and 9 are controls that are not treated with the complex
and show intact plasmid.
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3.4. Conclusions
The potential to deliver small fluorescent dye molecules (5(6)-Carboxyfluorescein and

Rhodamine 6G) using the peptide bilayer assemblies described, were tested in a variety of
cell types: Human lens epithelial cells, human breast adenocarcinoma cells and rabbit lens
epithelial cells. These cell types showed significant uptake of the dye molecules when
delivered through the peptide assemblies. Uptake of free dye (added directly to the
medium) showed poor to no uptake of the negatively charged dye while the positively
charged dye was taken up more readily.

While these peptide vesicles act as hollow nanocarriers for small molecules, in the
case of large molecules like nucleic acids, they appear to act as nanoparticles. Using these
peptide assemblies, we have shown that it is possible to transfect epithelial cells and obtain
both transient and stable transfectants. We have also shown that these peptide assemblies
offered plasmid DNA a modest level of protection from the action of nucleases like DNase-
1 and Benzonase. Although we have not quantified the transfection efficiency by flow
cytometry, from fluorescence images alone, it appears that the overall efficiency is low
when compared to a commercial transfection agent, Lipofectamine™. The overall
transfection efficiency could be improved by tagging the peptide with various cell specific
ligand molecules (estrogens and other small sterol molecules, TAT sequence and other
recognition sequences) or introduced to cells in conjunction with techniques like
electroporation. Although we do not present the data here, we have observed over the
course of the research that certain simple precautions like using reduced serum medium for
initial peptide assembly delivery and using low concentration of the DNA (1-2ug) yielded

more consistent transfections across different epithelial cell lines.
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Chapter 4 - Conclusions and Future Directives

We have described here, a set of relatively short peptide sequences that are capable of self-
assembling into nanovesicles (150-200 nm, using TEM and DLS). When placed in an aqueous
environment, these peptide nanovesicles are capable of entrapping solutes within their interior, as
shown by encapsulation studies performed with fluorescent dyes. While the individual peptides
are capable of assembly and adopt a vesicular morphology (as observed with TEM), we chose to
use an equimolar mixture of the long and short peptide since mixing the two peptides sequences
resulted in better sample preparations (supported by sedimentation velocity experiments).
Mixing the long and short peptides allows for release of curvature strain on the vesicles. Vesicle
assembly appears to be driven by hydrophobic interactions and stabilized by a mix of inter-
molecular hydrogen bonding and hydrophobic tail entanglement resulting in an overall
secondary structure that is dominated by a beta-conformation.

The strong hydrogen bonding between adjacent peptides in the vesicular assembly results
in assemblies that are very stable. Treatment with denaturing agents such as temperature, SDS,
urea and trypsin did not affect the secondary structure of these peptides. Strong interactions
between the peptides makes it possible for the peptides to have a very low critical assembly
concentration (CAC) in sub uM range. This is an advantageous property when using them as
delivery vehicles. With low CACs, the assembly can remain intact even upon dilution, which is
the case in in vivo delivery. On the other hand, when delivering these vesicles to cells grown in
culture, it might be useful to make them somewhat weaker so that once taken up by the cells, the
vesicles fall apart and release their contents more readily. The peptides can be re-designed to
weaken the interactions between the individual peptides. The isoleucines and valine in the

FLIVIGSII sequence most likely contribute to chain entanglement and beta formation; replacing
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them with alanines, will not only weaken the interacting forces but will also result in a more
homogeneous assemblies. This latter claim is based on studies with other peptide amphiphiles
where use of alanine and valine tails resulted in formation of more homogeneous
nanostructures®. It is also possible to achieve different vesicular sizes by changing the overall
chain length of the peptide sequences. One such way would be to vary the number of lysine
residues at the C-termini and follow the size distribution by TEM and DLS. While this may
result in different sizes, it may also result in loss of vesicular architecture or the possibility of the
re-designed peptides to adopt morphologies other than vesicles. Fig. 1.13 and the work by
Discher, D. E., and Ahmed, F. (2006)? is a useful guide for varying the overall chain length. We
attempted to determine if the ratio of the two peptides could result in a difference in size
distribution of the assemblies. AUC experiments of samples prepared in various ratios did not
yield any meaningful results.

Attaching various recognition molecules to the peptide sequences could be used to make
vesicles that can be targeted to specific cells. Common recognition molecules include TAT
sequence, biotin and sterol molecules. Sterols (especially hormones) have specific cytoplasmic
receptors that help with uptake and transport of the molecule into the nucleus. Certain breast
cancer cells are known to over-express estradiol receptor (ER-a)® and are known to localize in
the lipid rafts on cell surfaces*®. ER-a is known to shuttle between the cytoplasm and nucleus® If
these peptide vesicles could be prepared by decorating the outside of the vesicle with estradiol,
they should be taken up with relative selectivity and can deliver anti-cancer drugs with more
effectiveness. We are currently working on this line of research. We attempted attaching
estradiol to the C-termini of these peptides but encountered solubility issues while activating the

estradiol molecule (before tagging them onto the peptides). While performing such experiments,
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one needs to make sure that the medium does not contain phenol red. Phenol red is a weak
estrogen’ and competes with estradiol for binding to the estrogen receptor®.

We have shown that, using these peptide nanovesicles, it is possible to deliver both small
(fluorescent dyes) and large molecules (plasmid) to cells grown in culture. In the case of small
molecules, the peptide assemblies act as hollow nanocarriers with the molecules trapped inside
the vesicle, for plasmids, they appear to act more as particles. We were able to deliver plasmids
of different sizes, namely, a 732bp fragment excised from pCX-EGFP, EGFP-N3 (~4.7kbp) and
pcDNA 3.1 with a 1.3kb insert (~6.8kb). [Mouse embryonic fibroblast cells transfected with the
732bp fragment excised from pCX-EGFP showed poor transfection efficiencies. This work was
done in Dr. Mark Weiss’s lab, Kansas State University and is unpublished data]. Using these
peptide vesicles we were able to achieve transient and stable transfectants. From our results, it
appears that most (if not all) of the plasmid is bound on the outside of the nanovesicle. One of
the advantages of using these peptide vesicles to deliver DNA is the protection it offers against
the action of nucleases like DNase-1 and Benzonase.

Method of delivery: The mechanism by which cells take up these vesicles or how they fall apart
once inside the cell is still unknown. At this point, we believe that dilution aids in vesicle
disassembly subsequently leading to release of cargo. Re-designing the peptides to achieve less
stable vesicles, should help determine if the low transfection rates observed are due to the
inability of the cells to break down the vesicles in order to release the DNA. At this point, no
special technique or method of delivery is used. Loaded peptide vesicles are simply added to the
media in which the cells are grown. It might be possible to improve vesicle uptake by using
methods like electroporation (for cells grown in culture), where short bursts of current are

applied to the cells (in solution). This current helps make the cell membranes temporarily leaky
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and allows for uptake of DNA or other large molecules. Other options could include mixing the
peptides with phospholipids to help the vesicles fuse to the cell membrane with more ease. It is
known that even commercial transfections agents like Lipofectamine™ fails to show appreciable
transfection in certain cell lines. Mixing these peptides with such commercial lipid transfection

agents may help improve their transfection efficiencies.

Materials to deliver: A host of different compounds could be packaged and delivered using these
vesicles. A simple way to determine the size/molecular weight range of compounds that can be
encapsulated could be determined by preparing these vesicles in the presence of a mixture of
proteins of a defined molecular weight range. This can be done by individually mixing selected
proteins of different molecular weights or using commercially available pre-stained molecular
weight markers (e.g. Rainbow™ molecular weight markers available from G.E Healthcare).
Vesicles prepared in the presence of this protein mixture can be loaded onto a native gel and
compared with free markers proteins. Encapsulated protein markers would show a difference in
the position of their bands compared to the controls.

Anti-cancer drugs, antibiotics, vitamins and co-factors could be packaged and delivered
to target cells. Cytochrome C is an attractive candidate for packaging and delivering.
Cytochrome C is a small (~12kDa) but highly conserved protein which is best known for its
function in the inner mitochondrial membrane where it shuttles electrons from one protein
complex to another. Cytochrome C is also known to induce apoptosis (programmed cell death)
by initiating the caspase cascade of proteins®. This caspase cascade initiation is triggered by
many different signals, one of which is the release of cytochrome C. There are various

approaches being researched to triggering apoptosis in cancerous cells as a way to limit their
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growth and proliferation. While it is a plausible strategy to trigger apoptosis in cancerous cells,
it is important that it must be done in a highly selective manner such that normal cells are not
affected. Hence, targeted delivery and apoptotic triggering mechanism should go hand in hand in

any sort of treatment that involves limiting the growth of cancerous cells via apoptosis.

Peptide bilayer: MD simulation suggests that the peptide assembly adopts a bilayer
conformation. Though we do not have direct evidence for such a claim, observations from TEM,
CD data and the peptide architecture strongly suggests that the most probable final structure for
these vesicles have to be one that is bilayer lineated. The question of whether it is a bilayer or
something else is very challenging at this point. While we attempted to address this question both
directly and indirectly, we did not get any conclusive answers, mostly due to technical
difficulties. An attempt to image these vesicles using a cryo-EM (samples were sent to Dr.
Zhou’s lab at UCLA) was unsuccessful. While they were able to observe vesicles using negative
staining under a TEM, the same was not possible with CryoEM. According to Dr. Zhou’s lab,
this is not uncommon since many lipid samples show similar issues (visible under TEM but not
so with cryoEM) as a result of blotting.

We tried using a classical biochemistry approach (an idea that came up during a
committee meeting) by labeling the outside of the intact vesicles and later breaking them apart to
determine if only half of the total peptides are labeled. We chose to label the e-amino group of
the lysine side chain on the C-terminal end of the peptide (which sticks out into the aqueous
environment) with biotin. After this labeling, we broke the vesicles apart by diluting them into an
organic solvent (50 % acetonitrile with 0.1 % TFA) and attempted to quantitate them using mass

spectrometry (ESI-MS). Though we could observe trace amounts of the biotin labeled peptide,
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the peptides in general, ionized poorly. Hence it was difficult to ascertain if the variation in the
peak heights was due to poor ionization or difference in labeled and unlabeled peptides. This is
only a technical difficulty and with the choice of right solvents and conditions, it is possible to

achieve better results.
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Appendix A - Supplemental figures

Figure A.1. Concentration dependence of Cu(l1)-GSH cleavage of pEGFP-N3.

Chemical cleavage of pEGFP-N3 was carried out at increasing concentrations of Cu(ll)-GSH to
determine optimal concentration to be used. Lane 2-12 contains 1ug pEGFP-N3 with 0-500 uM
GSH. Lane 1-6 contains 200 pM CuSO,4 while lane 7-12 contains 400 uM CuSO4. All samples
were prepared in 10 mM sodium phosphate buffer with 50 mM NaCl and pH 8. Samples were
incubated for 90 min at 40°C.

102



Figure A.2. Treatment of pEGFP-N3 with Benzonase for different time periods.

1nug pEGFP-N3 incubated with 0.5 pLL benzonase (250 units/uL) and allowed to incubate at 37°C
for different time periods. Lanes 1-6 contain the plasmid and nuclease and show no bands
indicating that all DNA has been cleaved. Lane 7 is a control where no enzyme was added.
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Figure A.3. Encapsulation of Rhodamine 6G by peptide vesicles.

Peptide vesicles were prepared in the presence of Rhodamine 6G and separated over a Sephadex
G-10 spin column. Fluorescence intensity of Rhodamine 6G when prepared with peptide
vesicles (closed circles) and without peptide vesicles (open circles). The peptide concentration in

each of the eluted sample was determined by measuring its absorbance (closed squares).

A

Figure A.4. MCF-7 cells transfected with pEGFP-N3 show a faint green fluorescence.
Fluorescence microscope images of MCF-7 cells transfected with (A) free pEGFP-N3 or (B)
PEGFP-N3 loaded peptide vesicles.
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