Peptide Nanofibres for Drug Delivery

MARIAROSA MAZZA

A THESIS SUBMITTED IN FULFILMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

THE SCHOOL OF PHARMACY
UNIVERSITY OF LONDON



ProQuest Number: 10104758

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10104758
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



This thesis describes research conducted in the School of Pharmacy,
University of London between October 2007 and July 2011 under the
supervision of Prof. lleoma F. Uchegbu. | certify that the research described is
original and that any parts of the work that have been conducted by
collaboration are clearly indicated. | also certify that | have written all the text
herein and have clearly indicated by suitable citation any part of this
dissertation that has already appeared in publication.

/‘74_«:_—-‘ © /ox l

Signature Date



ABSTRACT

Peptide and proteins are involved in a wide range of brain disease but they don’t cross
the blood brain barrier because of their hydrophilic nature and size. Nanofibrous
systems are attracting increasing interest in the field of drug delivery and regenerative
medicine. The aim of this work is to investigate the therapeutic applicability of
peptide nanofibres as new drug delivery system to the Central Nervous System. Our
working hypothesis was to choose a model hydrophilic peptide unable to enter the
brain, make a lipophylic derivative from which monodomain nanofibres were
constructed, in order to test them as a peptide carrier to the brain.

Dalargin, a hexapeptide analogue of Leu-enkephalin, which is unable to cross the
blood brain barrier was chosen as a model drug. On direct injection into the brain,
Dalargin acts on brain opioid receptors, resulting in analgesia. An amphipatic
derivative of dalargin, palmitoyl Dalargin (pDal) was synthesized resulting in a
surfactant like peptide able to form high-axial-ratio nanostructures in aqueous
environments. The self-assembly of the peptide amphilphile has been assessed
experimentally and in silico. Intravenous injection of formulation of nanofibres
resulted in analgesic response in mice. Brain peptide delivery was assessed with
Raman microscopy as well as by measuring analgesia and peptide nanofibres
pharmacokinetic profiles in biological matrices.

While Dalargin was not detected in any of the tissue samples, palmitoyl Dalargin was
measured in the brain tissue confirming the ability of peptide palmitoyl dalargin
nanofibres to deliver the peptide across the blood brain barrier. Furthermore Raman
microscopy revealed the presence of palmitoyl dalargin in the brain parenchyma.

We conclude that peptide nanofibres offer a unique method for delivering

hydrophilic peptides across the blood brain barrier.
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CHAPTER 1

Introduction to Blood-Brain Barrier and new

nanotechnologies for drug delivery to CNS

1.1 Introduction to the Blood Brain Barrier

The blood-brain barrier’s (BBB) primary function is to maintain the
homeostasis of the brain (Pardridge, 1998). The complex regulation of the properties
of the blood-brain barrier is not entirely understood and this lack of knowledge is a
hurdle in the development of strategies for the delivery of many potentially

therapeutic and diagnostic compounds to the Central Nervous System (CNS).
1.1.1 Physiological Anatomy of the Blood-Brain Barrier

In the brain, three barriers contribute to limit drug transport to the parenchyma (de
Boer and Gaillard, 2007)

- The Blood-Brain barrier, localized in the capillaries in the brain.

- The Blood-Cerebrospinal-Fluid barrier, formed by the choroid plexus
epithelium in the ventricles.

- The Ependyma, an epithelial layer of cells covering the brain tissue in the
ventricles limiting the transport from the cerebrospinal fluid to the brain

tissue.

Among this three elements, the BBB offers the biggest surface area and, thus,
represents the major hurdle to successful drug delivery to the brain (Abbott et al.,
2010).

The BBB protects the brain from exposure to both endogenous and exogenous
substrates; it acts as a physical, metabolic and immunological barrier that prevents

unwanted compounds from crossing from the circulation into the brain parenchyma



(de Boer and Gaillard, 2007). in contrast to the peripheral capillaries, brain
endothelial cells are characterized by continuous tight junctions, the absence of
fenestrations and very low pinocytic activity. Furthermore, cells are surrounded by a
basal membrane and extracellular matrix, as well as pericytes and astrocytes feet
processes, which further form and help strengthen the BBB (Figure 1.1), and mediate

its permeability (Dermietzel et al., 2006, Pardridge, 1998).
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Figure 1.1: Schematic depiction of the BBB and its components.

In addition to these physical barriers, brain capillary cells are highly polarized,
expressing various integral membrane proteins at the luminal and abluminal surfaces.
These include various receptors, enzymes and transporters that support the functions
of this cellular barrier within the neurovascular unit (I"euwelt et al., 2011).

The movement of solutes across the capillary endothelial barrier is a process of
movement through two membranes in series, the luminal and the abluminal
membranes of the capillary endothelial cell. These two membranes are separated only

by 200-300 nm of endothelial cytoplasm (Pardridge, 2007, Cornford et al., 1994).

However these membranes are not iron gates that indiscriminately prevent the passage
of solutes and other molecules. Permeability through the BBB remains a dynamic

process controlled by intra- and intercellular signaling events among endothelial cells.



astrocytes and neurons in the BBB, as well as the presence of close tight junctions
that restrict the passage of molecules via the paracellular route by sealing the space
between adjacent endothelial cells.

Several endogenous transporters and receptors also contribute to maintain the brain
homeostasis (de Boer and Gaillard, 2007).

1.1.2 Role of the Tight Junctions in the BBB Function

In a transverse section, the tight junctions appear as a system of fusion points, each of
which represents a sectioned strand (Pardridge, 2007). These strands form the real
obstacle guarding the intercellular pathway, and are under strict control of the brain
microenvironment, in particular the astrocytes. At a molecular level, several proteins
with differing structures and functions have been identified:

- Membrane Proteins, comprise occludin, members of the claudin family,
members of the Ig-superfamily (junction adhesion molecules and endothelial
cell selective adhesion molecules) (Cardoso et al., 2010);

- Adaptor proteins, consisting of two classes. First-order adaptors are based on
their direct association with the integral tight junction proteins via PDZ
domains. PDZ domains are formed by the proteins postsynaptic density
protein 95 (PSD-95), discs large (DIg) protein, and zonula occludens-1 protein
(ZO-1). Second-order adaptors are based on their indirect association with the
integral tight junction proteins and include cingulin and the cingulin-related
junction-associated coiled-coil protein (Dermietzel et al., 2006, Kohler and
Zahraoui, 2005);

- Other proteins involved in signaling cascades, such as G-proteins, regulators

of G-protein signaling, small GTPase (Hopkins et al., 2000).
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Figure 1.2: Endothelial cells at the blood-brain barrier present an elaborated
junctional complex formed by tight junctions and adherens junctions. A) Tight
junctions are located on the apical region of endothelial cells and form an intricate
complex of parallel, interconnected, transmembrane and cytoplasmatic strands of
proteins arranged as a series of multiple barriers. B) Adherens junctions are
located below the tight junctions and are composed of transmembrane
glycoproteins linked to the eytoskeleton by cytoplasmatic proteins, giving place to

an adhesion belt. Adapted from (Cardoso et al., 2010).



Although there is now a better knowledge of the subcellullar structures that take part
in the formation of the junctions, their exact role in the regulation of the barrier
function is not fully understood, due to insufficient understanding of the mechanisms
by which these proteins act together to create these highly regulated and effective
sealed points.

For example, Claudin-5 has been shown to be an essential component in preventing
the passage of small molecules to the brain parenchyma. However, at the same time, it
has been shown to be present in all endothelial cells and thus is not specific for the
brain endothelial cells (Nitta et al., 2003). Occludin, another essential brain tight-
junction membrane protein, has been shown to be cell-specific for the brain
endothelial cells but, on the other side, its presence does not seem to be required to
maintain the normal function of the BBB (Saitou et al., 2000).

In conclusion, even if the underlying molecular events giving rise to the tight
junctions remains poorly understood, it is certain that these tight junctions clearly
represent a major obstacle for the passage of hydrophilic molecules, including drugs

with potential therapeutic effects, to the CNS.

1.1.3 Factors Influencing the Drug Delivery to the Central

Nervous System

Transport across the BBB

There are various transport processes that may occur at the blood-brain barrier, as

graphically summarized in Figure 1.3

- adsorptive mediated endocytosis
- carrier mediated endocytosis

- receptor mediated endocytosis

- active efflux transport (i.e. Pgp)

- transcellular lipophilic diffusion
- paracellular hydrophilic diffusion



Adsorptive mediated transcytosis is initiated by the binding of polycationic
substances (such as most cell-penetrating peptides) to negative charges on the plasma
membrane (Bickel, 1995). This process does not involve specific receptors. Upon
binding of the cationic compound to the plasma membrane, endocytosis occurs,
followed by the formation of endosomes (Herve et al., 2008). However, vesicular
transport is actively down regulated in the BBB to protect the brain from non specific
exposure to polycationic compounds. Moreover, according to some authors, forcing
drugs to enter the brain by adsorptive mediated transcytosis goes against the
neuroprotective barrier function, as it has been shown for anionic and cationic

nanoparticles that disrupted the BBB (Lockman et al., 2004, Jallouli et al., 2007).

Transcellular Tra;spo;tc
. . mediate
Efflux lipophilic Paracellular Receptor X
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Figure 1.3: Graphical representation of the mechanisms of transport occurring at the

level of the brain endothelial cells.

Carrier-mediated transcytosis is used for the delivery of nutrients, such as
glucose, amino acids, and purine bases, to the brain. At least eight different nutrient
transport systems have been identified, with each transporting a group of nutrients of
comparable structure. Carrier-mediated transcytosis is substrate selective and only the
drugs that closely mimic the endogenous carrier substrates will be taken up and

transported into the brain (Tamai and Tsuji, 2000).



Receptor-mediated transcytosis enables larger molecules, such as peptides,
proteins, and genes, to specifically enter the brain. Classic examples of receptors

involved include (Pardridge, 2007):

- insulin receptor

- transferrin receptor

- insulin-like growth factor receptors (IGF1R, IGF2R)

- leptin receptor

- Fc fragment of I1gG receptor (neonatal Fc receptor FCRN or FCGRT)
- scavenger receptor, class B, member 1 (SCARBI1)

In addition, transporters are present at the BBB, such as the organic anion transporter
(influx and efflux), the organic cation transport system (influx) and the nucleoside

transporter system (influx) (Pardridge, 2007).

Drug Efflux Transporters in the blood-brain barrier

Almost 100% of large neuroactive agents and less than 2% of small therapeutics
molecules are prevented from accessing their site of action in the CNS by the BBB

(Pardridge, 2005).

The efflux transporter P-glycoprotein (P-gp) exerts a major role in the control of
the passage of exogenous substance to the brain. There are an increasing number of
studies showing that the activity of the efflux transporter (P-gp) at the BBB prevents
significant accumulation of many hydrophobic molecules or drugs in the CNS
(Loscher and Potschka, 2005). P-gp is a phosphorylated glycoprotein with a
molecular weight of ~170Da. P-gp is part of the ATP-binding cassette transporters
family, and most of these ATP-binding cassette transporters are also members of the
superfamily of the multidrug resistance proteins (Loscher and Potschka, 2005).

There are two types of human P-gp: Type I encoded by the MDR1 Gene, which
confers the drug resistance phenotype and drug efflux at the BBB, and a Type II
encoded by the MRD2 gene, present in the canalicular membrane of hepatocytes and

functioning as a phosphatidylcholine translocase enzyme (Schinkel, 1997).



Multidrug transporters such as P-gp are located on the luminal cell membrane of

capillary endothelial cells and act as outwardly directed active efflux pumps,
transferring part of the drug, which manages to enter the endothelial cell by diffusion,
back into blood, thus limiting penetration (Schinkel, 1997) of many lipophilic drugs
into the brain parenchyma. Furthermore, by lowering the drug concentration in the
endothelial cells, these proteins indirectly may promote flux from the brain
extracellular space into endothelial cells, followed by extrusion into the blood
(Fromm, 2004).
P-gp may serve as a general defense mechanism in the BBB of vertebrates, protecting
the brain from intoxication by potentially harmful lipophilic compounds from natural
sources and other lipophilic xenobiotics, that could otherwise penetrate the BBB by
simple diffusion without any limitation. However, the standard pathway for removal
of intracellular peptides or proteins is still degradation rather than efflux (Fromm,
2004).

Physicochemical factors affecting the brain uptake: the rule of two

The majority of small-molecule drug candidates do not cross the BBB because the
drugs are water-soluble and/or have a molecular weight (MW) of more than ~500 Da.
In addition to small molecules, macromolecular drugs (e.g. recombinant proteins,
monoclonal antibodies, gene medicines, antisense drugs) could act as potential
neuropharmaceuticals, but essentially do not cross the BBB (Pardridge, 2002). These
drugs are thus eliminated early-on from entering CNS drug development programmes
because they do not cross the BBB and because no suitable brain drug (or gene)

targeting technology is available (Pardridge, 2002).

There is a clear relationship between the lipid solubility of a drug and its CNS
penetration (Levin, 1980). Consequently, the logP (octanol/water partition
coefficient), a standard and convenient measure for lipophilicity, became a very
useful physicochemical parameter used in pharmaceutical and medicinal chemistry. In
vivo log cerebrovascular permeability data tend to correlate well with logP. In
agreement with the structural aspects of the BBB there is a good correlation over a

wide range of molecules of about eight log units between logP and in vivo log



permeability data of rat brain capillaries LogP(BBB) for compounds that are not
subject to active transport, as depicted in Figure 1.4 (Bodor and Buchwald, 1999).
Yet, some lipophilic compounds, showed an unexpectedly low apparent transfer
rate. This has been hypothesized to result from high binding to plasma proteins and/or
a MW cut-off for transfer through BBB (Levin, 1980). Furthermore, active efflux by

P-glycoprotein may also account for this behavior.
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Figure 1.4: Graph showing the in vivo log permeability coefficient of rat brain

capillaries (logPBBB ) as function of log octanol /water partition coefficient (logP

o/w). Names are shown for a few well known compounds; values denoted with a star

are for guinea pig, and values denoted in italics are for cases where the log
distribution coefficient measured at physiological pH was used (logD o/w).

Strong deviants below the line, shown as diamonds, are known substrates for P-gp

(Bodor and Buchwald, 1999).

Despite lipophilicity being a desirable property, increasing lipophilic character
with the intent to improve membrane permeability might make chemical handling
difficult.

It is difficult to formulate general rules, but Hansch suggested that, when

designing prospective new CNS drugs, the likelihood of success is better if one starts



with an apparent calculated logP around 2. Alternatively, if CNS-related side effects
are to be avoided it is probably better to avoid the 1<logP<3 region. This has been
referred as the “rule of two”.

However, this linear relationship is only applicable if the MW of the molecule is
below 400-600Da. If the MW of the drug exceeds this threshold, the BBB
permeability is decreased by one to three log orders of magnitude from the value
predicted solely on the basis of the lipid solubility of the compound.

Passive diffusion depends on lipophilicity and MW; furthermore, the ability of a
compound to form hydrogen bonds will limit its diffusion through the BBB. As a
general rule, the BBB permeability of a drug decreases 1 order of magnitude for each
pair of H-bonds added to the molecule in the form of polar functional groups (Pavan
et al., 2008). Apart from MW and H-bonding, drug levels achieved in the brain will
also depend on its pharmacokinetics and the plasma area under the concentration
curve (AUC) (Pavan et al., 2008). Increasing lipophilicity tends to increase the
volume of distribution as well as other pharmacokinetic parameters, such as the rate
of oxidative metabolism by cytochromes P450 and the ABC efflux transporters
(Lewis et al., 2004, Lin and Lu, 1997, Smith et al., 2002, Abbott et al., 2010).

In addition to this, lipidization of the molecule will increase the uptake in all organs
of the body, resulting in a decrease in plasma AUC; thus, the brain uptake of the drug,
expressed as percentage of injected dose (ID/g) decreases in proportion to the
decrease in plasma AUC caused by lipidization. In general, Lipinsky’s rule-of-five, as
well as the Abraham’s Equation can be used to predict the passive transport of a drug
molecule across the BBB (Abraham and Platts, 2000). The Abraham’s equation first
correlated in vitro data sets of blood-brain distribution coefficients (log BB) with in

vivo data sets by means of hydrogen bonds descriptors. The general equation states

log BB =-0.038 + 0.198R, — 0.687 m; —0.715 Sat; +0.995 Vs

where R; is an excess molar refraction, is the JEHdipolarity/polarizability, 202H is the

hydrogen bond descriptor and V; is the solute McGowan volume in units of cubic
centimeters per mole divided by 100.

Transport of hydrophilic compounds via the paracellular route is limited due to the
presence of the tight junctions, whereas lipophilic drugs smaller than 400-600 Da may
freely enter the brain via the transcellular route (Partridge, 2007). Peptides and

10



proteins are hydrophilic and, generally, are excluded from passive transport because
of their hydrophilicity and large MW. Yet, some molecules may overcome these

limitations using as alternative route endocytosis.

1.1.4 Endocytosis at the Level of the BBB

In all cells endocytosis can occur through at least four mechanisms: clathrin mediated
endocytosis, caveolae mediated endocytosis, clatrin and caveolae independent
endocytosis (still poorly understood), macropinocytosis.

At the level of the BBB there are some limitations associated with the
caveolae mediated transport of substances from the luminal to the abluminal side of
the endothelial cells. This transport process is limited by the low occurrence of
caveolae in the brain capillaries (Tuma and Hubbard, 2003).

In contrast to the limited transcytosis activity determined by the low
occurrence of caveolae, the brain capillary endothelial cells are characterized by a
high density of negatively charged clathrin-coated pits/vesicles. In fact, brain
capillaries endothelial cells present a luminal electrostatic barrier at physiologic pH
(Vorbrodt, 1989). The negative electrostatic charge is created by surface expression
and adhesion of the glycocalyx residues (Figure 1.5): proteoglycans, sulphated
mucopolysaccharides and sulphated and sialic acid-containing glycoproteins and
glycolipids that constitute the glycocalix (Vorbrodt, 1989).

These anionic sites are found both on the luminal and abluminal side, but in
different distribution. On the luminal side, they are constituted of carboxylic acid
groups present on glycoproteins containing sialic acid as their sugar moiety and there
is a small percentage of sulfate groups belonging to heparan sulfate proteoglycans
(Herve et al., 2008). The anionic sites on the abluminal side are mainly constituted of
mixed proteoglycans (Herve et al., 2008). Heparan sulphates are the main
glicosaminoglycans (GAGs) found on the glycocalix of the endothelial cells. On the
cell surface, the heparansulphate proteoglycans are more abundant than the sindecans
(-SO3") and the glypicans (- COO ). The basal membrane contiguous to the
basolateral surface of the brain endothelial cells is also negatively charged, because of
its glycosaminoglycans enriched in chondroitine and heparansulphate (the perlecan,
the less common of the heparansulphate proteoglycans, is localized on the basal

membrane). All three of these electrostatic barriers in series (luminal and abluminal

11



sides of the brain capillaries endothelial cells and basal membrane) create a selective
anionic boundary to the positively charged substrates (Herve et ah, 2008).

This anionic boundary repels anionic molecules except those targeted to specific
transporters/receptors and lies at the bottom of the mechanism of Adsorptive

Mediated Transcytosis (AMT).

I*uminal blOOd
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Figure 1.5: (A) electrostatic negative barrier in series creating a selective anionic
ambient for positive substrates; (B) Schematic illustration of major membrane-surface

glycan-containing components.

AMT through the blood brain barrier was originally observed when
polycationic proteins, such as protamine, were able to not only bind to the brain
endothelial cell surface, but also to penetrate the BBB in rats dosed with albumin
bound to protamine (Pardridge et ah, 1993), thus the cationic charge has been
considered as an important factor for the uptake of molecules at the level of cerebral

capillaries.

12



1.1.5 Nanoitiedicine: a Solution to Brain Delivery?

For CNS drug discovery programs brain penetration of new compounds is a key
property to be addressed (Reichel, 2009b), as many factors influence the penetration
of a drug into the brain, the distribution in the parenchyma and the clearance from the

tissue, as summarized in Figure 1.6:

unbound in ISF,

uptake by neurons ISF bulk flow,
and glia. CSF sink action
binding to . ! and removal
lipids . . .

Brain + influx t efflux #

Btood-Brain Barrier

Plasma
ionisation binding
Blood binding
Absorption Metabolism
Distribution Excretion

Figure 1.6: Drug penetration in the CNS. Summary of the processes that contribute to
the drug penetration, distribution and clearance of drugs. (ISF= interstitial fluid;

CSF= cerebrospinal fluid). Adapted from (Reiehel, 2009b).

The BBB transport controls the rate of transport from blood to brain, and vice versa,

via passive diffusion, active uptake, or efflux transport processes.

As a rule of thumb for CNS penetration it is known that as the molecular
weight of a molecule increases the CNS penetration on average decreases,
furthermore molecular weight influences also binding of molecules to plasma
proteins: moleeules with a MW of <300Da are 72% bound to plasma proteins while

those with a MW between 300 - 500 are 54% bound and those with MW between 500

13



- 700 are 98.2% bound. Basic molecules are in average more likely to enter the CNS
compared to neutral, zwitterions and acidic molecules (less likely). The binding to
plasma protein is higher for acids, followed by neutral species and zwitterions, with
basic drugs being the least protein bound. Lipophilicity also leads to a direct increase
in protein binding. Drugs which are highly protein bound: acidic drugs and drugs of
high molecular weight are thus less likely to cross the BBB (Gleeson, 2008).

Another factor to be taken into account when considering brain penetration of
a drug is the molecule tissue binding, as it is the unbound drug fraction that elicits the
pharmacological action, rather than the total amount in brain (Reichel, 2009b,
Gleeson, 2008).

Considering the complexity of the morphological structures of the CNS and
the complexity of the processes that regulate drug penetration in the brain, it is easy to
understand why most biopharmaceuticals based on antibody fragments, proteins and
peptides are prevented from entering the brain because of their high molecular weight,
the charges at physiological pH and their hydrophilicity. Thus, nanomedicines could
bring a solution to this hurdles, protecting the molecules from enzymatic degradation
and protein binding in the blood and facilitating the overcoming of the BBB without
the need to use invasive methods such as intrathaecal administration (Hayek et al.,
2011), brain implantation (e.g. Gliadel® wafer for the tratment of glioblastoma)
(Attenello et al., 2008), or temporary BBB disruption (McDannold et al., 2007).

The global market value for therapeutic drugs for CNS disorders was an estimated
$79 billion in 2010, but is expected to increase to nearly $82 billion in 2015
(bberesearch.com, 2010), however at the present time 98% of the drugs are excluded
from entering the brain (Pardridge, 2005).

The need of strategies enabling therapeutic molecules to cross the BBB has seen a
boost in publications in the recent years as a consequence of an enormous increase in
investments also from the public sector, promoting the collaboration of researchers
working in different scientific areas (neuroscience, materials, pharmaceutics,
biophysics) on the discovery of nanomedicine based systems for drug delivery to the
brain (Europe CORDIS FP7 NMP.2011.1.2-2; New targeted therapy using
nanotechnology for transport of molecules across the biological blood-brain barrier -
EPSRC Nanotechnology Grand Challenges Healthcare (EPSRC, 2009)).
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1.1.6 Carriers Used in Drug Delivery to the Brain

Nanocarriers injected by the systemic route and used for drug delivery should ideally
possess some essential characteristics. They need to be

- biodegradable

- biocompatible

- non-immunogenic

- physically stable in the blood
In the recent years many new strategies have been investigated as potential
technology platforms for brain delivery.

Nanoparticles are solid colloidal particles ranging in size from 1 to 1000 nm
(1um) consisting of macromolecular materials in which the active principle (drug or
biologically active material) is dissolved, entrapped, or encapsulated, or to which the
active principle is adsorbed or attached (Kreuter, 2006b).

Early studies with poly-(butyl cyanoacrylate) nanoparticles were conducted

using the model drug dalargin and overcoating these particles with polysorbate 80:
after i.v. injection a dose-dependent analgesic effect was observed using the tail flick
test and the hot-plate test; the observed analgesia was attributed to central action of
the Leu-enkephalin derivative (Ramge et al, 1999). Up to 3-fold higher
concentrations in brain homogenates were found with the polysorbate 80-coated
nanoparticles (0.01% coating) than with dalargin solution in a study where mice
where dosed intravenously with formulations containing radiolabelled Dalargin bound
to the nanoparticles (Schroeder et al., 2000, Kreuter, 2006a).
In other studies, polybutylcyanoacrylate nanoparticles loaded with doxorubicin and
coated with polysorbate 80 were tested on mice after tail vein injection. 35% of these
animals survived for over 180 days (termination of the experiments) (Ambruosi et al.,
2006).

In light of these findings, nanoparticle surfactant coating was considered as a
new potential approach to improve brain drug uptake. Other surfactants, such as
poloxamers 184, 188, 338, 407, poloxamine 908, Cremophor EZ, Cremophor RH40,
and Brij 35 were totally or almost inactive (Troster et al., 1990). Furthermore, other
drugs that normally do not penetrate the blood brain barrier, such as tubocurarine,
loperamide, 8-chloro-4-hydroxy-l-oxol, MRZ 2/576 (a novel NMDA receptor
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antagonist) and doxorubicin showed higher brain concentrations when associated with
P80-coated NPs (Blasi et al., 2007).

However, in vitro studies showed that the polysorbate 80 coating was causing
increased non—specific permeabilization of the blood-brain barrier, which could be

imputable to the toxicity of the carrier (Olivier et al., 1999).

The major limiting factor for the systemic use of nanoparticles is their rapid clearance
by the reticuloendothelial system (RES). Nevertheless, nanoparticle-surface-bound
PEG chains can prevent the opsonisation and rapid capture by the RES of these
carriers and thus prolong the blood circulation time. Couvreur and co-workers
showed that polymeric nanoparticles made of poly (hexadecyl cyanoacrylate), PHDA,
and conjugated to PEG penetrated into the brain, as established by radioactivity
counting after intravenous administration in mice and rats of the radiolabelled '*C-
PHDA nanoparticles (Calvo et al., 2001).

When an exogenous particulate material is exposed to serum or plasma,
proteins readily adsorb on its surface influencing its fate in the body, thus a
differential adsorption targeting concept was developed to postulate that an adsorption
of the Apo proteins on nanoparticles could be responsible for the interaction with the
BBB and the subsequent endocytosis (LDL receptor mediated) (Muller and Keck,
2004).

Accordingly, Kreuter ef al. (Kreuter et al., 2007) have shown that the covalent
attachment of ApolipoproteinE3, Apolipoprotein A-I as well as Apolipoprotein B-100
to human serum albumin nanoparticles via the NHS-PEG-Mal 3400 linker enables the
transport of drugs across the blood brain barrier. Loperamide was used as a model
drug, and it was bound to these nanoparticles; the antinociceptive reaction of these
preparations was recorded after intravenous injection in mice by the tail-flick test. The
maximal possible effect (MPE) of the antinociceptive response of mice was then
recorded. Nanoparticles with ApolipoproteinE3 showed the highest antinociceptive
effects of almost 100% after 15 min. The antinociceptive effect with apolipoprotein
A-I was around 65% and those of nanoparticles with Apolipoprotein B100 below
50%. The loperamide-loaded unmodified nanoparticles, and loperamide solution

produced no considerable effect (MPE below 20%).
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Nanoparticles have also been studied as carriers for Paclitaxel (Koziara et al.,
2004), an antineoplastic drug with very low solubility in water and many
pharmaceutically acceptable solvents. The commercially available Paclitaxel
(Taxol®) is dissolved in a mixture 50:50 of Cremophor EL and dehydrated ethanol.
Cremophor EL causes acute hypersensitivity reactions, one of the most severe side
effects associated with administration of Taxol (Singla et al., 2002). Paclitaxel is also
a substrate of the Pgp efflux pump (Gallo et al., 2003), and so virtually unable to cross
the BBB. Paclitaxel promotes assembly of microtubules from tubule dimers and
prevents them from depolarizing leading to loss of normal microtubule dynamics
necessary for cell division and other vital processes, and consequently causes cell
death (Koziara et al., 2004). The ability of paclitaxel to stabilize the microtubules
makes it an effective agent against various types of cancers, and the loading of
Paclitaxel in nanoparticles significantly increases the drug brain uptake (Koziara et

al., 2004).

Polymeric nanoparticles for drug delivery to the CNS have also been prepared
with hydrophilic polymers such as chitosan (Aktas et al., 2005). Chitosan is a cationic
polysaccharide in neutral conditions and contains free amino groups which can
undergo protonation, thus making chitosan soluble in acid pH. Chitosan-PEG
nanoparticles have been functionalized with the monoclonal antibody 0X26, which
shows high affinity for the transferrin receptor and facilitates the translocation into the
brain tissue after i.v. administration of the nanocarriers (Aktas et al., 2005). The
authors confirm the translocation of the nanoparticles from the blood vessel to the
brain interstitial fluid by observing the tissue samples taken from the dosed mice
under TEM. However, from the control picture this is not easy to say, as the control
picture seems to belong to a different brain area.

Recently, nanoparticles made of methoxy poly(ethylene glycol)
(MPEG)/poly(e-caprolactone) (PCL) amphiphilic block copolymers have been
modified by attachment of a TAT analog cell penetrating sequence through an ester
bond. The nanoparticles were loaded with coumarin and both the nasal and IV routes
of administration were investigated. The nanoparticles were able to deliver the
coumarin to the brain and the amount of coumarin in the tissue was assessed

quantifying the coumarin fluorescence. After intranasal administration the amount of
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coumarin detected was significantly higher than that after intravenous administration

(Kanazawa et al., 2011).

Similar strategies to the use of polymeric nanoparticles have been adopted for
the investigation of Solid Lipid Nanoparticles (SLN) for drug delivery to the brain.

SLNs are composed of a solid lipid matrix stabilized by surfactants. The lipids

used (triglycerides, complex glyceride mixtures and waxes) have the peculiarity of
remaining in solid form at both room and physiological temperatures (Blasi et al.,
2007). The physical stability of SLNs, the use of bioacceptable and biodegradable
lipids, the size in the nanometer range and the protection of the encapsulated drug are
promising features for parenteral administration of SLNs. However, the drug loading
capacity is limited by the weak solubility of drugs in the lipid melt and drug expulsion
after polymorphic transition (Freitas and Muller, 1999).
The phagocytosis of SLNs can be controlled by modifying their surface properties, as
has been done for liposomes and polymeric micro- and nanoparticles, in this way, it is
possible to target molecules to the brain by limiting RES uptake (Owens and Peppas,
2006).

Clozapine loaded tripalmitin SLN with and without stearylamine were able to
significantly increase drug brain concentration after intravenous administration in
mice when compared to clozapine suspension (Manjunath and Venkateswarlu, 2005).
Unfortunately, the strategy of using surface charged SLN, or NPs in general, to cross
the BBB has shown some important drawbacks (Lockman et al., 2004). Neutral,
negatively and positively charged SLN were loaded with tobramycin in a study by
Bargoni et al. (Bargoni et al., 2001) and their rat BBB permeability was studied using
in situ brain perfusion. Neutral SLNs or low amounts of negatively charged SLN
showed no effect on the cortical cerebrovascular volume, indicating a good BBB
integrity. Higher amounts of negatively charged SLN or positively charged SLN
significantly increased the cortical cerebrovascular volume pointing to a BBB

disruption.

Dendrimers, having a hydrophobic core and hydrophilic surface layer, have
been termed unimolecular micelles, they present a high drug-loading capacity, and
they can solubilise poorly soluble drugs by encapsulating them within the dendritic

structure (D'Emanuele and Attwood, 2005). As explained by Najlah et al (Najlah et
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al., 2006), transport studies of PAMAM dendrimers across Caco-2 cell monolayers
revealed that cationic dendrimers decrease transephitelial electrical resistance and
increase the permeability of the paracellular marker mannitol at concentrations that
were shown to be non-toxic to cells, suggesting that PAMAM dendrimers modulate
the tight junction between Caco-2 cells, although no evidence of tight junction
modulation was presented in the study.

Transferrin-conjugated polyethyleneglycol-modified polyamidoamine
dendrimer have also been evaluated as gene delivery system to the brain. The brain
gene expression in mice dosed with the dendrimer formulatio of the PAMAM-PEG-
Tf/DNA complex was examined and found to be 3.08 % 0.38 x 10 units/mg protein,
~2-fold higher than that of the PAMAM/DNA complex (1.46+0.41x10> units/mg
protein) and PAMAM-PEG/DNA complex (1.35+0.20x10? units/mg protein) (Huang
et al., 2007).

Actually, several new nanotechnology platforms have been investigated as potential
carriers for drug delivery into the brain.

Water-soluble nanoformulations of fullerene (C(60)) have been prepared using
poly(N-vinyl pyrrolidine) (PVP) or poly(2-alkyl-2-oxazoline)s (POx) homopolymer
and random copolymer to form nano-complexes with fullerene. Cellular uptake and
intracellular distribution of the selected formulations in catecholaminergic (CATH.a)
neurons was then examined (Tonga et al., 2011). Surprisingly the authors claim that
C(60)-POx complexes are not only neuronal cell permeable and superoxide
scavenging antioxidants, but are also non-toxic, however in vivo toxicology has not
been evaluated.

Polyelectrolyte multilayer-coated gold nanoparticles incorporating human serum
albumin were injected into the tail vein of healthy mice and the biodistribution was
characterized in detail (Sousa et al., 2010). Microscopy of brain slices verified that the

nanoparticles were localized to specific brain regions.

Many ligands have been successful in delivering nanomedicines across the BBB,
however recently to compare which targeting ligand is the best a study employing
liposome was carried out (van Rooy et al., 2011b). Liposomes were targeted with
transferrin, the monoclonal antibody RI7217, the apo-E mimetic peptide COG133,
angiopep-2, and the mutaded form of diphteria toxin CRM197. Only the RI7217 was
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able to significantly enhance brain uptake in vivo at all time points. Uptake in the
brain capillaries was up to 10 times higher compared to untargeted liposomes (van
Rooy et al., 2011b).

The report from van Rooy et al. is of particular interest, also because many spin off
companies from universities have came up in recent years each one proposing
different solutions to the BBB challenge. For example, Angiochem in Canada, has
just recently published a new report on the use of their vector technology Angiopep
for the delivery of doxorubicine and etoposide to the brain (Che et al., 2010). A
further example is the company t0oBBB in the Netherlands, which first optimized the
use of CRM197 for targeted delivery to the brain purposes (Gaillard and de Boer,
2006). toBBB has also intensive industrial collaborations for the development of their
new liposome based technology for brain delivery, G-Technology®, consisting of
liposomes coated with glutathione-conjugated polyethylene glycol (PEG)
(toBBB.com, 2011).

An interesting approach to brain delivery is the use of phagocytic cells of the innate
immune system; neutrophils and monocytes, may then be exploited as transporters of
drugs to the brain (Afergan et al., 2008). Negatively-charged nano-sized liposomes
were formulated encapsulating serotonin, a BBB impermeable neuroactive drug.
These liposomes were targeted by the circulating mononuclear phagocytic cells,

uptaken and carried to the for brain parenchyma (Afergan et al., 2008).

The low-density lipoprotein (LDL) receptor has also been identified as a target for
brain delivery. A synthetic Nano-LDL containing paclitaxel oleate (nLDL-PO) was
constructed by combining a synthetic peptide containing a lipid binding motif and the
LDL receptor (LDLR) binding domain of apolipoprotein B-100 with a lipid emulsion
consisting of phosphatidyl choline, triolein, and paclitaxel oleate for targeted delivery
to glioblastoma multiforme (Nikanjarn et al., 2007).

Considering that the LRP receptor for LDL is one of those receptor expressed on the
BBB luminal side it is possible that further studies could demonstrate the brain

permeability to this nanoparticles.
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Sialic acid and glycopeptide conjugated PLGA nanoparticles loaded with loperamide
have been also explored as carriers for brain delivery: the IV administration to mice
of the formulation resulted in a pronounced analgesic effect, thus demonstrating that
the carrier was enabling the drug to reach the opioid receptor centrally expressed,

while loperamide on its own is unable to get across the BBB (Tosi et ah, 2010).

Engineered fusion protein, also known as molecular Trojan Horses, have been
investigated as drug carriers for the delivery of peptide and proteins to the brain. The
principle of delivering peptide and proteins to the CNS utilizing a Trojan Horse is

depicted in Figure 1.7.

Drug molecule

blood Monoclonal Antibody

Receptor for the
Monoclonal Antibody

Receptor for the
Drug Molecule

Brain*

cells
Figure 1.7: Delivery of biopharmaceuticals by means of Trojan Horses. The molecule
of interest is conjugated to a monoclonal antibody that targets a receptor expressed on
the luminal side of the brain endothelial cells. The binding to the receptor determines
the formation of a complex that is released in the interstitial fluid. The molecule is
cleaved from the monoclonal antibody and exerts is pharmacological action on the

brain receptors.

This chimeric (or fusion peptide) technology can be used to deliver

recombinant proteins and monoclonal antibody-based therapeutics. In the avidin-

biotin technology, a fusion protein of the molecular Trojan horse and avidin is
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produced parallel with monobiotinylation of the therapeutic, which might be an
oligopeptide, an antisense agent, or an siRNa. Non-viral plasmid DNA can be
delivered across the BBB by formulating liposomes with MTHs and production of
Trojan horse liposomes (Pardridge, 2007).

Pharmacokinetics studies in mice showed that the fusion protein was rapidly cleared
from blood with a median residence time of 175 +/- 32 min. The fusion protein was
avidly taken up by brain with a % injected dose (ID)/g of 3.5 +/- 0.7, as compared to a
MADb with no receptor specificity, which was 0.06 +/- 0.01% ID/g (Boado et al.,
2010).

The “fusion protein technology” has also been used in combination with liposomes,
and Trojan Horse Liposomes have been used for non-viral gene delivery (Boado,
2007).

Despite these promising findings, it has always to be remembered for this
chimeric technologies that the Trojan horse not only has to cross the BBB but also has
to elicit a pharmacological response on the central receptors. One problem can be that
once engineered with the monoclonal antibody the therapeutic peptide or protein
might not retain its pharmacological activity. Moreover, exerting the pharmacological
activity may require cleavage from the transport vector, in which case the action of
enzymes would be involved. Thus, the choice of the vector, the linker and the
retention of activity are very important and might limit the development of these

technologies in the real life.

The general overview undertaken in this section is symptomatic of the fact that
despite enormous efforts, achieving in a safe and efficacious manner delivery of
therapeutics in the brain remains still an open challenge.

Not all the technologies that aim at the delivery across the blood-brain barrier are
successful in vivo. A summary of the technologies that have aimed to show in vivo

achievements are reported in Table 1.
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Table 1.1 - Summary of several nanotechnology platforms tested in vivo for drug

Particle

Liposome +
RMP7

Liposome +
RMP7

Liposome +
0X26

SLN

SLN+thiamine

BSA
nanoparticles
+ Transferrin

PMMA
nanoparticles
+ Poloxamer

407,908 ot

tween 80

PAMAM
nanoparticles
+ Angiopep-2

nanogel

PLGA
nanoparticles
+ TAT peptide

PLGA
nanoparticles
+ g7 peptide

PLGA
nanoparticles
+ g7 peptide

Evans blue

'"[-NGF

~"H-daunomycin

Prodrg DO-FUdR

“H-hexadecanol
and "H-thiamine
Compound AZT

Methyl "*C-
methacrylate

p-EGFP

“H-ODN

AH-ritonavir

loperamide

loperamide

Ig/kg

200 pg/kg

20 m Ci/kg

20mg/kg

Smg/kg

54.4mg/kg

0.0lmL/g
1.128
mg/mL

50 pg/mouse

50pM/mouse

45mg/kg

68 pg/kg of
Rh-123

68 pg/kg of
Rh-123
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Formamide
extracting-
ultraviolet-
spectrophotometric
method

gamma counting

liquid beta
scintillation
counting

Biodistribution
using HPLC

Radioactivity by
gamma counting

Biodistribution
using HPLC

Liquid scintillation
counting

(1) Radioactivity
by gamma
counting

Liquid scintillation
counting
Liquid scintillation
counting

Biodistribution by
HPLC (detection
ofrodamine not of
loperamide)

Biodistribution by
HPLC (detection
ofrodamine not of
loperamide)

Non-targ
0.002%
Targ
0.012%

Non-targ
0.11%
Targ
0.32%

Non-targ
0.005%
Targ
0.01%

Released
drug
2.08%
SLN
drug
2.66%

Both 0.5
%
Non-targ
9.3%
Targ
21.1%

Non-targ
0.088%
Targ
0.99%

Non-targ
0.03%
Targ
0.25%

2.67%

Non-targ
1.08%
Targ
7.1%

Non-targ
low %
Targ
15%

Non-targ
low %
Targ
14.3%

(Zhang et
al., 2004)

(Xie et al.,
2005)

(Schnyder et
al., 2005)

(Wang et al.,
2002a)

(Lockman et
al., 2003)

(Mishra et
al., 2006)

(Lode et al..
2001)

(Ke et al.,
2009)

(Vinogradov
et al., 2004)
(Rao et al.,
2008)

(Vergoni et
al., 2009)

(Tosi et al.,
2010, Rao et
al., 2008)



In particular, for peptide and proteins technological challenges relating to the crossing
of the blood-brain barrier, the instability in vivo and the short half-life of these
molecules are not a trivial problem (Brasnjevic et al., 2009). The goals to be
addressed should involve the development of pharmacological strategies able to
increase the permeability of the blood-brain barrier, to facilitate the transport of drugs
over the BBB and to realize innovative drug formulations that increase stability and
half-life of peptide and proteins (Huang et al., 2007) .

For these reasons peptide delivery to the brain is one of the most promising and

challenging areas in the CNS pharmaceuticals sector.

1.2 Introduction to Nanofibres and their Potential in Drug Delivery

1.2.1 Peptides as Therapeutics for CNS Disorders

There is no full agreement among researchers in making a net distinction
between what can be defined peptide and what is instead a protein. For example,
insulin has a sequence of 51 amino acids and is referred to as a peptide by some
authors and as a protein by others. However, in general can be said that amino acids
up to 50 residues constitute a peptide, while longer sequences form a protein. This
limit is set by what is achievable in normal solid phase peptide synthesis as a
maximum sequence length (van der Walle CF and O, 2011).

Peptides and proteins are involved in a wide range of roles at level of the
Central Nervous System, acting as transmitters and signaling molecules for the
regulation of numerous biological actions, maintenance of the homeostasis of the
brain, modulation of intake and release of nutrients, neurtotransmitters and
neuromodulators at the level of the blood-brain barrier, modulation of the immune
system and the hormonal regulation as well as many other brain controlled biological
activities in our body (Krieger, 1983). For this reason, peptide and proteins have been
identified as promising pharmaceuticals in the treatment of a variety of brain
pathologies, including cancer, Alzheimer’s Disease, Parkinson’s Disease and

cerebrovascular stroke (Brasnjevic et al., 2009, Dufes, 2011).
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This thesis introduces the use of peptide nanofibres made of short amphiphilic
peptides as a means of delivering such peptides to the brain following intravenous
injection. In this section, self-assembly and current applications of peptide nanofibres

will be reviewed.

1.2.2 Nanofibrous Systems

Nanofibrous systems are able to mimic the architecture of naturally occurring
cellular structures (i.e tethers and extracellular matrix components), present a high
surface to volume ratio, and are constituted of biocompatible materials. For these
reasons nanofibrous materials are being applied in the fields of regenerative medicine
as cell signaling carriers and drug delivery systems. The nature of the biocompatible
materials employed for the construction of nanofibrous systems can be of two kinds,
polymer based or peptide based.

This distinction is necessary because the techniques and the chemical conditions

involved in the preparation of such systems are completely different.

Polymer based nanofibres are prepared through an electrostatic spinning
process or electrospinning: a high voltage current is applied on a molten polymeric
material or on a polymer solution in order to form a charged polymer jet. As the jet
flies in air, the repulsive forces in the solution and the attractive forces between the
liquid and the collector exert a tensile force on the solution or the molten polymer
causing an acceleration of the jet that leads to elongation and formation of fibres in
the nanoscale range (Formbhals, 1938). Electrospun nanofibres are prepared starting
from a molten polymeric material or from a polymeric solution that involves the use
of organic solvents such as Dichloromethane (DCM), Dimethylformamide (DMF),
Hexafluoroisopropanol (HFP), Tetrahydrofuran (THF), and the diameter of the
ejected nanofibre is influenced by many factors. Firstly, the fibres generating from the
apex of the droplet have a diameter significantly smaller compare to the diameter of
the ejecting capillary needle or pipette; this is due, as observed by Taylor (Taylor,
1969), to the formation of the Taylor cone developing from the droplet when
electrostatic forces are balanced by surface tension. The solution viscosity also

influences the diameter of the electrospun nanofibres, increasing the viscosity of the
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medium will increase the diameter of the fibre, as observed by Baumgarten in 1971
(Baumgarten, 1971), but this is always ranging from >100nm up to um.

Electrospun polymer nanofibres are currently employed as drug delivery carrier as
well as materials for tissue engineering.

A wide number of therapeutic agents have been physically or chemically loaded in the
hollow of the polymeric nanofibres or on the surface for the controlled release
formulation of anti-cancer drugs (Lv et al., 2008), antibiotics (Lochman et al., 2010,
Bolgen et al., 2007), genes (Cao et al., 2009), proteins (Choi and Yoo, 2010, Gelain et
al., 2010) and growth factors (Sahoo et al., 2010).

Electrospun Nanofibrous meshes are excellent candidates for tissue engineering,
indeed they have been employed for bone tissue regeneration (Jang et al., 2009), stem
cell engineering (Lim and Mao, 2009), neural (Cao et al., 2009) and cardiovascular

tissue engineering (Sell et al., 2009).

The peptide based nanofibre fabrication process is mediated by the formation
of non-covalent H-bonds that accomplish the spontaneous organization of molecules
into ordered structures. Therefore, the formation of peptide nanofibres is a self-
assembling process that occurs in aqueous media and gives rise to the formation of
regular micellar aggregates with diameters ranging from 5-8 to 20nm, being then at
least one order of magnitude smaller than polymer nanofibres (Hamley, 2011).

Similarly to their polymeric nanofibres, peptide nanofibres find a wide range
of application in tissue engineering.

Peptide nanofibres have been investigated for tissue and nerve regeneration, as
cell scaffolds and as delivery carrier for anticancer therapy. In a mouse spinal cord
injury model peptide nanofibres promoted the regeneration of descending motor
neurons and ascending sensory neurons (Tysseling-Mattiace et al., 2008).

Hydrogels formed by the entanglement of peptide nanofibres provide a stiff
network mimicking the extracellular matrix which promotes the adhesion of
fibroblasts and cell proliferation, suggesting the possible employment of these gels as
material for cell anchorage (Zhou et al., 2009).

Nanofibres including a peptide sequence known to activate a mechanism that
culminates in membrane disruption have been internalized by breast cancer cells

inducing their death (Standley et al., 2010).
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In this work we have investigated the ability of peptide nanofibres to deliver peptides

across the BBB and we are the first to do so.

1.2.3 Self-Assembling Peptide Nanofibres

Molecular self-assembly is a process in which molecules spontaneously form
ordered aggregates and involves no human intervention (Whitesides and Boncheva,
2002) and is governed by non-covalent interactions and structural compatibility

among the individual molecule monomers taking part in the aggregation process.

Self-assembling of peptide nanostructures mimics this natural process ubiquitous
among many class of natural compounds, from lipids to complex viral structures.

Peptides adopt specific configurations depending on which amino acids are near one
another in a peptide chain. As a consequence there is a relationship between amino
acid sequence and structure and considering that there are 20 natural amino acids the
supramolecular architectures that can arise are more than one (Figure 1.8). In peptide
based nanomaterials, the structure formed by a single peptide can interact with
another complementary peptide via non-covalent interactions: ionic, hydrophobic,

hydrogen bonding and m— stacking (Ulijn and Smith, 2008).
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Aliphatic Hydrophobic Aromatic
Alamnc (A) Beta sheets
Leucine (I and turns
Cell Support
Alpha helices
and coiled coils
Valine (V) ' \%
isoleucine(l) Melh.onme(My . Sensweg
- Tyrosine (Y]
Negatively Charged Positively Drug delivery
Charged
Histidine (Hi
Aapartc acid (D) O
Glutamic add (E) Non—Bioiogical
Hydrophilic
Peptide amphiphiles
Arginine (R) Nanoreactors
A Lysine (K)
Serine (S)
Asparagine |N| Nano-electronics
Glycine (Q
Aromatic Templating
directed assembly
Threonine <I) .
Vr e Cysteine (C) < J .
Glutamine (0) Profine (P)

Figure 1.8: Amino acid structures are shown with their common name and the one-
letter abbreviations that are commonly used in peptide sequences. The four main
classes of possible architecture that peptides can adopt are shown with potential

applications for these architectures. Adapted from (Ulijn and Smith, 2008)

The chemical structure of self-assembling peptides resembles the architecture of
surfactants thus there is a hydrophilic region, often made of charged amino acids, and
a hydrophobic part, this last can be tailored by introducing a sequence of lipophilic
amino acids or by attaching an alkyl chain at the terminus ofthe peptidic sequence, as
schematized in Figure 1.9.

The peptide sequence of the self-assembling peptide can include different epitopes in

order to obtain the biological effect of interest.
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Figure 1.9: (a) A self-assembling peptide composed of hydrophilic and hydrophobic
amino acids; (b) A peptide amphiphile formed by the attachment of an alkyl chain at

the one of the sequence termini.

The self-assembly of peptides can involve the formation of aggregates of different
shape, depending on the equilibrium among all the weak forces that play a key role in
the aggregation process. In fact, although the interactions involved are weak per se,
all together they are able to form strongly organized structures, ranging from small

spherical like micelles to high axial ratio nanostructures Figure 1.10.
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aggregate (d) or nanofibres (e, f).
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Spherical like micelles often represent an intermediate structure later evolving
into fibrillar aggregates. Nanovesicles were observed in the earlier studies on
amphiphilic peptides conducted by Zhang (Zhang et al., 2002) on a Ve¢D peptide
(peptide sequence containing 6 hydrophobic valines and an aspartic acid residue
resulting in two negative charges, one from the C-terminus and one from the side
chain), the peptide was aggregating in nanovesicles. Also spherical nanovesicles can
be the dominant aggregation form for a defined surfactant like peptide depending on
solution conditions, pH and salinity, as observed by Tsonchev (Tsonchev et al., 2008).

Morphology can also be influenced by the concentration of the peptide in the
solution; Aulisa observed that for the same peptide the shape was a function of its
concentration in solution; at low concentration the peptide amphiphile studied (a
peptide containing an inhibitory sequence for HOX proteins, the so called sequence
penetratin, that helps the transport of molecules across the cell membrane, and a
palmitic acyl chain) was organized into spherical micelles, while at higher
concentrations the peptide amphiphile formed nanofibres (Aulisa et al., 2009b).

Baumann also observed that increasing concentrations of peptide could give
rise to the sheet like formations (Baumann et al., 2008). Deng has observed that
nanoribbons can be constructed as the peptide backbones form intermolecular
hydrogen bonds perpendicular to the ribbon’s long axis in a small twisting angle as a
result of the steric hindrance of the amino acid side chains, which cause the ribbon to
twist (Deng et al., 2009b). Alternating tetrapeptide sequences with hydrophobic and
negatively charged residues (V and E) and alkyl segments with 16 carbons have been
shown to self-assemble into 1D nanostructures that grow laterally to create nanobelts
(Cui et al., 2009).

Some authors report the presence of helical nanofibres as intermediate
structures in the formation of fibres (Marini et al., 2002, Cui et al., 2009).

In general one can say that peptide amphiphiles can form metastable micellar
aggregates of various morphologies, but these initial structure evolve into cylindrical

nanofibres (through the formation of B-sheet interactions).
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1.24 Mechanism of Self-Assembly

The self-assembly of small amphiphilic polymers has been widely investigated.
Amphiphilic polymers contain hydrophobic regions and separate hydrophilic regions,
and they will self assemble in aqueous media into micelles, vesicles or tubules due to
an hydrophobic effect that drives the non polar region of each polymer molecule away
from water and towards one another.

Self-assembly of surfactant like peptides is governed by hydrophobic interactions
between alkyl tails and a network of hydrogen bonding between the amino acids of
the peptidic sequence (Zhang et al., 2002). The dimension and shape of the
supramolecular structures formed from such assemblies will then depend on different
factors, such as the geometry of the polar head group and the shape of each molecule
(Zhang et al., 2002).

According to some simulations studies on the interaction of self-assembling peptide
amphiphiles (Velichko et al., 2008a), “pure” hydrophobic interaction result in the
formation of monodisperse finite-size micelles. Micellization follows a closed
association scenario that involves a critical micelle temperature. The nucleation is the
dominant mechanism of aggregation when the H-bonding is equal to zero. On the
other hand, “pure” hydrogen bonding leads to step-by-step aggregation of molecules
into one-dimensional B-sheets. It follows an open association scenario that is
characterized by a wide aggregate size distribution. However this simulation study is
unable to show the formation of a fibrillar micelle as a result of self-assembly of
peptide amphiphiles.
Some authors suggest that the formation of long planar B-sheets in the spherical layer
of the micellar corona applies additional geometric constraints. The curvature of the
micellar surface induces geometric frustration in the ordering of B-sheets. With
further increase in hydrogen bonding energy, this results in instability and breaking of
the spherical symmetry of the micelle. This instability results in the formation of one-
dimensional long cylindrical fibres where B-sheets are aligned in parallel along the
fibre (Paramonov et al., 2006).

Encoding hydrophilic domains, choosing the primary structure, adding amino
acids with charged side chains, can influence the assembly preferences of the

monomers to favour -sheets or a-helices (Baumann et al., 2008).

32



Considering the stiffness of a long alkyl chain or of a long sequence of hydrophobic
amino acids the micelle aggregate might not be very favourable because when the
number of molecules increase it becomes very difficult to fill up the space and hide
the hydrophobic chain to the water molecules into a hydrophobic core.

In a membrane like geometry the molecules would be adjacent occupying a very little
space, thus if they are electrostatically charged, positively or negatively, they would
repulse each other.

In a twisted conformation the curvature would give a little extra space that
would solve some of the entropy issues. In Pashuk’s work is pointed out the
difference in the geometry for twisted and untwisted B-sheets: in a perfectly planar
untwisted B-sheet each peptide lines up perfectly with the one next to it down the long
axis of is fibre. In this model the hydrogen bond length should remain constant
throughout the length of two adjacent amphiphilic molecules. Twisting of the B-sheet
causes a small rotation between each peptide amphiphile molecule in the B-sheet
down the long axis of the fibre, which will increase the hydrogen bond length
between amino acids closer to the periphery of the fibre and likely increase disorder
as shown with Circular Dichroism experiments. The more twisted a B-sheet is, the
weaker the bonds are between adjacent peptide amphiphiles on the periphery of the
fibre. In addition the amino acids at the periphery of the fibre can adopt secondary
structures other than B-sheets, which would further weaker bonding among peptide

amphiphile molecules (Pashuck et al., 2010).

1.2.5 Gelation of Peptide Nanofibres

A characteristic of many peptide nanofibrous system is the ability to form gels at very
low concentration.

If we consider gelation of micellar and polyelectrolyte systems a couple of % weight
in the system are necessary before gelation is achieved, because the micelles have to
be tightly packed, while these fibrillar nanostructures are more effective in filling up
the space than micelles so it is possible to reach a network at much lower
concentration (~1%), while water absorption by the mesh-like network formed by
these nanofibres results in gel structure (Stendahl et al., 2006).

Peptide nanofibre gels find application in cell scaffolding and regenerative medicine,

some of these applications will be reviewed in the Chapter 5 of this thesis.
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1.2.6 Current Technologies Based on Peptide Nanofibres

Tissue Engineering

The demonstrated biocompatibility makes of peptide nanofibres excellent candidates
for cell culture matrices in tissue engineering (Ellis-Behnke and Schneider, 2011).
Examples of the use of self-assembling peptide nanofibres for tissue engineering
include: Fmoc-RGD mimicking the extracellular matrix, which has been tested on 3D
cultured adult dermal fibroblast cells (Zhou et al., 2009). Furthermore a peptide
amphiphile system presenting RGDS has also been developed and optimized for
biological adhesion as a matrix for the therapeutic delivery bone marrow mononuclear
cells (Webber et al., 2010b). A laminin-derived IKVAV sequence has been
incorporated into peptide amphiphiles in order to enhance neural attachment,
migration, and neurite outgrowth. Silva et al. showed that neural progenitor cells
cultured within IKVAV peptide amphiphiles nanofibres networks was quickly
undergoing selective and rapid differentiation into neurons while the formation of
astrocytes was largely suppressed (Silva et al., 2004). Peptide amphiphiles bearing the
IKVAYV epitope have also been found to reduce cell death at the injury site and
decrease astrogliosis when applied as a nanofibre gel in a spinal cord injury mouse
model (Tysseling-Mattiace et al., 2008).

Heparin, a biopolymer that binds to angiogenic growth factors, was used to design a
peptide amphiphile, that resulted in the self-assembly of nanostructures able to form

gels (Rajangam et al., 2006).

1.2.7 Biomineralization and High-Tech Applications

Mineralization around a bond implant hybrid between peptide nanofibres and titanium
has been observed in vivo. These templates are built by immobilizing a peptide-
capping agent on the surface of synthetic self-assembled helical or nonhelical
nanofibres and CdS nanocrystals were allowed to grow on them (Bose and Banerjee,
2010).

Vascularization and the absence of cytotoxic response indicate that nanofibres may be

used to initiate mineralization and direct a cellular response from the host tissue into
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porous implants to form new bone and thereby improve fixation, osteointegration, and

long term stability of implants (Sargeant et al., 2008).

1.2.8 Peptide Nanofibres as Stabilizing Agents and a Bioactive

Surfactant in Cosmetics

The activity of proteins is closely related to their native conformation. Membrane
proteins exert a wide range of roles in cells, however it is difficult to extract, purify
and stabilize them. In this context, it has been demonstrated that peptide amphiphiles
A6K where able to stabilize PS-I complex, a membrane protein associated with the
transport of electrons, in its dried form (Kiley et al., 2005).

The palmitoyl pentapeptide 3 and 4 (Matrixil ® Sederma SA, France) is used in
cosmetics with function of anti-wrinkle agent and its sequence is a fragment of type I
collagen. Matrixyl has been structurally characterized and it has been shown to
organize into giant fibrillar nanotapes with lengths extending to at least 10-100mm
(Castelletto et al., 2010a). Clinical trials on Caucasian female subjects (n = 93, aged
35-55) have demonstrated that in 12 weeks fine line/wrinkles improvements were
noticed in the subjects that were topically applying the matrixyl cream compared to

the controls (Robinson et al., 2005)

1.2.9 Drug Delivery (Antimicrobial, Drug and Gene)

A number of cationic peptide amphiphiles forming micellar nanostructures have been
reported to act as drug delivery system. Cationic antimicrobial peptides can kill
microbes by disrupting their bacterial membrane (Makovitzki et al., 2008, Chu-Kung
etal., 2004).

Recently shell-core nanoparticles made of peptide amphiphiles based on the Tat
sequence were prepared and their antimicrobial activity successfully proven against a
range of bacteria, yeasts and fungi. The TAT (YGRKKRRQRRR) peptide is the
minimal amino-acid sequence required for membrane translocation, and was found in
the transcriptional activator TAT protein of the human immunodeficiency virus type-
1 (HIV-1) (Lihong Liu et al., 2009). TAT was conjugated to a cholesterol lipidic
chain via a spacer of three glycines and a sequence positively charged of six

arginines. In vivo these nanostructures showed a high therapeutic index against
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Staphylococcus aureus infection in mice and were more potent than their unassembled
peptide counterparts. Using Staphylococcus aureus infected meningitis rabbits,
nanoparticles were shown to cross the blood— brain barrier and suppress bacterial
growth in infected brains (Lihong Liu et al., 2009).

Self-assembled cholesterol oilgopeptides containing three blocks of amino acids, Ac-
(AF)6-H5-K15-NH2, (FA32), were evaluated as carriers for co-delivery of drug
(doxorubicin) and genes (luciferase reporter gene and p53 gene). The self-assembling
peptides were able to form core-shell nanostructures able to incorporate the drug and
the gene. The co-delivery of the p53 encoding gene and doxorubicin suppressed the
proliferation of HepG2 cells. These core-shell nanostructures showed a great potential
in delivering hydrophobic anticancer drugs and genes simultaneously in vitro for

improved cancer therapy (Wiradharma et al., 2009).

1.3  Aims and Objectives

In this work for the first time peptide nanofibres are investigated as CNS drug
delivery systems. The synthesis of two amphiphiles molecules will be attempted in
order to study their application for peptide delivery to the brain.

A lipophilic peptide will be synthesized by attachment of a palmitoyl moiety. High
axial ratio nanostructures will be formulated by using a peptide amphiphile.
Self-assembly of nanofibres will be evaluated experimentally and in silico.
Cytotoxicity on in vitro cells will be assessed and interaction with BBB in vitro model
investigated to evaluate the mechanistic pathways undertaken.

The ability of these assemblies to act as carrier for brain delivery will be finally
assessed in vivo by administering IV formulation based on peptide nanofibres.
Pharmacodynamics and pharmacokinetics profiles of the nanotechnology cargo will
be assessed in order to obtain a full description of the capabilities of the carrier to be

employed as a new delivery system for peptide delivery to the brain.
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CHAPTER 2

Self-assembling Amphiphiles Synthesis and Structural

Characterization

2.1 Introduction

The working hypothesis states that the lipidization of peptides enables the
delivery of peptides to the brain.

The polymeric amphiphile quaternary ammonium palmitoyl glycol chitosan
(GCPQ) enhances the delivery of propofol (Qu et al., 2006) and hydrophilic peptides
such as Leu-enkephalin via the intravenous route (Lalatsa, 2009). The amphiphile also
enables the delivery of the peptide to the brain via the oral route (Lalatsa, 2009).

The use of chitosan and chitosan derivatives is also reported in literature for
the delivery of peptides via the oral route (Senel et al., 2000, Prego et al., 2006).

Chitosan is a natural polysaccharide comprising copolymers of glucosamine
and N-acetylglucosamine and it represents an interesting material for pharmaceutical
applications due to its biodegradability, biocompatibility, and low toxicity (Gao et al.,
2003, Hejazi and Amiji, 2003, Illum, 1998, Thanou et al., 2001b). However, chitosan
is insoluble at physiological pH (7.4), as it requires acid to be protonated, indeed its
aqueous solubility is increased at pH lower than 6.5 (Gao et al., 2003, Hyung Park et
al., 2006). Therefore, a derivative of chitosan with hydrophilic glycol moieties, glycol
chitosan, has received a rising interest as a drug carrier, as the pendant glycol
branches on the polymer increase the aqueous solubility of the native chitosan
(Uchegbu et al., 2001, Trapani et al., 2009).

Knight et al. suggest that low molecular weight glycol chitosan could be
desirable for as its lower viscosity would favor the manufacturing process and it
would be cleared from the blood circulation more efficiently after intravenous

administration (Knight et al., 2007). However in vivo studies on the effect of the
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molecular weight of glycol chitosan nanoparticles for tumor targeting suggest that
high molecular weight glycol chitosan nanoparticles remain for longer periods in the
blood circulation, leading to increased accumulation at the tumor site (Park et al.,
2007). The study shows that glycol chitosan nanoparticles display a prolonged blood
circulation time, decreased time-dependent excretion from the body, and elevated
tumor accumulation with increasing polymer molecular weight (Park et al., 2007).

Studies have shown that quaternary ammonium charges increase the solubility
and safety of amphiphiles (Cheng et al., 2006). Other studies have also demonstrated
that increasing the hydrophobic levels will favor the loading capacity of poorly
soluble drugs (Siew, 2009, Cheng et al., 2006, Anton. P and Laschewsky. A, 1994). In
this study, a second-generation GCPQ polymer was synthesized by attachment of
palmitoyl (C,¢) and acetyl (C3) pendant branches on the glycol chitosan backbone in
order to achieve a polymer with higher hydrophobic levels.

The palmitoyl chain was chosen because this medium chain amphiphile is
believed to form effective aggregates for the accommodation of hydrophobic drugs and
to exhibit prime penetration into the lipid epithelial membrane (Francis et al., 2003,
Venkatesan et al., 2006). The acetyl groups were also added to minimize the packing
Jam due to the palmitoyl chains and allow bigger hydrophobic voids available for drug

loading within the micelles as schematized in Figure 2.1.
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Figure 2.1: Schematic depiction ofthe drug loading ability of polymeric micelles.

In this chapter the synthesis and characterization of dalargin, the pDal peptide
amphiphile, and the second-generation acetyl ammonium palmitoyl glycol chitosan
amphiphile are described.

The hydrophilic hexapeptide dalargin and its amphiphilic derivative palmitoyl
dalargin (pDal) were synthesized by solid phase peptide synthesis approach. The
covalent linkage of the Cle chain was designed to achieve a change in the physical

properties of the peptide, enabling its self-assembly into high axial ratio
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nanostructures, as it was reported in the literature by several authors (Hartgerink et
al., 2001, Santoso et al., 2002, Yang and Zhang, 2006).

GCPQA polymer was synthesized and its structural characterization studied using
proton nuclear magnetic resonance; the molecular weight of the polymer was

determined using gel permeation chromatography.

2.1.1. Gel Permeation Chromatography — Multi-Angle Laser Light
Scattering (GPC- MALLS)

The GPC-MALLS method is widely used for a rapid and reliable characterization of
polymer molecular weight and molecular weight distribution. Gel permeation
chromatography (GPC), also known as size exclusion chromatography (SEC), is a
chromatographic approach used to separate macromolecules according to their
hydrodynamic volume, which is dependent on both molecular weight and molecular
conformation of a compound in solution (Uchegbu and Schitzlein, 2006).

Polymer solutions are passed through a column packed with a polymeric gel medium.
Gel filtration media are made of porous inert materials which are chemically and
physically stable, such as dextran, e.g Sephadex (Determann, 1964). During elution a
fractionation of the polymer solution takes place as the larger molecules elute first,
while smaller molecules are delayed due to their diffusion inside the porous media;
thus, a fractionation is achieved according to their size (Hunt and Holding, 1989).

The eluting compound is characterized for molecular weight by an interferometric
refractometer which measures changes in the refractive index (RI) of the sample with
changes in concentration (dn/dc) and a multi-angle laser light scattering (MALLS)
detector which measures the intensity of light scattered by the polymers eluting from
the column.

Incident light scatters in different directions with intensity directly dependent on the
molecular weight of the polymer in the sample. However not all the particles in a
sample have the same molecular weight, thus light scattering will depend on weight
average (Mw). In a GPC/MALLS system, the signal from the light- scattering
detector is proportional to molecular mass of the eluted polymer, multiplied by its
concentration. Therefore, the molecular mass of the eluted polymer can be calculated
by combining the signal from light scattering detector with signal from the

concentration detector (refractive index) (Wyatt, 1998).
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The quantity refractive index increment (dn/dc) describes the change in refractive
index of a polymer solution in terms of polymer concentration. The dn/dc value is
essential for the characterization of the molar mass. To measure dnwdc value of a
solute, a series of dilutions of the sample are prepared. These dilutions are then
injected into the RI detector and data collection is automatically performed using the
DNDC software. The software (ASTRA) then calculates the dn/dc value based on the
signal strength from the RI (dn) and the concentrations of the samples (dc) (Wyatt,
1998).

2.1.2. Solid Phase Peptide Synthesis (SPPS)

The principle of solid phase peptide synthesis is based on the construction of a
peptide chain on a resin support of polymeric nature (Merrifield and Nord, 1969).

The synthesis of a peptidic sequence involves the formation of an amide bond
between a carboxyl group and an amino group (Figure 2.2).

The synthesis is normally driven from C-terminus towards N-terminus, thus the C-
terminal amino acid residue of the peptide of interest is attached to the resin via its
carboxyl group. The protecting group strategy is orthogonal, i.e. the protecting groups
on the side chain functionalities of the amino acids are chosen such that they are
resistant to conditions for cleavage of the N-terminal protecting group of the growing
peptide chain. In addition, the N-terminal protecting group must be cleaved under
conditions that will not affect the anchorage to the resin. The great benefit of SPPS
consists of the potential to remove all solvents and excess reagents from each
coupling and deprotection step simply by filtration and washing. This allows large
excesses of reagents to be used resulting in short reaction times. Coupling can also be
repeated as many times as required in order to achieve reaction completion, before
subsequent N-terminal deprotection. On completion of the sequence and cleavage
from the resin, the product can be obtained after a single purification step, in much
less time than if a standard solution phase peptide synthesis methodology was used
(Chan W.C, 2000).
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There are two main strategies that have been used in the last forty years for SPPS,
both based on the use of a temporary protecting group on the a-amino group of the
growing chain, and of a permanent protecting group on the side chains as schematized

in Figure 2.2:

- the Boc strategy, where the Boc group is an acid-labile temporary protecting
group (figure 2.3A)
- the Fmoc strategy, where the Fmoc group is a base-labile temporary protecting

group. (Figure 2.3 B)

‘,{(o

0

LAy 920

(B)

Figure 2.3: (A) tert-butyloxycarbonil (Boc)-group; (B) Fluorenylmethyloxycarbonyl
(Fmoc)-group.

Boc strategy SPPS involves graduated acidolysis to obtain removal of the temporary
protecting group first, and subsequently of the permanent protecting groups (Barlos et
al., 1989).

The Fmoc strategy is based instead on an orthogonal protection, where the Fmoc
group is cleaved under weakly basic conditions (i.e. 20-50% v/ piperidine). The
overall milder conditions of the N-terminal deprotection and the orthogonality of the
remaining protecting groups have resulted in the Fmoc strategy gaining much more
application in SPPS synthesis; this was therefore the approach chosen to synthesize
the peptides in the present thesis.

The Fmoc strategy often utilizes acid-labile (e.g. #-butyl and trytil based) side-chain
protecting groups, furthermore the nature of the linker between the resin and the first
attached amino acid is also acid-labile, thus removal of the permanent protecting

groups and cleavage from the resin in most of the cases can be obtained by treatment
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with trifluroacetic acid (TFA), which is highly volatile and can be easily removed by
evaporation (Chan W.C, 2000).

2.1.3 Coupling Agents

The formation of an amide bond during peptide chain synthesis involves the in situ
activation of the carboxyl component of the amino acid that is going to be added to
the sequence. The activating agents for coupling reactions give rise to the formation
of active esters, as summarized in Table 2.1. The mechanisms of activation involved

during the coupling reaction are schematized in Figure 2.4 and 2.5.

44



Table 2.1 Coupling method used in Fmoc SPPS; adapted from (Chan W.C, 2000);
(DIPEA = diisopropylethylamine).

Coupling Reagent

Additive

Active Species

Conditions

Diisopropylcarbodiimide(DIC) Symmetrical Fmoc-amino acid/DIC (2:1)
/\/ i Anhydride in DCM
N=—C=—=N:
dlcycloesylcarbodumlde (BCC)
Figure 2.4
Diisopropylcarbodiimide(DIC) 1-hydroxybenzo Benzotraizolyl Fmoc-
or triazolo (HOBt) ester aminoacid/DIC/HOBt(1:1:1)
dicycloesylcarbodiimide (DCC) in DMF
Benzotryazol-1- 1-hydroxybenzo Benzotraizolyl Fmoc-aminoacid/
yloxytris(pyrrolidino)posphonium triazolo (HOB) ester PyBOP/HOBU/DIPEA(1:1:1:2)
hexafluorophosphate (PyBOP) , in DMF
0\
.
N N DIPEA structure
\/Q AN
o= F
[ T
co © Y
N[ 1H-benzotriazol-1-
yl)(dimethylamino)methylene]-N-
methylmethanamino
tetrafluoroborate(TBTU),
N
\
/
N,
\0
)\ |6
NN T
I -
or
N-[(1 H-benzotriazol-1-
yl)(dimethylamino)methylene]-N-
methylmethanamino
hexafluorophosphate(HBTU),
Figure 2.5
N-[(dimethylamino)-1H-1,2,3- 9-azabenzo Fmoc-aminoacid/

trazolo[4,5-b}pyridin-1-
ylmethylene]-N-
methykmethanamino
hexafluorophosphate N-oxide
(HATU)

N
>
N
\0

F\le,F
@/ - I\

tryazlyl ester

HATU/DIPEA(1:1:2) in DMF
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2.1.4 Drawbacks of SPPS and Strategies to Overcome these Limitations

Monitoring peptide synthesis is one of the major drawbacks of SPPS. Incomplete
removal of protecting groups and partially completed coupling steps cause the
formation of truncated sequences or ‘deletion’ sequences on the resin, sequences in
which one or more of the residues is missing. This results in the formation of side-
products after resin cleavage, and thus decreases the overall yield of the synthesis
(Fields, 1997). Furthermore, these side-products are difficult to remove during the

purification process, since they have similar composition to the desired cleavage
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product. The principles of using excess of reagents, using multiple couplings and/or
extending the coupling times are useful when necessary to obtain reasonably pure
peptides. Monitoring the coupling reactions to avoid the formation of deletion
sequences can be performed qualitatively with the Kaiser Test (Figure 2.6), an assay
based on the classical ninhydrin test for primary amines. The test gives a dark blue
color with free primary amino groups (Kaiser et al., 1970). Couplings are repeated
until a negative test is obtained which ensures complete coupling. One disadvantage
of this method is that can only be used for the detection of primary amines, as
secondary amines (as well as tertiary and aromatic amines) cannot form the highly

conjugated dimer, thus affording an apparently negative result (Fields, 1997).
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Figure 2.6: The reaction of ninhydrin with resin-bound primary amines

2.1.5 HPLC Peptide Purification and Analysis

Reverse-phase HPLC (RP-HPLC) is the standard tool for purification/separation and
analysis of peptides and peptides mixtures. Using RP-HPLC, peptides are most often
eluted and separated under gradient conditions. Acetonitrile is the organic modifier of
choice and the mobile phase further contains tri-fluoroacetic acid (TFA), formic acid,

etc. as ion-pair reagent (Sandra et al., 2008).
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2.1.6 Mass Spectrometry

The absolute mass of a peptide can be precisely measured using different mass
spectrometry techniques (Hoke et al., 2001). Conditio sine qua non for the structural
analysis of a molecule via mass spectrometry is that the molecule is able to ionize.
Ions are charged particles and they have to be in the gas phase before they can be
separated using mass spectrometry. Separation occurs according to their mass-to-
charge ratio (m/z), which is given by the mass of the ion on the atomic scale divided
by the number of charges that the ion possesses (Hoke et al., 2001). The m/z number
is dimensionless. To obtain a spectrum the mass spectrometer first must produce a
collection of ions in the gas phase. These ions will be then separated according to
their m/z values in vacuum. Different instruments have different apparatus for the

generation of ions.

2.1.7 Electrospray Ionization/Mass Spectrometry (ESI/MS)

ESI is a means of producing ions from nonvolatile, thermally labile compounds (Lim
and Elenotiba-Johnson, 2004). ESI is generally accomplished by forcing a solution of
the analyte through a small capillary such that the fluid sprays into an electric field,
thereby generating very fine droplets. Electrosprayed droplets will possess an excess
of positive or negative charges depending on the capillary bias polarity, these droplets
will diminish in size due to solvent evaporation either following the inflation of a
drying gas at atmospheric pressure or in a heated chamber at reduced pressure. After
size reduction the smaller droplets disintegrate to even smaller droplets due to
coulombic repulsion of the charges in a process that will be repeating until the analyte
molecule (M) is ejected into the gas phase along with some of the excess charges
(Watson and Sparkman, 2007b). In most cases the charge is generated by protonation

of basic sites or deprotonation of acidic sites (Figure 2.7).
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Figure 2.7: Schematic representation of ions production by Electrospray ionization

(Lim and Elenotiba-Johnson, 2004).

2.1.8 Matrix Assisted Laser Desorption/Ionization — Time of Flight
(MALDI-TOF)

MALDI has been used extensively in the structural characterization of
proteins and peptides (Hoke et al., 2001). In MALDI, the sample is mixed with
organic mixing compound, i.e. dihydroxibenzoic acid in a convenient solvent to
achieve a molar ratio of analyte to matrix of approximatively 1:5000, the matrix act to
separate the analyte molecules (by dilution) to prevent analyte-analyte molecular (or
ionic) interactions during the process.

The high energy density at the spot illuminated by the laser causes a phase
transition from solid to gas (Figure 2.8). Desirable attributes of the matrix are high-
absorptivity for the laser radiation and being able to form a fine crystalline solid
during co-deposition with the analyte. Interestingly, very little increase in the internal
energy of the analyte occurs as there is little or no fragmentation of the analyte,
making MALDI one of the soft ionization techniques (Watson and Sparkman, 2007a).

Pulsed UV-laser energy is used to transfer matrix and analyte molecules from
the solid phase support into the gaseous phase. In the transition from solid phase into
the gas phase a charge transfer, usually a proton transfer, occurs between activated
matrix and analyte molecules. The matrix can be a proton donor or acceptor, resulting
in positively or negatively charged analyte molecules. The resulting charge state
depends strongly on the nature of the analyte (Kafka et al., 2010).

For smaller molecules, such as peptides and small proteins, MALDI generates
predominantly singly charged ions (z = 1), which minimizes spectral complexity and

simplifies the interpretation of mass-to-charge values (El-Aneed et al., 2009)

50



In comparison to other ionization methods such as electron ionization,
chemical ionization or fast atom bombardment, EST and MALDI are mostly non-
destructive to larger biomolecules, do not require chemical modifications and for
most analyte molecules, result in high ionization efficiencies. Both ionization
methods can be coupled interchangeably to various types of mass analyzers (Kafka et

ah, 2010).

Pulsed Laser Beam

Proton Transfer

Matrix Molecule

(1]
Analyte Mo|ecule_
0]
0
o
0o
. 4+

Figure 2.8: Schematic representation of the solid to gas transition in MALDI.

Adapted from (Kafka et ah, 2010)

2.1.9 Fragmentation in Sequencing of Peptides and Spectra

Interpretation

The molecular mass of a peptide consists of the sum of the residue masses of all the
amino acids in the peptide plus water (Hoke et ah, 2001). Although many bonds in
peptides could possibly undergo fragmentation, the most significant cleavages are
along the peptide backbone. According to the Roepstorff Nomenclature for
classifying N-terminal and C-terminal fragment ions of peptides, fragments retaining

the positive charge on the C-terminal component of the peptide are represented by the

51



symbol X, Y, or Z, whereas fragments containing the positive charge on the N-
terminal part of the original peptide are indicated with the letters A, B and C (Figure
2.9

X3 ¥ Z; X2 Y2 Zy X ¥ z,
O 0] “‘; B 8]
“ H ” H__l ” H ”
HN— CH4— C——N—1~CH--C —3+N TH-—c-—-— ——TH-—C—OH
Ry Ry Ry Ry
m b oo om b oo m by e
o] o] o]
| . - |
H2N———-C|:H—C——N+=C|?Hl *OEC—N—CH—C——-N———LI‘,H—C—OH
R1 a RZ 3 X9 R4
o) o] (o]

|y |

|y
H;N—CH~—C —N——CH—C=0" é *HgN——CH—C —N——-CH—C —OH

R1 Rz R3
b2 y2
O 0] 0] 0
I | Tl |
H,N—CH—C ——N——CH—C —NH3* I T"——C—N—CH-—-C——-OH
R, . Ry R3 2 R4

Figure 2.9: Fragmentation in sequencing of peptides. Reproduction from

http://employees.csbsju.edu/hjakubowski/classes/ch33 1/protstructure/olcompseqconfo

rm.html

During the fragmentation process, upon excitation by collisionally activated
association (CAD), the ionizing proton (thought to be located initially at the most
basic site within the peptide) becomes mobile and samples various amide oxygens
and nitrogens as alternative protonation sites (Watson and Sparkman, 2007b). Thus

for a CAD spectrum a Y ion is a fragment that is formed by cleavage at a peptide
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bond with charge retention on the C terminal component of the original molecule. The
Y ion will have a mass that consists of all the constituent amino acid residue masses,
plus the mass of the carboxyl acid -OH group (at the C-terminus) and two hydrogens
(one to complete the amino group at the N-terminus, the other in a form of proton to
establish a charge). The formation of a Y ion results in the expulsion of an amino acid
residue of the peptide (Watson and Sparkman, 2007b).
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2.2 Materials

- GCPQA Synthesis

Glycol Chitosan

Sigma Aldrich, Poole, UK

Palmitic Acid N-hydroxysuccinimide
ester

Sigma Aldrich, Poole, UK

Sodium lodide

Sigma Aldrich, Poole, UK

Sodium Bicarbonate

Sigma Aldrich, Poole, UK

Cyanoborohydride

Sigma Aldrich, Poole, UK

Ethanol Laboratory Grade

Fisher Scientific, UK

Dyethil Ether Fisher Scientific, UK
Methanol HPLC Grade Fisher Scientific, UK
- Peptide Synthesis

H-Arg(Pbf)-2(CI-Trt)-Resin (substituion
0.53 mmol/g)

Merck/Novabiochem, Darmstadt, Germany

Fmoc-Leu-OH Merck/Novabiochem, Darmstadt, Germany
Fmoc-Phe-OH Merck/Novabiochem, Darmstadt, Germany
Fmoc-Gly-OH Merck/Novabiochem, Darmstadt, Germany
Fmoc-DAla-OH Merck/Novabiochem, Darmstadt, Germany
Fmoc-Tyr-OH Merck/Novabiochem, Darmstadt, Germany
HBTU Merck/Novabiochem, Darmstadt, Germany
HOBt Merck/Novabiochem, Darmstadt, Germany

Piperidine Biotech Grade 99%

Sigma Aldrich, UK

DMF (peptide synthesis grade)

Rathburn Chemicals

Trifluoroacetic Acid

Sigma Aldrich, UK
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DIPEA Sigma Aldrich, UK

DichloroMethane Rectapur VWR, International, UK
Methanol Analytical Grade Fisher Scientific, UK
Acetonitrile HPLC grade Fisher Scientific, UK
Triethylamine Sigma Aldrich, UK
Palmitic Acid N-hydroxysuccinimide Sigma Aldrich, UK
ester

Thioanisole Sigma Aldrich, UK
Anisole Sigma Aldrich, UK
Ethanedithiol Sigma Aldrich, UK

2.3 Methods

2.3.1. Synthesis of GCPQA

The synthesis was carried out by modifying a previous protocol (Qu et al. 2006).
Briefly, glycol chitosan (2 g, GC) was degraded in a solution of HCI (152 mL, 4 M)
for 24 hours, dialysed against deionised water (5 L) in a dialysis bag (12-14 kDa
molecular weight cut off (MWCO)) with 6 changes over 24h. After freeze-drying,
Glycol chitosan (500 mg) and sodium bicarbonate (376 mg) were dissolved in a
mixture of absolute ethanol (24 ml) and water (76 ml). A solution of palmitic acid N-
hydroxysuccinimide (792 mg) dissolved in absolute ethanol (150 ml) was added drop
wise to the glycol chitosan solution with continuous stirring over a period of 1 hour.
The reaction solution was left to stir for 72 h and protected from light. Ethanol was
evaporated on a rotavapor and the aqueous solution extracted with diethyl ether three
times. The solution was then dialysed against deionised water (5L) in a dialysis bag
(12-14 kDa MWCO) with 6 changes over 24 hours and lyophilized. The Palmitoyl
glycol chitosan (150 mg) was dispersed in N-methyl Pyrrolidone (45 mL), an
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ethanolic solution of Sodium Hydroxide (10 mg/mL) added, followed by Sodium
Iodide (2 mg/mL) and lodomethane (0.93 mL). The mixture was stirred under N, at
36°C for 4 hours, then the polymer precipitated with diethyl ether, redissolved in a
minimal volume of water and dialysed against 0.1 M NaCl (5 L x3 changes) and
deionised water (5 L x6 changes) before freeze-drying. The quaternary ammonium
palmitoyl glycol chitosan (GCPQ) thus obtained (100 mg) was dissolved in a solution
of Sodium Bicarbonate (0.08 M, 10 mL) and Methanol (20 mL). To this solution was
added Methanol (5 mL) containing acetic anhydride (0.093 mL). After stirring for
24h, the reaction was stopped by adding NH4OH. The solution dialyzed against
deionised water (5 L) in a dialysis bag (12-14 kDa MWCOQ) with 6 changes over 24h
and the dialysate lyophilized.

2.3.2 GCPQA NMR Analysis

'H NMR and 'H-'H COSY (Bruker AMX 400MHz spectrometer, Bruker Instruments,
U.K.) experiments were performed on all polymer solutions. Deuterium oxide and
CD;OD were used as solvents. The level of palmitoylation was calculated by
comparing the ratio of palmitoyl methyl protons (& = 0.89 ppm) to sugar protons (6=
3.5-4.5 ppm), the level of quaternisation calculated by comparing the ratio of
quaternary ammonium protons (8 = 3.45 ppm), to sugar protons and the level of

acetyl protons (§=2 ppm) to sugar protons.

2.3.3 Gel Permeation Chromatography — Multi-Angle Laser Light Scattering
(GPC- MALLS)

The molecular weight of degraded glycol chitosan and GCPQA was measured by
GPC- MALLS equipped with DAWN® EOS MALLS (A = 690 nm), Optilab DSP
Interferometric Refractometer (A = 690 nm) and QELS detectors (Wyatt Technology
Corporation, USA). Fractionation was performed on a PolySep — GFC — P 4000
column (300 x 7.8 mm, Phenomenex, UK) and a guard column PolySep — GFC - P
(35 x 7.8 mm, Phenomenex, UK), at a loading concentration of 5-10 mg/mL using a
Waters 717 Plus autosampler. The mobile phase used were 1) acetate buffer (0.3M
sodium acetate / 0.2 M acetic acid, pH 5.0) for degradel glycol chitosan and 2) a
mixture of acetate buffer (0.3 M sodium acetate / 0.2 M acetic acid, pH 5) and
methanol (35:65) in the case of GCPQA.
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The mobile phase was pumped through the system using a Jasco PU-2080plus 7600
series pump connected to a Jones Chromatography system solvent degasser. Before
injection the samples were filtered through a MILLEX GP syringe driver filter unit
(PES 0.22 pm, sterile 33 mm). Data obtained were processed using ASTRA for
Windows version 4.90.08 software. Toluene and BSA were used for DAWN® EOS
MALLS calibration and normalisation.

The specific refractive index increment (dn/dc) of degraded glycol chitosan, and
GCPQA was measured with an Optilab DSP Interferometric Refractometer (A = 690
nm) at 40 °C. Filtered samples (0.2 pm filter) of five different concentrations ranging
from 0.2 — 1 mg/mL were manually injected at a pump flow rate of 0.2-0.3 mL/min.

The data were processed using Wyatt DNDC for Windows version 5.90.03 software.
2.3.4 Synthesis of dalargin

To the H-Arg-(Pbf)2-CI-Trt resin (0.943g, 0.53 mmol g') was added dimethyl
formamide (DMF, 4-8mL) and the resin left to swell for 1 hour. To the swollen resin
was then added a solution of DMF containing the Fmoc amino acid (Fmoc-L-Leucine,
0.44 g, 1.25mmol),0-(1H-benzotriazole-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate (HBTU, 0.47 g, 2.5 mmol) and 1-Hydroxybenzotriazole (HOBt,
0.436 uL, 2.5 mmol). To the reaction was then added N,N-Diisopropylethylamine
(DIEA, 191 mg, 2.5mmol) and the reaction allowed to proceed for 30 minutes. For
each amino acid residue coupled, the above procedure was performed twice. After
coupling each residue the Kaiser test was performed to ensure coupling was complete.
Deprotection of the Fmoc moiety after washing the resin with DMF (150 mL) was
achieved by adding piperidine (20% v/v in DMF, 10 mL) to the resin beads, which
was then agitated for 10 minutes (performed twice). The process detailed above was
repeated until synthesis of Fmoc-Tyr-D-Ala-Gly-Phe-Leu-Arg was complete. All
peptide synthesis steps were performed at room temperature. Once peptide synthesis
had been completed, the product bound to the resin was treated with the reagent R
(trifluoroacetic acetic, ethanediol, thioanisole, anisole — 90:3:5:2, 1 mL for each 0.1
mg of the resin). The reaction mixture was evaporated under reduced pressure, the
peptide precipitated with cold diethyl ether (4 °C, 4 mL) and the precipitate collected
by centrifugation (2500rpm, 30minutes) in a Z323 Hermle centrifuge, (VWR, Poole,

UK). The precipitated was again redissolved in water, and precipitation and
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centrifugation repeated twice. The pellet was then redissolved in water and freeze-

dried.
2.3.5 Synthesis of Palmitoyl Dalargin (pDal)

To the H-Arg(Pbf)-2-CI-Trt resin (0.943g, 0.53 mmol g') was added dimethyl
formamide (DMF, 4-8 mL) and the resin left to swell for 1 hour. To the swollen resin
was then added a solution of DMF containing the Fmoc amino acid (Fmoc-L-Leucine,
0.44 g, 1.25 mmol), O-(1H-benzotriazole-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate (HBTU, 0.47 g, 2.5 mmol) and 1-Hydroxybenzotriazole
(HOBt, 0.436 pL, 2.5 mmol). To the reaction was then added N,N-
Diisopropylethylamine (DIEA, 191 mg, 2.5 mmol) and the reaction allowed to
proceed for 30 minutes. For each amino acid residue coupled, the above procedure
was performed twice. After coupling each residue the Kaiser test was performed to
ensure coupling was complete. Deprotection of the Fmoc moiety after washing the
resin with DMF (150 mL) was achieved by adding piperidine (20% v/v in DMF, 10
mL) to the resin beads, which were then agitated for 10 minutes (performed twice).
The process detailed above was repeated until synthesis of Fmoc-Tyr-D-Ala-Gly-Phe-
Leu-Arg was complete. All peptide synthesis steps were performed at room
temperature. Once peptide synthesis had been completed, the resin was washed with
copious amount of DMF (250 mL), followed by copious amounts of dichloromethane
(DCM, 100 mL) and then by a mixture of DCM, methanol (1:1, 200 mL). The peptide
bound resin was dried under vacuum and then transferred to a glass container and left
in a dessicator under vacuum for 24 hours.

Triethylamine (665 uL, 4.8 mmol) was added to a dispersion of the peptide bound to
the resin (0.266 g, 0.1 mmol) pre-swollen in DMF (8 mL) and to the resultant
suspension was added drop wise the N-hydroxysuccinimide ester of the palmitic acid
(282 mg, 0.85 mmol) in DMF (8 mL). The reaction was left to react for 24 hours at 25
°C, during which time the suspension was agitated (120 rpm). The mixture was then
concentrated under reduced pressure to remove volatile products and the residue
dispersed in DMF (4mL). The DMF suspension was filtered and the residue washed
with copious amount of DMF (100mL). The product bound to the resin was treated

with the reagent R (trifluoroacetic acetic, ethanediol, thioanisole, anisole — 90:3:5:2,
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ImL for each 0.1 mg of the resin). The reaction mixture was evaporated under
vacuum conditions, the peptide precipitated with cold water (4°C, 4mL). Ethanol
(20mL) was added to wash and redissolve the precipitate, and the solution incubated
at 35°C for 45-60 minutes to allow re-precipitation. The precipitate was collected by
centrifugation (2500 rpm, 30 minutes) in a Z323 Hermle centrifuge, (VWR, Poole,
UK) and precipitation and centrifugation repeated twice. The pellet was then

redissolved in acetonitrile and freeze-dried.

2.3.6 Peptide Purification.

Peptide purification was achieved using semi-preparative reverse phase HPLC (RP-
HPLC) on a HPLC Agilent 1200 series (Agilent Technologies, Edimburgh, UK, Ltd).
Crude peptide (6-8 mg ml') dissolved in dimethylsulfoxide (DMSO) and
chromatographed over a semi-preparative Waters Spherisor ODS,; C18 column
(10mm x 250 mm, pore size = 10 um) using a 30 minute gradient from 5% aqueous
(solvent A) to 100% organic (solvent B) and flow rate of 6 mL/min (solvent A = TFA
0.02% v/v; and solvent B = acetonitrile : water — 90:10, TFA 0.016%). Peptides were
detected at 230nm using with a UV detector. Fractions having the same retention time

were pulled together and freeze-dried.
2.3.7 Mass Spectrometry

For low resolution nominal mass, samples were prepared in acetonitrile/water (1:1)
containing 0.1% v/v formic acid and measurements recorded on a ThermoQuest
Navigator, operated under Electrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI) interfaces for liquid sample introduction. All samples
were analyzed using ESI. In positive mode samples were analyzed using
acetonitrile/water (1:1) containing 0.1% v/v formic acid as solvent. In negative mode
methanol was used.

Conditions were as follows: Cone voltage: 20-30 V, capillary voltage: 3.15 kV,
source heater: 120 degrees Celsius, nebulizing gas (nitrogen) flow: 400 L/h.
High-resolution accurate mass measurements were achieved using either V mode or
W mode positive or negative on a Micromass Q-TOF Ultima Global Tandem Mass

Spectrometer. In positive mode samples were prepared in acetonitrile/water (1:1)
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containing 0.1 % v/v formic acid for infusion (0.3 pl/min) and in acetonitrile/water
(1:1) for LC-MS using a Waters NanoEase 75 x 150 mm C18 3.5 pm column. For the
MALDI analysis the sample consisted of a 1:1 mix of peptide with a-cyano-4-

hydroxycinnamic acid (10 mg/mL in acetonitrile/water (1:1) containing 0.1% v~
TFA). 1 pL of mix was spotted onto a MALDI target plate and allowed to dry before

analysis.

2.3.8 Nuclear Magnetic Resonance (NMR)

NMR characterization was carried out using a Bruker Avance 400MHz Spectrometer.
Data were processed using Bruker NMR suite 3.5 in conjunction with Topspin 1.3
software. Chemical shifts are given in ppm and were calibrated to the residual proton
peak of the deuterated solvent. Assignment of spectra was assisted using 'H-'"HCOSY

Correlation Spectroscopy.

2.3.9 Fourier Transformed Infrared Reflectance

The infrared absorption spectra for the peptides was recorded using a Perkin Elmer
Spectrum 100 FTIR Spectrometer (Perkin Elmer, Cambridge, UK) equipped with a
Universal Attenuated Total Reflectance accessory and a zinc selenide crystal (4000 —
650 cm™) and Spectrum FTIR software. A background spectrum was recorded on a

clean zinc selenide window before a sample spectrum was recorded.

2.3.10 X-Ray Diffraction

Datasets werecollected at room temperature on an Oxford Diffraction Xcalibur NovaT
X-ray diffractometer (Agilent Technologies, UK, Ltd.). The sample for analysis was
prepared by filling a capillary tube with the freeze-dried pDAL and sealing with wax
the open side. The data were collected at 26 range, processed and scaled using

Crysalis~ (Oxford Diffraction).

2.3.11 Polarizing Microscopy Analysis
Freeze-dried pDal powder was deposited onto a glass cover slip and micrographs
were recorded using a Nikon-Microphot-FXA light microscope using Nikon PlanAPO

Chromatic lenses and a static and dioscopic crossed polarizing filters.
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2.4 Results

2.4.1 GCPQA Synthesis

The synthesis of GCPQA was successfully achieved as confirmed by NMR and GPC-

MALLS analyses.
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Figure 2.10: Examples of chromatogram of (A) degraded glycol chitosan obtained

from GPC (sample concentration - 5mg mL") and (B) measurement of dn/dc.
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Figure 2.11: Examples of chromatogram of (A) GCPQA obtained from GPC and (B)
measurement of dn/dc of GCPQA (batch MR67)

Glycol chitosan was subject to 24 hours acid hydrolysis. The polymer average
molecular weights expressed in g/mol for degraded glycol chitosan (n=3) and

GCPQA (n=3) were
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Polymer Mw Mn Mw/Mn dn/dc

GC 6.61*10° +0.57 7.843*10°+0.46 1.198 +0.0896 0.13555 +0.00365

GCPQA 2.521*10°£0.559  1.814*10"+0.130 1.36+0.198 0.16633 £0.013

Figure 2.10 and 2.11 are example chromatograms for degraded GC and GCPQA
respectively and dn/dc curves obtained for the relative batches. The dn/dc of GC and
GCPQA was calculated for each sample separately by injecting a number of
concentrations varying from 0.1 to 0.8 mg mL-1 diluted in mobile phase. The
acylation resulting from the palmitoylation and acetylation, and the quarternarization
are randomly distributed along the polymer, as previously reported by Wang (Wang et
al., 2001).

The 'H NMR spectra for GCPQ and GCPQA are shown in Figure 2.12 and 2.13
respectively. The proton chemical shifts are listed as previously reported by Uchegbu
(Uchegbu et al., 2001): & 0.89 (a, CH; palmitoyl), & 1.30 (b, (CH2)1> palmitoyl),
8 1.65 (¢, CH; palmitoyl), &2.05(h, CH; acetyl), 82.2-2.3 (d, CH> palmitoyl),
8 2.7-3.2 (e, CH3 dimethyl-amino-glycol chitosan), 6 3.45 (f, CH; dimethyl-amino-
glycol chitosan), 8 3.5-4.5 (g, sugar protons).
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Figure 2.12: '"H-NMR spectrum of GCPQ in CD30D
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'H NMR was used to estimate the levels of hydrophobic and hydrophilic
modification of the polymers. The calculations were performed using the ratio of
palmitoyl methyl protons (& 0.89 ppm) to sugar protons (& 3.5-4.5 ppm), the ratio of
acetyl methyl protons (8 2.05 ppm) and the quaternary ammonium (8 3.45 ppm) to
sugar protons. Using the spectrum of GCPQA in Figure 2.13 as an example the levels

can be calculated as follows

d chemical shift of palmitoyl methyl protons/3 protons

Palmitoylation = x 100

(mole %) d chemical shift of sugar protons /9 protons

3.32/3
= x 100 =~20.7%
47.731/9

0 chemical shift of acetyl methyl protons/ 3 protons

Acetylation = x 100
(mole %) & chemical shift of sugar protons /9 protons
1.44/3
= x100=~9%
47.73/9

8 chemical shift of ammonium protons/ 9 protons

Quaternarization = x 100
(mole %) d chemical shift of sugar protons /9 protons

B 1.35/9 100 =~ 2.8 %

T T 4139 i
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Figure 2.13: '"H NMR spectrum of GCPQA in CD3OD, upon reaction of GCPQ with
acetic anhydride to form GCPQA
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2.4.2 Peptide Synthesis

For peptide purification, the fractions were collected and analyzed via UV-absorbance
after gradient elution (Figure 2.14); fractions showing the same retention time are

pulled together and the solvent eliminated with freeze-drying.
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Figure 2.14: Dalargin (A) and pDal (B) purification via RP-HPLC via gradient
elution.

The retention time of dalargin (9.8 min) is less than the retention time of pDal (25.6
min), as it would be expected considering the hydrophilic nature of dalargin versus

the lipophilic nature of pDal.
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Figure 2.15: High Resolution MS spectra of pDal. m/z 964.5140 correlates with the
expected [M+H] mass for pDal.

Fragment ions can be assigned to the peptidic sequence as summarized in Table 2.2
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pDal-HiO 96AS5

Palmitoyl-YAG 530J
GFLR 473.3
Palmitoyl-Y 402.2
Palmitoyl-Y (immonium ion)  37A2
AGF 276.1

GF (G immonium) 176.1

Y (immonium ion) 136

Table 2.2 - Fragment ions assignment for pDal

The synthesis of dalargin and pDal was also confirmed by the MALDI-TOF spectra,

as reported in Figure 2.16 and 2.17 respectively.
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Figure 2.16: MALDI-TOF spectra of dalargin (A, B). No significant high molecular

. . . B
weight ions have been seen in the pDal spectrum.
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Figure 2.17: MALDI-TOF spectra of pDal (A, B).
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The "H NMR spectrum for dalargin is shown in Figure 2.18. Chemical shift values in
D,0 were found to be:  0.56 (d, Hgp, Leu), 4 0.62 (d, Hgy,Leu), 6 0.85 (m, HB’ Ala

and HY’ Leu), 8 0.9 (t, Hy, Leu) 6 1.28 (m, Hy, Arg), 8 1.47 (m, Hﬁ, Leu), 6 1.61 (m,
HB’ Arg), 8 2.8 (m, H, Phe), 8 2.90 (m, H, Leu), 6 3.42 (q, H,, Ala), 83.55 (s,
H, Gly), 3 3.86 (m, Hg, Arg), 8 3.96 (m, Hﬁ’ Phe), 3 4.05 (m, H, Arg), 8 4.33 (m,
Hg, Tyr), 8 6.60 (d, He ¢, Tyr), 3 6.86 (d, Hay, Tyr),  6.95 (m, Hring, Phe), 8 7.06
(d, Hgqgp, Arg). The 'H NMR spectra for pDal is shown in Figure 2.18. Chemical
shift values in DMSO-d were found to be: 6 0.85 (m, Hg,, Leu, CHz palmitoyl,
Hgq,Leu), 8 1.10 (d, Hﬁ, Ala), 8 1.24 (m, Hy, Leu and (CHy);, palmitoyl ), & 1.37 (m,
HB palmitoyl), & 1.49 (m, HY’ Arg), 8 1.60 (m, Hﬁ, Leu), 8 1.70 (m, Hﬁ, Arg), 6 2.03
(t, H, palmitoyl), 6 3.15 (m, H,, Arg, Ha, Phe and Hg Arg ),  3.34 (s, H,, Gly),
4 3.53 (m, HBZ’ Phe and HBZ’ Tyr), 8 3.53 (m, H[Sl’ Phe and H|31, Tyr), 6 4.21 (q,
Hg, Ala), 8 4.42 (m, Hg, Leu), 8 6.62 (d, Hgq¢p, Tyr), 8 6.98 (d, Hgy50, Tyr), 67.2
(m, Hying, Phe), 8.2 (b, Heq o, Arg), 8 9.16 (-OH, Arg) .
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Proton H-NMR and COSY confirm that the acylation reaction took place, giving rise
to the formation of the amphiphilic derivative of Dalargin, palmytoil Dalargin. On the
pDal spectrum (Figure 2.19) the presence of a triplet can be observed corresponding
to the methyl group of the palmitic chain (multiplet 6 = 0.85 ppm), which overlaps
with the doublet of doublets corresponding to the methyl groups of leucine.

In the spectrum of Dalargin (Figure 2.18) the triplet (8 = 0.9 ppm, Hy) of the methine
of leucine is clearly visible, while the same signal on the pDal spectra is merged with
the strong peak of the alkyl chain of the palmitic moiety (CHz)12—.

The doublet corresponding to the methyl group on the alanine side chain (H) is clear

both in the spectrum of Dalargin (8 = 0.85 ppm) and pDal (8 = 1.10 ppm).
Both signals of the protons attached in Cg, and Cg of the palmitic chain are clearly
visible on the pDal spectra (multiplet at 1.37 ppm = Cg), (multiplet at 2.03 ppm= C,,).

These signals are not present in the Dalargin spectra thus we can confirm that they

belong to the palmitoyl chain.
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Figure 2.20: FTIR transmittance spectrum of freeze-dried pDal (red line) overlapped
with the FTIR transmittance spectrum of dalargin (black line). Highlighted are some

of the peaks relevant to the structure elucidation.

From the left to the right of the spectra in Figure 2.20, a pronounced Amide A band

was observable for pDal but not for Dalargin. Both peptides are present in their
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charged form as can be deduced by the presence of the v NHs" band around 3070 cm"
and by the Vs COO band around 1454.8 cm"

In addition, the spectrum relative to pDal shows some important bands, absent in the
spectrum of Dalargin, confirming the attachment of the palmitoyl moiety to the
peptide: a band of stretching at 1725.8 cm ' relating to the carbonyl (-C=0) of the
ester linkage, a band at 2850.7 cm" relating to the -CH] symmetrical stretching and a
band at 2919.2 cm ' relating to the -CH2 asymmetrical stretching of the palmitoyl

chain.

(A)

Figure 2.21: (A) XRD powder diffraction pattern of freeze-dried pDal; (B, C)
micrographs of freeze-dried pDal viewed on an optical microscope without (B) and

with (C) crossed polarized filters.
The freeze-dried product pDal showed small traces of ordered crystalline domains

under crossed polarized filters (Figure 2.21 C), while the overall product was

amorphous, indeed few little spots of light were visible when the filters were crossed
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at 90°. This is confirmed as well by the X-ray diffraction pattern where no clear

diffraction peaks were recorded (Figure 2.21 A).

2.5 Discussion

A series of polymeric and peptidic surfactant-like molecules were successfully
synthesized and characterized. These amphiphiles will be investigated for the design
of drug delivery system with different axial ratio, solubilizing agent for lipophilic

molecules and carrier for the transport of drug molecules across biological barriers.

GCPQA is a chitosan-based polymer. Chitosan is a naturally occurring polymer
which has been widely exploited for applications in the pharmaceutical field (Thanou
et al., 2001a) (de la Fuente et al., 2010). Since chitosan is reported to have a great
potential in the delivery of peptides via the oral route (Prego et al., 2005), this
polymer was selected as candidate for the synthesis of an amhiphilic derivative such
as GCPQA. However, to overcome the issue of the low solubility of chitosan, glycol
chitosan was chosen as starting material and its molecular weight reduced upon acid
hydrolysis to obtain a low molecular weight polymer. The free amine groups on the
polymer backbone allow further modification while retaining its favorable biological
interactions.

Derivatization of glycol chitosan resulted in an increase of molecular weight as
measured with GPC-MALLS.

Grafting of the polymer with randomly distributed palmitoyl and acyl chain was
confirmed by proton NMR.

The working hypothesis states that the grafting of the polymer should lead to the
formation of small self-assembled micelles and the polymer will be investigated for its
capability to act as a solubility enhancer and as peptide carrier to the brain, as
previously reported in our group (Lalatsa, 2009, Uchegbu IF, 2010). In addition to
this, hydrophobically modified glycol chitosan has also been reported to encapsulate
RGD, a small antiangiogenic peptide into nanoparticles (Kim et al., 2008). In vitro
studies of this delivery system have shown that these nanoparticles were slowly

releasing the peptide over one week time. When administered intratumorally in vivo,
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the system showed a prolonged and sustained delivery of the RGD peptide compared

to intravenous or intratumoral administration of RGD on its own (Kim et al., 2008).

Dalargin is a hexapeptide, synthetic analogue of Leu-enkephalin, having the structure
Tyr-D-Ala-Gly-Phe-Leu-Arg (Figure 2.22), and has been used in USSR as remedy for
peptic ulcers because of its gastric antisecretory and cytoprotective properties (Dajani
et al., 1991). Dalargin acts also as an agonist on the opioid receptors, as the
endogenous enkephalins and their synthetic analogues. Indeed, activation of the
opioid receptors is involved in the induction of analgesia by all the endogenous opioid

peptides, and their synthetic analogues (Davies, 2005).

The synthesis of both Dalargin and of its amphipathic derivative pDal (Figure 2.22 A
and B) was achieved with a standard Fmoc-strategy.

The solid support chosen was a 2-chlorotrytil resin, with the first amino acid, arginine
already loaded and protected on it. This is because loading of the first amino acid on
to resins can be troublesome and decrease the final product yield if the loading is not
optimal, especially in those cases where the amino acid carries bulky side-chain
protective groups, as it was the case for the pentamethyldihydrobenzofurane-5-
sulfonyl (Pbf) protecting group on the arginine side chain (Chan W.C, 2000).

A further advantage of this choice was that the cleavage conditions of peptides from
the 2-chlorotrityl resins require mild acidic conditions, such as mixture of
trifluoroacetic acid with phenol present as scavenger in ratio 95:5 (Barlos et al.,
1991), and the protecting (Pbf) group is also more easily deblocked by TFA compared
to other protective groups for the arginine side chain, such as 2,2,5,7,8-
pentamethylchroman-6-sulfonyl (Pmc), thus allowing us to obtain in one single
synthetic step removal of the side-chain protection and cleavage of the final product
from the resin. The use of mild acidic cleavage makes the formation of possible side-
products deriving from acidic degradation of the ester link between the palmitic chain
and the tyrosine less likely to happen. The cleavage mixture used was then the reagent
R, containing the scavengers anisole, thioanisole and ethandithiol for the deprotection
of the (Pbf) group in less than 4 hours (Carpino L.A, 1993). Cleavage with reagent R

was also preferred to the use of trifluoroacetic acid, H20, triisopropylsilane

(95:2.5:2.5) because the latter was found to require much longer reaction times, in
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acidic conditions and the final product would still contain arginine (Pbf) protected
with the subsequent product containing significant quantities of a sequence with a Pbf

protected arginine residue.

The attachment of the palmitoyl chain was achieved using a method previously
reported for the esterification of the phenolic hydroxy moiety of Tyrosine (Uchegbu
IF, 2010). An additional step was added, involving washing of the crude peptide with
an organic solvent such as ethanol, that was optimal for removal of small impurities
deriving from the use of the scavengers anisole, thioanisole and ethanedithiol.

Peptide and protein palmitoylation has been previously exploited to synthesize lipid
derivatives (Foldvari et al., 1998) aiming to increase membrane permeation, because
peptide and proteins are generally poorly transported across biological membranes.
This is due to their hydrophilic nature, their high molecular weight and instability to
enzymatic degradation. This modification thus increases the biological half-life of
therapeutic peptidic molecules. For example reversible aqueous lipidization (REAL)
conjugate fatty acids moieties via disulfide bonds that are then cleaved in vivo
releasing the unmodified therapeutic peptide (Yuan et al., 2008, Yuan et al., 2005).
Such modification enables a prolonged release of the peptide and it has been
successfully applied for the lipidization of calcitonin (Wang et al., 2003), octeotride
(Yuan et al., 2005), somatostatin analogues (Yuan et al., 2008), the Bowman-Birk
protease inhibitor (Honeycutt et al., 1996) and desmopressin (Wang et al., 1999). For
example lipidized calcitonine was found to have a plasma AUC four times higher than
calcitonine after subcutaneous administration in mice (Wang et al., 2003). The oral
administration in rats of the lipidized calcitonine showed 12 hours circulation, while

calcitonine was undetectable in plasma after only 1 hour (Wang et al., 2003).

Dissolution of the peptide in the mobile phase was problematic, as the peptide was
insoluble in the mobile phase only. Thus the peptide was first dissolved in DMSO
and then purified running on a gradient elution. After RP-HPLC purification of the
peptides the sequences were confirmed through spectroscopic mass analyses.

ESI-MS showed a fragmentation that matched the proposed structure for Dalargin and
its amphipathic derivative pDal. Also peptide fingerprinting with MALDI-TOF
confirmed the presence of the expected [M+Na]" and [M+K]" ions for each peptide.
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Figure 2.22: (A) chemical structure of palmitoyl Dalargin (pDal); (B) chemical

structure of Dalargin.
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The analysis of the NMR spectra provided further evidence that the correct sequence
was achieved by the peptide synthesis. The structure assignment is based on the
proton and COSY NMR spectra.

From the FTIR Absorbance spectra information regarding the peptide finger print
region and the alkyl chain segment of the palmitic moiety were obtained to further
support the data obtained from the mass spectrometry and NMR analyses.

The presence of the C=0 stretching confirm the formation of the ester linkage
between the phenol group oftyrosine and the carboxyl group of the C1 6 acyl chain.
The presence of the protonated amine at the N-terminus further confirms that no side
products having the palmitic chain on the amino group of the Tyrosine are formed

during the reaction.

In the last 5-6 years, there has been a dramatic rise in the interest in amphiphilic
peptides due to the great potential that has been shown in the field of regenerative
medicine and tissue engineering (Cui et al., 2010, Hamley, 2011). In Figure 2.23 are

summarized several structures that have been explored by different groups.
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Figure 2.23: Chemical structures of peptide amphiphiles able to self assemble into
high axial ratio micellar aggregates. Structures investigated by: A (Xu et al., 2010); B
(van den Heuvel et al., 2010); C by Stop and co-workers (Pashuck and Stupp, 2010a,

Hartgerink et al., 2001); D by Zhang and co-workers (Zhang et al., 2005).
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Interestingly, a number of valuable papers have been published from different
research groups around the globe, investigating the application of peptide amphiphiles
of different nature as biomaterials for tissue engineering and 3D cell culturing.
Peptide amphiphiles have also found interesting non-biological applications such as
template for metal nano-wires and nanoreactors (Ulijn and Smith, 2008).

Zhang and co-workers have developed peptide amphiphile that are made of
amino acids only. The alternating alanine residues in the designer self-assembling
peptides are similar to silk fibroin such that the alanines pack into inter-digital
hydrophobic interactions (Zhang et al., 2005).

Stupp and co-workers have designed many peptide amphiphiles (PAs) similar
to the one described in this work, having a palmitic moiety attached to the N-terminus
of the peptidic sequence conferring a surfactant-like architecture to the molecules and
enabling them to self assemble into nanofibres. Such nanofibres find a wide range of
applications as biomaterials for tissue engineering (Webber et al., 2010a, Cui et al.,
2010).

Other classes of peptide amphiphiles have been synthesized by varying the
length of the alkyl chain (Yu and Tirrell, 2000, Forns et al., 2000, Xu et al., 2010) as

summarized in Figure 2.22

Unlike the peptide amphiphiles mentioned above, to all these classes of PAs,
pDal has a free N-terminus, to allow a free interaction of the pharmacophore with the
opioid receptor. To explain the ligand-receptor interaction mechanism, opioid
peptides are thought to interact with the opioid receptor via the tyrosine amino group,
that is positively charged in physiological conditions, and the phenol, while the
hydrophobic peptide region stabilizes the ligand at the level of the receptor site (Beck
and Casey, 1954). The binding of the ligand to the receptor occurs via a salt bridge
between the positively charged amino group on tyrosine and a negatively charged
carboxylate group of an asparagine in the third loop of the receptor. There is also an
H-bond formed between of the -OH- group on the tyrosine side chain and a histidine
in the sixth loop (Kane et al., 2006). However, it has been shown that by changing the
Tyrosine with a substituted phenylalanine, as in the case of 4- (carboxiamido)-
phenilalanine substituded Leu-Enkehpalin (Cpa-LE), the potency and selectivity
towards d-opioid receptors can be increased. This demonstrated that the assumption

that a phenolic residue is required for high affinity binding of the ligand to the opioid
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receptor can be challenged (Wang et al., 2007). Thus, palmitoyl Dalargin can be

investigated for its activity on centrally-expressed opioid receptors.

In conclusion, two new classes of amphiphiles have been synthesized and
characterized: a polymeric chitosan derivative, the amphiphile GCPQA, and a peptide
amphiphiles, palmitoyl Dalargin (pDal).

Palmitoyl Dalargin is the first in class for a new nanotechnology platform for the

delivery of peptides to the brain.
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CHAPTER 3

pDal Nanofibres Preparation and Characterization

3.1 Introduction: Non-Spherical Shape Nanostructures.

Pharmaceutical research has always emphasized the importance of the carrier
size for nanomedicine applications, but it has been only in the recent years that much
attention has been focused on the importance of the shape for the pharmacological
and biological function of drug delivery systems.

One of the characteristics that a good nanocarrier should aim to possess is long
blood circulation (Nishiyama, 2007) and the shape of the carrier seems to play a key
role in influencing this characteristic. For instance, block copolymers bearing a
hydrophilic and hydrophobic segment can form different shapes and sizes and
depending on rigidity, length and ratio of the polymer segments can self-assemble

into structures of different shape and size (Figure3.1).
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Figure 3.1: (a) self-assemble structures of different shape and size; (b) length scales
showing how the various copolymer assemblies compare with structures in the body

(Reproduction from Nishiyama 2007).
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Nanoparticles, spherical and non-spherical, are cleared by the Reticuloendothelial
System (RES) mainly through phagocytosis, while internalization of particles by all
other cells takes place mainly by pinocytosis (Sahay et al., 2010). This latter can
occur via a non-specific mechanism of adsorption, as discussed more in detail in the
chapter 1 of the present thesis. Moreover, endocytosis can occur through at least 4
mechanisms: (i) clathrin-mediated endocytosis, (ii) caveolae mediated endocytosis,
(iii) clathrin and caveolae independent endocytosis, (iv) macropinocytosis (Wang et

al., 2011).

Although most current nanoparticle based drug delivery systems are spherical in
shape, recent studies have shown that high axial ratio drug cargoes are capable of
evading macrophage uptake and hence enjoy longer circulation times. An important
report by Discher and co-workers (Geng et al., 2007) highlighted few years ago that
circulating elongated vehicles were more persistent in the peripheral blood stream
compared to their spherical counterparts (up to one week). Mitragotri and coworkers
have shown that is the shape of the particles at the point where is in contact with
macrophages, rather than the overall shape of the particles to influence internalization
(Champion and Mitragotri, 2006), as the tangent angles of the particle surface at the
point making the initial contact with macrophages has to be inferior to 45° to allow
for particle internalization.

Theoretical studies by Decuzzi and Ferrari have shown that cylindrical particles
laying parallel or orthogonally to the cell membrane can escape internalization while
circular particles and quasi-spherical particles are wrapped by internalizing cells in
the minimum time (Decuzzi and Ferrari, 2008). Also, several mathematical models
have been proposed to describe the margination and adhesion of particles to the
endothelial cell surface in circulation: Liu and co-workers have used numerical
simulation to demonstrate that tumbling and “pin-over” effect of non-spherical
particles could help adhesion under flow conditions. Thus rods and discs have higher
adhesion probability over spheres because of tumbling and larger contact area (Figure
3.3). By simulating the blood flow conditions, the influence of nanoparticle shape,
ligand, density and shear rate on adhesion probability where studied (Shah et al.,
2011). Under the same conditions of shear flow, Brownian motion, volume of the

particles, nanorods and the spherical nanoparticles presented different adhesion
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probability: nanospheres could not get close enough to the wall surface and where
washed away without touching the vessel surface, while nanorods could “tumble” and

so deposit on the wall surface, as schematized in Figure 3.2.

Shear flow

Figure 3.2: Shape dependent adhesion dynamics. The spherical particle is washed
away. The rod nanoparticle in the blood circulation is subject to margination,
tumbling, pin-over and adhesion. Ac is the contact area of particle to the cell surface,
Fdis is the dislodging force comprised of two components, drag force along the flow

direction and torque T due to tumbling (Shah et al., 2011, Tao et al., 2011).

The binding probability of a rod shaped nanoparticle was found three times higher
than a spherical nanoparticle of the same volume and it was decreasing with
increasing flow share and channel height (Shah et al., 2011). Moreover, Decuzzi and
Ferrari (Decuzzi and Ferrari, 2008) predict that the internalization of cylindrical
particles depends on their aspect-ratio (y) and volume. Particles with low y are
expected to be more easily internalized than particles with high y. They observed that

elongated particles in contact with their major axis (long dimension) parallel to the
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interface are less prone to internalization than particles normal to the interface. The

adhesion probability for nanoparticles of different shape is schematized in Figure 3.3.
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Figure 3.3: partial reproduction from Tao L. et al (Tao et al., 2011)

Most polymeric nanoparticles currently used for biomedical applications are
fabricated using bottom-up chemistry methods and are spherical.
Bottom-up techniques can be employed also for the fabrication of worm-like micelles:
for example, long worm-like micelles (22-60nm) have been prepared via self-
assembly of PEG-polyethylene and PEG-poly(£-caprolactone) incorporating
paclitaxel (Geng et al., 2007). Self-assembly of Fe203 also resulted in the formation
of worm micellar aggregates. Emulsification of poly(9,9-dioctylfluorene-
cobenzothiadiazole) and poly(9,9-dioctylfluorene) formed nanoparticles of ellipsoid
shape (Yang et al., 2005).
Some top-down approaches have also been applied to the preparation of nanoparticles
of various shapes.
High-resolution soft lithography (PRINT®) has been extensively employed in the De
Simone laboratory for the preparation of cubic, rod, conical and hex-nut nanoparticles
(Petros and DeSimone, 2010). Nanoimprint lithography was also used for the

preparation of nanoparticles incorporating Streptavidin-Cy5 fluorescent dye and
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plasmid DNA (Glangchai et al., 2008).

Particles with determined size, shape and porous structure can be fabricated through a
combination of photolithographic techniques and electrochemical etch. The resulting
particle maintains a central nucleation site in the size and shape of the
photolithographic pattern, surrounded by an external corona whose thickness is
determined by the electrochemical etch. Ferrari and co-workers have fabricated
particles with a circular nucleation site of size ranging from 400 nm to over 5 pm
(Chiappini et al., 2010).

Studies of biodistribution on silica nanoparticles of different shape (spherical,
discoidal, hemispherical, cylindrical) prepared using lithography in conjunction with
etching techniques have shown that for the non-spherical particles, a larger
accumulation of non spherical particles was observed in most of the organs (Decuzzi
etal., 2010).

Filamentous nanomaterials are designed as transporters of therapeutic and/or
diagnostic agents with desired control over their in vivo tissue navigation, cargo
release and clearance profile (Kostarelos, 2010): e.g. carbon nanotubes have

demonstrated considerably increased accumulation and retention in tumor tissues in

vivo (Dai et al., 2007).

Our goal is to prepare drug carriers which will evade uptake by macrophage cells thus
enjoying longer circulation times in the blood stream. We hypothesize that non
spherical, high axial ratio self-assembling peptide nanoparticles may prove suitable in

this regard.

3.1.2 Encapsulation of Pyrene within Self-Assembled pDal Amphiphile

Nanofibers

There are five predominant vibronic bands in the fluorescence spectra of pyrene. The
intensity of the first vibronic peak (I1) is significantly enhanced in polar solvent in
contrast to the third vibronic peak (I3), which has minimal intensity variation with
polarity. When pyrene encounters a non-polar environment such as the hydrophobic
domain formed by polymer aggregates, there will be an increase in the intensity of I3
in relation to I1 hence causing an increase in the 13/I1 ratio. The intensities of the

vibronic bands in pyrene monomer fluorescence are governed by the polarity of the
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surrounding environment and these variations in the vibronic band intensity ratio
(13/11) have been used to determine the Critical Aggregation Concentration (CAC)
values of the amphiphilic peptide pDal. The 13/11 ratio increases with increasing
concentrations of pDal as the increase in the number of aggregates is directly
proportional to the number of hydrophobic domains available for pyrene to partition

into (Kalyanasundaram and Thomas, 1977).

3.1.3 Z-Potential

Particles suspended in an inert liquid can move by gravity and/or Brownian motion
and their ionizable chemical groups on the surface form net charges (Particles CIC,
2008). The appearance of a net charge influences the distribution of surrounding ions
and results in an increase in counterions (Figure 3.4). The region through which this
influence extends is defined as the electrical double layer: one layer of ions strongly
binds to the ionized charged groups at the particle surface, and it is also called Stern
layer; one outer layer comprises loosely associated ions, and it is also known as
diffuse layer (Sherman, 1970, Zetasizer Nano Series Technical Notes, 2010). Within
the diffuse layer there is a notional boundary defined as "slipping plane" within which
ions and particles form a single entity. Outside of this boundary ions stay free in the

dispersant medium. The electric potential at the slipping plane is called Z-potential.
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Figure 3.4: Schematic Representation of Z-potential. Reproduction from (Zetasizer

Nano Series Technical Notes, 2010).
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An importance consequence of the electrically charged particle is that they interact
with an applied electric field and cause electrokinetic effects such as electrophoresis,
electrosmosis, streaming potential and sedimentation potential. Charged particles
within an electric field are attracted towards the electrode of the opposite charge with
a constant velocity. The velocity of a particle in a unit electric field is defined as
electrophoretic mobility. The zeta potential is related to the electrophoretic mobility

by the Henry equation
Us= 2 gz f(xa)
3n

where Ug is the electrophoretic mobility, z the zeta potential, € dielectric constant, n
viscosity and f(kxa) Henry’s function. xa measures the ratio of the particle radius to
electrical double layer thickness (Zetasizer Nano Series Technical Notes, 2010).

The magnitude of Z-potential gives an indication of the potential stability of a
colloidal system. In general, when all the particles have a large positive or negative Z-
potential they will repel each other and there is dispersion stability. On the other hand,
when the particles have low Z-potential values there is no force to prevent the
particles coming together. The dividing line between stable and unstable dispersions

is generally taken at either +30 or -30mV, thus particles that are more positive or

more negative than these values are normally considered stable (Sherman, 1970).
3.1.4 Fibre X-ray Diffraction

Fibre diffaction is a well established technique for the study of the core structure in
amiloyd fibrils and it is used to establish the position in space of the B-sheets with
respect to the fibre long axis (Makin and Serpell, 2005b). It has also been used to
determine the presence of [-sheet ordering in peptide amphiphile self-assembled

nanofibres (Pashuck and Stupp, 2010a).

A diffraction pattern arises from the interaction of the X-ray with the electrons in the
sample. The sample structure is three-dimensional as three-dimensional is its electron
density. Therefore, what is seen on the X-ray detector plate is two-dimensional. The
interaction between the X-ray and the sample electrons is also three-dimensional and

it is related to the intensity of the Fourier Transform of the electron density. Visually
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on the plate we see a projection of the two dimensional pattern. Diffraction from
crystals results in a diffraction pattern comprising of sharp spots described by
reciprocal lattice vectors a, b and c: all crystals with the same lattice will have a
diffraction pattern with spots in identical places (Makin and Serpell, 2005b).
Self-assembled peptide nanofibres, like amyloid fibrils, consist of units that repeat
along the fiber axis and because they are cylindrically symmetric the sharp spots are
spread out into diffraction arcs and the appearance of the arcs depends on the texture,
or crystallites within the material.

For data interpretation it is to be noted that the meridional direction of the fibre
diffraction pattern contains the crystalline dimension data, whereas the equatorial
direction combines the other two directions, thus spots in the meridional direction
carry information about how the structure repeats in the direction of the fiber, as seen

in figure 3.5 (Makin and Serpell, 2005b).

10-11A
10-11A

4.7A 4.7A

Bundle of fibres

X-ray beam

Figure 3.5: amyloid fiber diffraction showing the position and orientation of (3-sheets
and the resulting diffractogram. Adapted from Makin O.S. and Serpell L.C. (2004),

Fibre Diffraction Review 12, 29-35.
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3.1.5 Circular and Linear Dichroism Spectroscopy

Circular Dichrosim (CD) is the difference in absorption of left and right circularly
polarized light

CD=A1-Ar

Because a chiral molecule has no reflection plane, any rearrangement of its electrons
will miss reflection plane as well, thus electrons can be described as moving in
helices; considering that in circularly polarized light the electric field vectors describe
helices the interactions between circularly polarized light and a chiral molecule will
be different: if the helix of electron motion is right-handed, then it is more easily
induced by left circularly polarized light of appropriate frequency, than by right
circularly polarized light ,and a positive signal is observed (Nordén et al., 2010).

Linear Dichroism (LD) is defined as the difference in absorption, A, of light linearly

polarized parallel and perpendicular to an orientation axis:

LD=Aj-AL

LD requires the biological system under investigation to be intrinsically oriented or to
be oriented during the experiment with respect to the incident light (Hicks et al.,
2010).

In this chapter methods for the preparation of pDal nanofibres and their
characterization will be discussed. The preferential formation of high axial ratio
nanostructures has been investigated and the driving forces for the self-assembly of
the nanofibres experimentally probed using different physicochemical approaches: X-
ray diffraction and Dichroism Spectroscopy have been used for the analysis of the
structural arrangement of the peptide backbones whitin the nanofibres. Fibre
diffraction is used to study the mature nanofibre, Dichroism Spectroscopy provides

insight into the organization of the secondary structure and the environment and
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orientation of aromatic side chains which accompany self-assembly of the peptide
nanofibres.

The interaction of the structure with other chemical entities has been used to probe the
arrangement at a molecular level, both for the interaction between the peptide

backbones and the interaction between the palmitoyl chains.

3.2 Methods

3.2.1 Preparation of Nanofibres

* Probe Sonication
Self-asembled pDal nanofibres were prepared by vortexing a suspension of pDal (1
mg mL-1) in water, followed by probe sonication (MSE soniprep 150, MSE London,
UK) with the instrument set at 50% of its maximum output for 5, 10 or 20 minutes on
an ice bath. pDal nanofibres/ GCPQA were prepared by adding a freshly prepared
solution of polymer in deionized water or buffer to the freeze-dryed peptide using a
ratio pDal: GCPQA = 1:1 w/w, followed by probe scnication (MSE soniprep 150,
MSE London, UK) with the instrument set at 50% of its maximum output for 5, 10 or
20 minutes on an ice bath. Different buffers and surfactants were also tested as

summarized in Table 3.1.

* Microwave heating
pDal nanofibres were prepared by applying a short microwave burst (Microwave
Panasonic NN-3454 800W-D, Panasonic UK, Bracknell, Berks) for 10 seconds with
the power level at Simmer (240W) and/or High (800W) to a suspension of pDal
nanofibres (1 mg mL)

32.2 Pyrene

A dilute aqueous solution of pyrene (2 uM) was prepared by first dissolving pyrene
in ethanol (0.4 mgml™). 100 pl of this solution was pipetted into a volumetric flask

(100 ml) and the ethanol was evaporated off under a stream of nitrogen. The solution

was then made up to 100 ml with distilled water. Using the aqueous pyrene solution
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as the solvent, polymer solutions of various concentrations (1x10-4 mgml™ to 10
mgml™) were prepared by probe sonication as previously described. The fluorescence
emission spectra of the pyrene polymer samples were recorded (340 — 600 nm) at an
excitation wavelength of 335nm using the fluorescence spectrophotometer (Perkin
Elmer LS50-B). The aqueous pyrene solution also served as a control. The 13/1; ratio
was calculated from the intensity of the third (383 nm) and first (375 nm) vibronic
peaks in the pyrene emission spectra (Uchegbu et al., 2001, Yang et al., 2007).

Measurements were performed in triplicates.
3.2.3 Z-Potential

The Z-potential was estimated on fresh nanofibres solutions using a NanoZS, Malvern

Instruments Ltd., U.K, in clear disposable Zeta Cells (Malvern Instruments Ltd., U.K).
324 Electron Microscopy

The nanofibres were imaged using transmission electron microscopy (TEM). A drop
of sample liquid was placed on Formvar®/Carbon Coated Grid (F196/100 3.05 mm,
Mesh 300, Tab Labs Ltd, England). Excess sample was blotted off with No.l
Whatman Filter paper and negatively stained with uranyl acetate (1% w/v). Imaging
was carried out using a Philips FEI CM120 BioTwin Transmission Electron
Microscope operating at 120kV. Digital Images were captured using an AMT digital

camera.

3.2.5 X-ray Diffraction (XRD)

Sample for XRD was prepared by modifying the stretch frame alignment method
(Makin and Serpell, 2005a). A glass capillary holder was home-built at the Workshop
of the Department of Pharmaceutics, The School of Pharmacy, University of London.
The ends of two borosilicate glass capillaries were waxed and cut to a length of 2-3
cm. Two of these wax-plugged capillaries were placed about 0.5-1 mm apart (with the
wax ends facing) and secured on the sample holder with some Plasticine. A droplet
(10 uL) of pDal nanofibres solution (10 mg/mL) was placed between the wax ends.

The capillary holder was covered with its top to prevent dust contamination and the
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sample left to dry at room temperature for several hours. Datasets were collected at
room temperature on an Oxford Diffraction Xcalibur NovaT X-ray diffractometer

(Oxford, UK).

3.2.6 Congo Red UV-Absorbance

A filtered solution of Congo Red (900uL, Sigma-Aldrich) in potassium phosphate
buffer (SmM, pH 7.4, containing 150mM of NaCl) was added to a dispersion of
100uL of pDal nanofibres (I mg mL™), such that the final concentration of pDal
nanofibres was 100 mg mL"'. The samples were incubated at room temperature
(25°C) for 1 hour before the absorption was recorded using the UV-Vis UV-1650PC
spectrophotometer (Shimadzu, U.K.) at a wavelength of 700-400 nm. The baseline
was measured using the phosphate buffer (SmM) used to prepare the Congo Red stock

solution.
3.2.7 Thioflavin-T Fluorescence

The sample was prepared by mixing Thioflavin-T (250 pL, 22 uM, Sigma-Aldrich),
in EDTA buffer (10 mM Tris-HCI, 1 mM disodium EDTA, pH 8.0, Sigma-Aldrich)
and a dispersion of pDal nanofibres (250 uL, 1 mg mL™"). The mixture was mixed and
left to rest for at least 2 minutes before measurement were taken. Spectra were
recorded on a Perkin Elmer LS Luminescence Spectrophotometer (Perkin Elmer,
UK). Fluorescence was measured setting the excitation at 440 nm (5 nm slit width)

and the emission between 460 and 700 nm (5 nm slit width).
3.2.8 Dichroism Spectroscopy

Circular (CD) and Linear (LD) dichrosim experiments on pDal nanofibres (1 mg ml”,
0.2 mg ml”, 0.1 mg mI"") were performed on a Jasco J-815 CD at the Department of
Chemistry, University of Warwick. Signal of CD, LD, and Absorbance were recorded
scanning at a wavelength of 350-180 nm using a quartz cuvette with path 100 mm and
Icm. For flow LD experiments a Couette flow cell was used, so that the sample was

endlessly flowed between a quartz capillary fitted and a quartz rod with a separated
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quartz cylinder that create a pathlength of 0.5mm.The capillary was rotated so that a
laminar flow was imposed on the sample, the molecules were subject to shear forces
and the long axis of the fibres oriented along the flow direction.

For experiments with Congo Red and Thioflavin-T stained nanofibres the scan

wavelength was 650-180 nm.
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3. 3 Results

pDal nanofibres were quickly prepared by probe sonication when the peptide
amphiphiles were suspended in deionized Miilipore water (Figure 3.6). pDal
nanofibres were also prepared by applying short burst of microwave heating. Under
TEM the nanofibres prepared by microwave heating appear considerably longer that
nanofibres prepared by probe sonication.

From TEM we observed a mixed population of twisted and straight nanofibres
(Figure 3.6 B, C, D), and in some fresh samples we could also observe the presence of
small spherical micelles, in accordance with some studies were mixed population of

fibrillar aggregates were observed for amyloids deriving from human serum albumin

(Krebs et al., 2004).

500 rwr 100 nm p

100 nm

Figure 3.6: TEM Images of pDal nanofibres. (A, B, C) pDal ImgmL"™ in Miilipore
water sonicated 5 minutes; (D) pDal Img/mL in Miilipore water microwave heated
for 10 seconds. Arrows in B highlight the twisted fibrillar conformation assumed by

the nanofibres.

97



Moreover, spherical assembly of peptide amhiphile were observed on de novo
designed peptide amphiphiles with repetitive glycines as hydrophobic portion
(Santoso et al., 2002).

One possible explanation to this observation is that there is an evolution with time of
the self-assembled nanostructures and the spherical micelles may be the short-lived
species that tend to disappear.

The ability of pDal nanofibres to self-assemble into nanofibres was evaluated also in
different media, with and without the presence of GCPQA or in presence of different
surfactants at a fixed concentration of Img/mL, as summarized in TABLE 3.1.
Occasionally, at this concentration with both the techniques it was possible to observe
visible aggregates in the solution forming after leaving the solution to stand for a
couple of hours at room temperature. We propose that the aggregates can be removed

by centrifugation (I00Ogfor 1minute).

TABLE 3.1 - pDal nanofibre formulations at lmg/mL

Water Img mL' Img mL' , 1:1 w/w nanofibre
NaCL 0.9% Img mL" Img mL", .1 w/w nanofibre
10% EtOHv/v Img mL" Img mL", 1:1 w/w nanofibre
PBS (O.OIM phosphate Img mL" Img mL", 1:1 w/w

buffer, 0.0027 M
potassium chloride and
0.137 Msodium chloride,

pH 7.4) nanofibre
Acetate Buffer (0.3M Img mL"

sodium acetate / 0.2 M -

acetic acid, pH 5.0) nanofibre

PF68 0.2% w/v Img mL" — fibre/aggregates
PVP, 0.2% w/v Img mL" — none
PolysorbateSO (Tween Img mL"

80), 0.2% w/v fibril mesh

The ability of pDal to form nanofibres in all the media, also in high concentration of
surfactants, such as Polysorbate 80 (Figure 3.7 D) and pluronic PF68 (Figure 3.7 A,
B) suggests that strong interaction between molecules drives the formation of the
nanostructures, the presence of surfactants is not sufficient to solubilize the single
pDal molecules suspended in water.

The use of a carbohydrate polymer (GCPQA) able to form micelles did not affect the
formation of fibrils either. GCPQA is part ofthe family of carbohydrate polymers that
can encapsulate lipophilic peptides such as Leu-Enkephalin and TPLENK, the
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palmitoylated derivative of Leu-Enkephalin (Lalatsa, 2009). in this study we observed
that while polymeric micelles were still forming, the amphiphilic nature of the pDal
peptide was prevailing over its hydrophobicity, thus the peptide molecules were self-
assembling in nanofibres, instead of being encapsulated in the hydrophobic pockets of
the polymeric micelles.

Only the polyvinyl pirrolidone was able to prevent the formation of fibrils. In these
formulations was possible to observe a fine presence of micelles in the background
and few big aggregates, while the appearance of the solution was clear to eye

examination, that seemed suggesting complete solubilization.

Figure 3.7: TEM images of pDal nanofibres. (A, B)pDal inwater Img/mL in
presence of PF68 (peptide: surfactant ratio= 1:2); (C)pDal inwater lmg/mL in
presence of PVP (peptide: surfactant ratio= 1:2); (D)pDal inwater Img/mL in
presence of polysorbate (Tween 80) (peptide: surfactantratio= 1:2). Sonication time

15 minutes.
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Figure 3.8: TEM images of pDal nanofibres. (A) pDal ImgmL' in PBS (B)pDal
nanofibres in presence of the polymer GCPQA (ratio pDahGCPQA = 1:1 w/w) in
PBS sonication 15 minutes; (C, D) pDal nanofibres in presence of the polymer

GCPQA (ratio pDaPGCPQA =1:1 w/w) in water sonication 15 minutes.

The variations in suspending media, surfactant, method of preparation (sonication and
microwave heating) and the use of polymer did not result in a complete control over
the length or the shape ofthe nanofibres.

The critical aggregation concentration (CAC) was measured by vibronic band
intensity variations in pyrene monomer fluorescence (Figure 3.9) and values fall in

the range of 5x10'"* mgmL™’.
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Figure 3.9: Critical Aggregation Concentration of pDal studied with the pyrene:
vibronic band intensity variations in pyrene monomer fluorescence as function of the

concentration (mgmL'*).
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Figure 3.10: (A) plot of CAC of pDal concentration; 13/11 ratio at concentration

below (B) and above CAC (C).
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The fluorescence emission of pyrene is highly sensitive to its local environment
(Kalyanasundaram and Thomas, 1977). The 13/11 ratio increase with increasing
concentrations of pDal (Figure 3.10 A) because the number of hydrophobic domains
where pyrene can partition is directly related to the increase of aggregates formed by
pDal.

The pDal CAC concentration can be denoted from the plot of the CAC pDal
expressed as flruorescence intensity versus the srelative concentration (Figure 3.10

A).

The surface charge of the pDal nanonifibres was estimated by measuring the Z-
potential.
Z-potential of pDal nanofibres dispersed in deionized water was found to be positive

at 52.4 £ 4.93 mV.

1D
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Figure 3.11: Z- potential plot of pDal nanofibres in deionized Miilipore water

measured with light scattering.

X-ray diffraction (XRD) data from aligned stalks has been used to extract
orientational order parameters. Diffraction patterns were obtained for stalks prepared
by drying filaments of the peptide along the waxed faces of two glass capillaries
(Figure 3.12 A)

The specimen was partially aligned, but nonetheless the fibre diffraction arc was

evident. The meridional diffraction arc at 4.8 4 (Figure 3.12 B) is attributable to the



H-bonds distances in the “-sheets secondary structure that is formed between the

amino acidic segments of the pDal molecule.

Figure 3.12: (A) drying stalk of pDal nanofibres 1Omg/mL in water; (B) X-ray fibre

diffraction pattern from a dried stalk of pDal nanofibres.



Circular and Linear Dichroism have been used for the investigation of the presence of
p-sheet ordering in the pDal nanofibres.

CD spectra are not typical for p-sheet ordering, thus, in order to understand whether
the CD signal was a true signal (not perturbed by the presence of LD artifacts) a series
of static CD and LD experiments were performed, as summarized in Figure 3.13.

The LD signal is stronger than CD signal (Hicks et al., 2010) , however the CD
signal arising with the cuvette oriented at Odeg is pretty much the same as the CD
signal arising with the cuvette oriented at 90deg with respect to the light beam
source, hence there shouldn’t be an LD artifact contributing to the CD signal.

The LD signal arising with the cuvette oriented at Odeg is the almost mirror image of
the LD signal arising with the cuvette oriented at 90deg with respect to the light

beam source.

CO Odeg ImgmL pDal nfs In water LD Odeg of Img mL nanofibres in water

4.00E-03
3.00E-03

2.00E-03

8 1115 225 265 305 34! 335

=20 -5.00E-03

LD 90dag pdal baaali ted
CD 90dag Imgm1 nanofibi 2g pdal baaalina correcte

0 002

0 001

235 285
235 285 335
ul0

ul5
0,002
-20

wavalanght nm t(nm)

Figure 3.13: CD (left) and LD (right) spectra for pDal Img/mL in water
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The LD signal is directly related to the orientation of the molecules, for this reason to
confirm that the signal was not affected by the random distribution that nanofibres are
free to acquire in water, these were oriented using a microvolume couette flow cell
(Figure 3.14 A) built at the University of Warwick, where the experiments were

performed under the supervision of Dr Matthew Hicks, in the Prof. Rodger’s Lab.

(A)
uartz capillar
t pillary
Quartz rod
(B) ROTATION Y, PERPENDICULAR
DIRECTION
QUARTZ
SAMPLE
PROPAGATION
OF UGHT
LIGHT DETECTOR
SOURCE

I, PARALLEL OR ORIENTATICM
11 DIRECTION

Figure 3.14: (A) Microvolume outer rotating Couette flow cell showing the outer
quartz capillary (3 mm inner diameter) and inner quartz rod (2.5 mm outer diameter)
making an annular gap of 250 pm; (B) Schematic of a Couette flow cell showing flow
orientation in a coaxial flow cell with radial incident light. (X, Y, Z} form a

laboratory fixed axis system. Reproduction from (Hicks et al., 2010).



A flow LD 0.2mgmL pOal nanofibres in B flow LD 0.2mgmL nanofibres in water
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Figure 3.15: flow couette LD experiments. (A, B) LD spectrum of 0.2 mgmL
nanofibres, rotation speed 1.5V. (C, D) LD spectrum of 0.2mg/mL nanofibres in
22pm solution of Thioflavin T in EDTA buffer; rotation speed 1.5nm. (E, F) LD
spectrum of 0.2mg/mL pDal nanofibres in 10pM of Congo Red solution in 5SmM PBS
buffer and 150mM NacCl.
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A solution 1mg/mL of pDal in water was diluted up to a concentration of 0.2mg/mL
and LD spectra were recorded. The signal obtained from LD spectroscopy present a
max ~201nm, that gives information with regard to the orientation of the n—n’
transitions in the peptide bond of B-sheets (Figure 3.15 A), the two tyrosine peaks at
279 and 286 are shifted higher in wavelength from the position that would be
expected for aqueous media, this means that the Tyrosine residues are inside the fiber
there is also a negative signal around 235nm, thus the transition moment along the O-
alkyl group is pointing perpendicular to the fiber long axis (Figure 3.15 B) (Hamley
et al., 2010). pDal nanofibres were also diluted up to 0.2mg/mL with a solution 22pM

of fluorescent Thioflavin T (Th-T) in EDTA buffer, as Th-T is a chemical probe used
to reveal the presence of B-sheets in fibrillar amyloid structures, since it is known that
Th-T is oriented parallel to the B-sheets (Krebs et al., 2005a) (Figure 3.15 C);
scanning from 650-350nm at a long DIT we recorded a positive signal at 447nm,. The
sample is affected by light scattering as can be deduced by the sloping baseline
(Figure 3.15 D)

In our last LD experiment (Figure 3.15 E, F), pDal nanofibres were diluted to the
same concentration with 10uM Congo Red (CR) in PBS (5SmM, 150mM of NaCL), as
Congo Red is also a dyazo dye specific for B-sheets (Carnall et al., 2010), When
nanofibres were stained with Congo Red a positive signal was recorded in the LD
spectrum at 500nm under flow (1.5V), while the signal was absent when the flow was
stopped (0V). Flow aligns the nanofibres orienting them with respect to the laser
beam; orientation of the nanofibres is a prerequisite for LD analyses because LD is
the difference in absorption of light linearly polarized parallel and perpendicular to an

orientation axis.

Lastly, Congo Red and Thioflavin-T were used as molecular probes for the dection of

p-strands secondary structure in pDal nanofibres (Figure 3.16 and 3.17).
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Figure 3.16: UV/Vis spectra of Congo Red (CR) alone (black line), and in the

presence of pDal nanofibres

pDal + Th-T
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Figure 3.17: Fluorescence spectra of ThT, excited at 440nm, in the presence of pDal

nanofibres.



The absorption spectrum of pDal nanofibres stained with Congo Red was recorded
(Figure 3.16). The spectrum of Congo Red alone was compared to that of CR in the
presence of fibers, and a red shift of the absorption band towards 540 nm and the
increase in intensity were taken to indicate presence of B-sheets as it is normally seen

for amyloid-like structures (Carnall et al., 2010).
Staining of the nanofibres with Thioflavin-T showed an enhanced emission at 490 nm

(Figure 3.17) that indicates that pDal nanofibres bind also to Thioflavin-T, similarly
to amyloid fibrils (Krebs et al., 2005b).
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3.4 Discussion

The self-assembly of peptides and peptide amphiphiles can result into the
formation of high axial ratio nanosized structures mimicking size and shape of
various naturally occurring nanoparticulate objects (i.e. viral capsids, actin

cytoskeleton, f—-amyloid fibrils), as depicted in Figure 3.1.

The amphipathic derivative pDal of the hexapeptide dalargin is able to self-
assemble into nanofibres.

Albeit self-assembling is a thermodynamically favorable event, the kinetic of
the nanofibrils formation can take days or weeks to get to completion. It was recently
reporied that upon dissolution in ultrapure water of a hexapeptide amphiphile bearing
aromatic side chain groups, short twisted bilayer ribbon segments were observed to be
the dominant morphology after only thirty seconds, which then elongate in the time
scale of minutes, and finally transform into helical ribbons over the course of weeks
(Pashuck and Stupp, 2010b, Pashuck and Stupp, 2010a). Under the same condition a
similar peptide lacking of the aromatic side chains was shown to form cylindrical
nanoparticles and not undergoing any transition over a period of weeks (Pashuck and
Stupp, 2010a). Thus, considering that the time for the self-assembly to occur may
represent a rate limiting step for the preparation of nanofibres formulations, it has
been considered to provide the necessary energy to the system using either sonication

and/or electromagnetic radiation heating.

Sonication of proteins is known to cause formation of fibrillar aggregates
(Stathopulos et al., 2004). Probe sonication produces strong cavitation, a process
generating growth, collapse and oscillation of gas bubbles into an otherwise inert
liquid, creating high local temperatures, high sheer forces and free radicals from
sonolysis of water (Brennan, 1995). Probe sonication of a solution of 1 mgmL™ of
pDal in double deionized water resulted in the formation of elongated micellar
aggregates of diameter of 8-20 nm and length varying from 100-1000 nm (Figure 3.6
A,B,C). Short microwave bursts induce the formation of longer fibrillar structures,
with lengths of the order of microns, but again diameters ranging from 5-20nm

(Figure 3.6 D).
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High local temperature generated by sonication or by microwave burst contribute to
the single peptide unfolding and enhance the aggregation of the single monomer units
into nanofibres by promoting the hydrophobic interaction of the sixteen carbon chains
and the formation of H-bonds in B-sheets structure among the peptide sequences, as it
was observed for a-helical proteins such as BSA (bovine Serum Albumin) that
undergo conversion to increased P —structure upon sonication (Stathopulos et al.,
2004). The presence or H-bonds and secondary B-sheet organization in the pDal
nanofibres has been confirmed by the XRD, LD and dying experiments.

Single nanofibres form because of hydrophobic interactions of the alkyl chains as
well as H-bonding formation among the amino acid sequences that give rise to the
formation of B-sheet structures, as reported also by several authors (Velichko et al.,
2008b, Guler et al., 2005, Hamley, 2011).

Several attempts to control the shape, diameter and length of the nanofibres were
carried out using different types of surfactants. pDal nanofibres form in the presence
of surfactants such as PF68 and Tween 80. The length of the nanofibres could not be
controlled employing these surfactants, however qualitatively from the TEM it was
possible to deduce that the nanofibres in the presence of these surfactants were
generally in the range of microns rather than in the nanometer scale. Interestingly, it
can be noted that the morphology differs considerably between the nanofibres in
presence of PF68 and the nanofibres formed in the presence of Tween 80: while in the
first case we can observe a regular twist on the length of the fibres (Figure 3.7 A,B),
in the latter case the fibrils are of straight cylindrical shape (Figure 3.7 D). Only the
presence of PVP was able to disrupt the formation and elongation of high-axial-ratio
micellar aggregates (Figure 3.7 C). One possibility is that the interaction between
PVP and pDal is stronger compared to PF68 and Tween 80 due the electrostatic
interactions that can take place between the negatively charged oxygen on the PVP
molecule and the positively charged Nitrogen on the pDal molecule on the basis of

the resonance of the PVP molecule (Figure 3.18)

—CHz—QH— —CH:—CP}_*
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Figure 3.18 PVP molecule resonance.
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The formation of nanofibres was also investigated in the presence of the polymer
GCPQA, which was later chosen as the complement in the preparation of nanofibres
formulations. The use of GCPQA allowed a control over the length of the nanofibres,
which remain in a nanometers scale range conversely to the above-mentioned
surfactants. It has to be pointed out as well that the length of nanofibres formed in the
presence of GCPQA ranged from 100nm to 1000nm (Figure 3.8), as those prepared in
absence of any additive (e.g. pDal in water alone, Figure 3.6).

The use of PBS instead of water mimicks the physiological conditions; also in this

latter case pDal nanofibres were formed.

An important observation from these morphology determination studies has been that
from the same monomeric unit (pDal) different nanofibre morphologies were formed,
from twisted to cylindrical aggregates; although studies in literature have related that
the different shape is due to changes in environmental conditions such as UV, pH
variations (Palmer and Stupp, 2008) . This structural polymorphism is known to exist
already for amyloid like fibrils (Andersen et al., 2010). The mechanisms by which
these early aggregates grow, and their structural relationship to mature amyloid
fibrils, are issues under intense scrutiny. Amyloid fibrils formed from the same
polypeptide can occur in a range of structurally different morphologies. The
heterogeneity of amyloid fibrils reflects different types of polymorphism: (i)
variations in the protofilament number, (ii) variations in the protofilament
arrangement and (iii) different polypeptide conformations. This property differs
significantly from native, monomeric protein folding reactions that produce, for one

protein sequence, only one ordered conformation (Fandrich et al., 2009).

Insights on the Critical Aggregation Concentration (CAC) of the pDal molecules were
obtained by studying with fluorescence spectrometry the ability of pDal nanofibres to
encapsulate pyrene into their hydrophobic core (Figure 3.9 and 3.10).

Pyrene is a hydrophobic molecule, poorly soluble in water, that exhibits low
fluorescence intensity due to self quenching (Kalyanasundaram and Thomas, 1977).
When pyrene partitions into the interior non polar regions of amphiphilic aggregates,
a change in the 13/I1 ratio of its emission spectra is observed as shown in Figure 3.10.
Self-assembly of micellar aggregates is thermodynamically driven by entropy gain of

freed water molecules in the system: the amphiphilic molecules shield their
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hydrophobic groups from the aqueous environment. At low concentrations of
amphiphiles molecules tends to accumulate at the surface of the aqueous system,
increasing the concentration of amphiphiles determines an increase of the energy of
the system and once the surface is saturated by amphiphiles molecules, these will start
to aggregate in order to remove the alkylic moiety from the aqueous surrounding into
an hydrophobic core (Florence and Attwood, 1998).

Pyrene excimer formation in these conditions can be monitored via fluorescence: as
pDal molecules self-assemble into nanofibres, pyrene is encapsulated into their
hydrophobic core.

This highlights also the importance of the hydrophobic interactions in the formation
of these nanoparticulate systems. It is known, indeed, that even peptidic fragments
that are normally not subject to fibrillation can self-assemble into nanofibres when
chemically modified with the attachment of an alkyl chain (Deng et al., 2009a).
Furthrermore, these results will be at the core of further investigations as pyrene can
be seen as a model hydrophobic drug that could be encapsulated into nanofibres and

then these used as cargoes for insoluble molecules.

pDal nanofibres present a positive Z-potential distribution in aqueous
environment (Figure 3.11), accordingly with what is theoretically expected: the only
charged amino acid of the peptide sequence is the Arginine on the C-terminus, which
will present a positive charge on the guanidinium group on the side chain at neutral,
acidic and most basic conditions, considering that the pK., is 12.48.
The Z-potential distribution is measured using the Henry function, which converts
electrophoretic mobility to Z-potential, as mentioned in the Introduction to the present
chapter. In the Henry function, f(ka), ‘k’ gives a measure of the “thickness” of the
electrical double layer, and ‘a’ refers to the radius of the particle double layer for a
spherical particle. Electrophoretic mobility determinations of zeta potential were
made in water. If getting a mobility reading for nanofibres is certainly possible using
the Nanosizer (Dynamic Light Scattering), by assuming that the object is a sphere the
Henry function inserts an error to the calculation. However, this error will be
consistent for each measured sample, thus a trend estimation is still possible.
Z-potential values for pDal nanofibres are above +30mV, thus we can rule out that

this delivery system is quite stable. Slight variations in these values are attributable to
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the different length of the nanofibres in the system measured, as this will contribute to

the values calculation by the Henry equation.

It was earlier pointed out that the self-assembly of peptide amphiphiles is driven by
hydrophobic interactions of the alkyl chains as well as H-bonding among the amino

acid sequences that give rise to the formation of B-sheet structures.

The elucidation of the core structure involved in the formation of nanofibres is
essential to understand the mechanism of formation of these structures and also to
speculate on their behaviour in biological systems.

X-ray diffractions was used to determine the presence of H-bonds and [B-sheet
ordering in the nanofibre. In order to determine the presence of B-sheets structures
using XRD it is of primary importance to align the fibres in the samples. Little details
on sample preparation were given on reports regarding peptide nanofibres used for
scaffolding and tissue regeneration and yet again it was necessary to refer to protocols
established for amyloids to obtain meaningful data.

For the XRD analysis of the pDal nanofibres a high concentration sample was used, to
provide many nanofibres for the alignment procedure and to produce a large enough
sample for diffraction. An indication of how well the sample is aligned can be
obtained by examining it under cross-polarized light to test the presence of
birefringence, which indicates that the fibres are aligned to some degree.

In pDal nanofibres the diffraction arc at a resolution of 4.8 A (Figure 3.12 B)
corresponds to the spacing between the p-strands along the fiber axis, as it occurs in

amyloid fibrils.

Further evidences for the fB-strands arrangement of the peptide fragments in the
nanofibres were acquired using two molecular probes that specifically binds to
amyloid fibrils, Thioflavin-T (LeVine, 1993) and Congo Red (Divry and Florkin,
1927), as they interact with the B-sheets in the supramolecular organization.
Spectroscopic binding assay of nanofibres to the dyazo dye Congo Red (Figure 3.16)
showed the typical increase in Absorbance intensity characteristic of interaction of the
dye with the B-sheets structures (Carnall et al., 2010).

Congo Red intercalates in $-sheets as shown in figure 3.19
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Fibril
N Direction

Peptide Chain Direction
« »

Figure 3.19: Model of alternative CR binding orientation. alignment of CR
perpendicular (A) to the peptide chain direction. alignment of CR parallel to the
peptide chains. Reproduction from (Carter and Chou, 1998)

The prevailing point of view is that unimolecular Congo red molecules are located

parallel to the peptide chains (figure 3.19) (Carter and Chou, 1998).
The dye thioflavin-T is also used for the detection of amyloid fibrils. It is thought that

thioflavin-T binds interleaves along the f-sheets as schematically depicted in Figure

3.20 B.
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Figure 3.20: (A) thioflavin Structure; (B) binding site for Thioflavin-T along the b-
sheets; (C) individual b-strands are shown by zig-zag lines in black, dark and light
grey. Dye molecules are represented by double headed arrows. Reproduction from

(Krebs et al., 2005b)

The fluorescence spectra of pDal nanofibres stained with Thioflavin-T showed an
enhanced emission compared to the solution containing the dye alone, indicating that

the nanofibres strongly bind to the dye (Figure 3.17)

Secondary structure arrangement of the peptidic sequences was also investigated
using Dichroism Spectroscopy.

Circular dichroism (CD) has been extensively used for the determination of |3-sheets
in peptide amphiphile assembled nanofibres as well as proteins. The signal obtained
from the CD spectrum (figure 3.13) for pDal is not is not typical for (3-sheet, it
presents a positive maximum at ~2I0 nm, however CD signal for (3-sheet is defined
for proteins containing L amino acids, while in pDal, we have the presence of a D-
Alanine, that can give rise to a different spectrum.

The CD signal for pDal is deviating from signal attributable to (3-sheets, a possibility
for this deviation can be the presence of the D-Alanine.

A similar CD signal as the one observed for pDal was observed in the study of

nematic and columnar ordering of a PEG- peptide conjugate in aqueous solution



(Hamley et al., 2008). The PEG-peptide conjugate self-assembled into nanofibres and
the CD signal arising from these nanofibres do not exhibit characteristics of typical
secondary structures (a-helix, b-sheet or random coil); the effect is explained by the
authors as the result of a significant contribution arising from phenylalanine
cromophores in the peptide sequence, however the presence of fully formed B-sheets

was clearly demonstrated with SAXS studies.

In the case of pDal, to resolve this dichotomy between XRD data and CD data,
another polarized light spectroscopy technique was employed, Linear Dichroism
(LD).

The LD for standard fibre geometry is defined by the equation

LD = Ao 3/2 s(3cos2a -1)

Where
- Ajso defines the isotropic absorbance
- S defines the degree of orientation
- o defines the angle between the orientation axis and the transition

moment
When a = 90deg, cos2a = 0, thus

LD = Aio 3/2 s(0-1)=-3/2s Aiso (LD signal is negative)
When a = 0deg, cos2a = 1, thus

LD = A 3/2 s(3-1)=6/2 s Ais (LD signal is positive)
The LD spectrum for pDal present a max ~201nm (Figure 3.15 A), that gives
information with regard to the orientation of the n—n* transitions in the B-sheets; the
two tyrosine peaks at 279 nm and 286 nm are shifted higher in wavelength from the

position that would be expected for aqueous media (Figure 3.15 B), this means that

the tyrosine residues are inside the fibre; there is also a negative signal around 235
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nm, thus the tyrosine transition moment along the phenol ~OH is pointing
perpendicular to the fiber long axis (Hamley et al., 2010).

LD measurements have also been performed on stained fibres with Thioflavin-T and
with Congo Red.

In the sample stained with Thioflavin-T a positive signal can be observed at 447 nm, a
value that matches closely the fluorescence emission measured with
spectrophotometry (figure 3.15 C, D and 3.17). The LD signal is affected by light
scattering as can be deduced by the sloping baseline (figure 3.13 D) hence the effect
of the light scattering can be corrected by applying the formula

LDopservea = LDaps + LDscattering
Where
LDScattering = o\
Where o and k are determined from the scattering profile outside the absorbance band

and k = 4 for this data set.

In the last LD experiment pDal nanofibres were stained with Congo Red a positive
signal was recorded in the LD spectrum at 500 nm, a value close to the measured
Absorbance. Hence, the presence of B-sheets in the pDal nanofibres was definitively

confirmed by the LD experiment set.

In conclusion, pDal peptide was proven to have an amphiphilic nature responsible for
the supramolecular association of the single molecules into high axial ratio
nanostructures. Contributions of hydrophobic interactions and H-bonding to the
supramolecular assembly have been established. The affinity of the molecules is so
high, that assembly is favoured even in the presence of surfactants and polymers

(GCPQA) that normally encapsulate lipophilic molecules in their hydrophobic core.
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CHAPTER 4

Coarse-grained Simulation Study of pDal Nanofibres
Self-Assembly

4.1 Introduction

Biological cellular phenomena take place in a time frame that ranges from
nanoseconds to seconds. Processes like self-assembly, vesicle fusion, protein folding
and signal transduction occur on a time scale that is too long to be studied by
atomistic simulations, but still, molecular simulations can ]Srovide an important tool in
supporting experimental data that are difficult to probe experimentally (Ash et al.,
2004). The dynamics of self-assembly of pDal into nanofibres have been studied
applying a Coarse-grained (CG) simulation approach, as the all atomistic simulation
approach would be too limited to study a system containing tens of thousands of

atoms in a microsecond timescale.
4.1.1 Coarse-grained Molecular Modeling

Coarse-grained (CG) molecular modeling allows computer simulations to
access longer time scales in comparison to atomistic simulations while still providing
realistic structural details (Monticelli et al., 2008).

For instance, CG molecular dynamic simulations have been developed and
successfully applied to the study of large scale protein motions in HIV-1 protease,
elucidating the opening of the flaps in the mechanism of action of the protein as well
as clarifying the presence of allosteric inhibition in specific regions of the molecule
(Tozzini and McCammon, 2005). Later, many models for the study of the protein
structure and internal dynamics have been developed allowing an understanding of
the protein-lipid interactions, lipid mediated protein-protein interactions and peptide-
membrane interactions (Shi et al., 2006, Muller et al., 2006).

The MARTINI force field was used in the present work to parameterize and

carry out the molecular modeling simulations.
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The MARTINI force field has been developed by Marrink and co-workers for
the study of lipids and surfactants, giving good semiquantitative results for lipid
simulations and it has been extended to protein modelling (Monticelli et ak, 2008), as
it is fast, easy to use and flexible enough to be applied to a large range of
biomolecular systems. In the MARTINI model several atoms are grouped together in
a virtual bead that interacts using a virtual potential. Clustering more atoms in a single
unit decreases the degree of freedom, this, along with the use of shorter range
potential functions determines a gain in simulation timescale of 2-3 order of

magnitude with respect to the atomistic simulation models (Monticelli et al., 2008).

Clustering of atoms is defined as mapping and for the MARTINI model is based on a
four-to-one mapping, as summarized in figure 4.1, with the exception of the
molecules presenting ring structures on the side chain, where a higher resolution is
applied (up to two-to-one). The choice of particle type for each amino acid is
established on the basis of simulation results and the experimental results for the

water/oil partitioning coefficients of the side chain of each amino acid.

\% ~ Cys * His y Met y Tht

‘ ‘ A Trp

>
t S9" 5 _-

o WG(I g 5 -

apolar intermediate polar charged

Figure 4.1: Coarse-grained representation of all amino-acids. Different colors
indicating different particles type. Reproduction from Luca Monticelli et al. J. Chem.

Theory Comput. 2008, 4, 8 19-834
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pDal is not a common amino acid sequence, as it contains the amino acid D-alanine
stereoisomer and a palmitic chain attached to the -OH group on the Tyrosine side
chain.

With the CG mapping it is easy to overcome the chirality issue posed by D-Ala,
because the clustered bead will be always seen as a single one, whether its
configuration is D or L, because this would not change its side chain water/oil
partition coefficient.

The palmitoyl chain (representing 15 methylene groups) was modeled based on the
CG model for hexadecane (Marrink et al., 2004), however the linker region between
the peptide and the palmitoyl chain presents intermediate features between peptide
and lipid not included in any model, thus it has been fully parameterized as explained
in the methods section.

The main drawback of CG modelling is the reduction in accuracy compared to
atomistic models due to all the inherent simplifications deriving from the mapping.
Recently Marrink and co-workers have introduced an algorithm in the molecular
dynamics program package GROMACS that allows one to re-introduce atomic details
in a CG structure (Rzepiela et al., 2010). Using this algorithm a simulation annealing
(SA) MD simulation, which is a simulation on a system first heated and then cooled,
is carried out. This simulation is applied on an atomistic system that is coupled to its
corresponding CG via restraints, during the SA simulation the system is allowed to
cross the energy barriers and optimize under restraints. Finally, the coupling is

gradually removed to ensure relaxation of the system (Schafer and Marrink, 2009).

In order to access the long time scales needed to observe the self-assembly of pDal
into nanofibers it was necessary to model pDal using a coarse-grained (CG)
forcefield. To optimize the CG forcefield atomistic molecular dynamics simulations
were first carried out. A CG pDal model was built on the basis of the atomistic model
by using GROMACS and applying the reconstruction algorithm developed by

Marrink and co-workers.

121



4.2 Methods

4.2.1 Computational Details

Molecular Dynamics simulations were carried out using the computing facilities at the
University of Warwick Centre for Scientific Computing under the direct supervision

of Dr. Rebecca Notman.

* Atomistic simulations of pDal in water

The pDal molecule was modeled using the CHARMM (Chemistry at HARvard
Macromolecular Mechanics) all atom forcefield (Brooks et al., 1983, MacKerell et al.,
1688). To define an initial molecular structure, a new amino acid residue (TYP),
consisting of a palmitoyl tyrosine having the palmitic moiety attached to the phenoxy
group was created.

The atomic partial charges for the region linking the tyrosine to the palmitic acid
chain were derived from quantum mechanical calculations on the small molecule
using Gaussian03 (Frisch, 2004) represented in the Scheme 1. Since partial charges
on the rest of the palmitoyl chain are already included in the standard CHARMM
force field. To achieve this model, geometry optimizations were performed first at the
HF/STO-3G level and then at the HF/6-31G* level with the partial charges obtained
by fitting the molecular electrostatic potential calculated from the HF/6-31G* charge
distribution. HF/STO-3G refers to calculations based on the Hartree-Fock (HF) theory
in combination with the Slayer Type Orbitals (STOs), while HF/6-31G* refers to
calculations based on the Hartree-Fock (HF) theory in combination with the basis
functions used in molecular orbital calculations described through the acronym 6-31G.
The final sets of partial charges are given in Scheme 1. All other atomic partial
charges were taken from the standard CHARMM forcefield. We carried out a 40 ns
simulation of a single pDal molecule in a cubic box of 11478 water molecules. The
water molecule model used was TIP3P (Jorgensen et al., 1983). All bonds were
constrained using the LINCS (Linear Constraint Solver) algorithm (Hess, 2008) and
the time-step for integration was 2 fs. Full periodic boundary conditions were
employed in all directions. The temperature of the system was maintained at 300K

asing the Nosé-Hoover thermostat, a deterministic method used in molecular

122



dynamics to keep the temperature around an average (Nose, 1984, Hoover, 1985) and
the pressure was maintained at 1 bar using the Parrinello-Rahman scheme (Parriniello
and Rahman, 1981, Nose and Klein, 1983). Long-range electrostatics were handled
using the particle-mesh Ewald approach, that calculates direct-space interactions
within a finite distance using a modification of Coulomb's Law, with a real-space

cutoff of 1.0 nm. Lennard-Jones interactions were cutoff at 1.0 nm.

H
C°0.52

-0.58 O 0-0.62
=z

0.84 T

0.11
/C/H
0.11H 0,38

Scheme 1 — model building of pDal with highlighted the calculated partial charges
* Development of a coarse-grained model of pDal.

A modified version of the MARTINI (Marrink et al., 2007, Monticelli et al., 2008)
forcefield was used to model pDal. The molecule was divided into 20 coarse-grained
interaction sites as shown in Figure 4.2 B,C. We considered two different coarse-
grained models, which differed in the region linking the peptide to the alkyl chain: (1)
where the linker region was constituted by a bead containing only the carbonyl group
and the parameters normally used for TYR were used for the modified residue, thus
the Tyr will be formed of 2 apolar and 2 polar beads - Figure 4.2 B and (2) - where
the bead included the ester oxygen -O-, and the carbonyl group, in this latter case the
TYR will have four beads, of which 3 are apolar (as it normally applies to PHE), as
shown in Figure 4.2 (C). As the MARTINI forcefield does not predict changes in

secondary structure (this is an input parameter to the model), the peptide segment was
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considered to adopt a B-sheet conformation. This is justified by the results from the
LD and XRD reported in chapter 3 of this thesis, which provides strong evidence for a
B-sheet arrangement of the peptide segments in the nanofibres. The CG model was
optimized such that the dihedral and angle distributions within the molecule matched
those from the atomistic simulation as close as possible. Thus, the trajectory obtained
from the atomistic MD simulation was converted into its coarse-grained counterpart
(fine-grained FG trajectory); bond angle and dihedral angle distributions for the FG
and CG were calculated and compared. On the basis of the correlation between the
FG and CG angle distributions, the second (Fig 4.2 C) of our two coarse-grained
models performed best. We then refined the parameters to improve the match between
the atomistic and coarse-grained models — specifically, we changed the equilibrium
angle between beads A-B-C from 180 to 140 degrees. The angle and dihedral angle
distributions obtained from the FG and CG simulations referring to the linker region
of the palmitoyl tirosine molecule in water are presented in Figure 4.2D and 4.2E. All

other datasets are reported in Appendix.

¢ Coarse-grained simulations of pDal

Using the coarse-grained model of pDal we performed MD simulations of 512 pDal
molecules in a range of different pDal:water ratios (1:10, 1:20, 1:25 and 1:50). A total
of 512 chloride counterions were added to each system to neutralize the charge. Note
that one CG water bead corresponds to 4 real water molecules and that the ratios
given above refer to the number of CG water beads. In all cases the initial
configuration of the system was generated by solvating a single CG pDal molecule
and then replicating the solvated molecule eight times in each direction to generate a
simulation cell containing 512 pDal molecules plus solvent. MD simulations were
carried out for 500 ns - 1 ps, using a time-step of 30 fs. The temperature of the system
was maintained at 300K using the Nosé-Hoover thermostat and the pressure was
maintained at 1 bar using the Parrinello-Rahman barostat with anisotropic pressure
scaling (i.e. all three box dimensions were able to vary independently of each other).
Electrostatic and Lennard-Jones interactions were shifted to zero between 0.9 and the

cutoff distance 1.2 nm. Coordinates were saved every 5000 steps.
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Figure 4.2: (A) starting structure of pDal in atomistic MD simulations; (B)

configuration 1 in CG simulations; (C) configuration 2 in CG simulations; (D) angle

distribution between beads 4, 5 and 6 and (E) angle distribution between beads 5, 6

and 7, for the second conformation of CG pDal (Figure C).



4.3 Results

The length of a single molecule of pDal is about 4.5 nm (Figure 4.2A) in its extended
configuration and not considering any protrusion deriving from the Arginine side
chain.

The atomistic simulation carried out on the single pDal molecule for 40 ns (Figure
4.3) shows that the molecule undergoes a continuous molecular rearrangement. This
molecular mobility is clearly understandable if we consider the hydrophobicity of the
palmitic chain that is unable to get shielded from the water molecules in any
conformation assumed by the molecule. Molecular Dynamics simulations were
performed in a solvated system with water molecules and adding ions Cf to obtain an

electroneutral system.

M ill

1« 1S

m #

M S

Figure 4.3: atomistic simulation of pDal over 40 ns. Red dots shows water molecule

present in the simulation box.
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Self Assembly of pDal molecules

Before starting the simulation an Energy Minimization Step has been performed on
the system in order to avoid steric clashes and inappropriate geometry (Figure 4.4).
Molecules in the simulation box tend to aggregate to minimize hydrophobic contact

of the palmitoyl tails with the surrounding aqueous environment.

(A)

(B)

Figure 4.4: CG simulation of pDal self-assembly. (A) Starting Configuration 512
pDal molecules; pDal/ CG water ratio = 1: 25 before Energy Minimization Step. (B)
Starting Configuration of the system after Energy Minimization Step (Time = 0 ns).

Water and Ions are hidden in the graphical display.
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Self-assembly progresses with the formation of clusters of molecules that tend to
shield the hydrophobic tails from the surrounding water. After 21 ns a first micellar
core forms and elongates over time acquiring the filamentous shape observed

experimentally with Electron Microscopy (Figure 4.5).

(A) Time = 7.860 ns (B) Time =2Ins

(C)  Time =60.3 ns (D) Time - 924 ns

Figure 4.5: (A) pDal self-assembly CG simulation run for 1 ps. Cyan beads

palmitoyl chain; green beads = peptide backbone; yellow beads = aromatic rings.
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A well defined cylindrical nanostructure is observable in the centre of the simulation
box containing a peptide to water ratio of 1:50 molecules, which corresponds to a real
peptide to water ratio of 1:200 water molecules (Figure 4.6). Not all of the 512
molecules present in the simulation box will take part in the formation of the high

axial ratio elongated structure .

AN

Figure 4.6: pDal nanofibre diameter (5.539 nm) measured on the assembled structure
from the simulation peptide:water 1:50 ratio. (A) Palmitic tails are hidden on the
graphical rendering, peptide backbone is rendered with magenta beads. (B) simulation

containing pDal nanofibre formed in the middle after Ips



(A) (B)

(©) D) !

Figure 4.7: width of nanofibre after ljis of time. Hollow (A,B) and full (C,D)
sections. (A) x,y plan; (B, C) z, x plan; (D) thin filled section cut on the zy plan.
Magenta beads = peptide back bone; cyan beads = palmitoyl chain.



Figure 4.8: peptide-peptide packing, peptide - peptide alignment along the nanofibre
surface (highlited peptide backbone); peptide - peptide order along the alignment

(cyan residue = palmitoyl Tyrosine; orange = Arginine). The snapshot seems to



suggest a preferential antiparallel alignment of pDal molecules on the surface, as

peptides are aligned mostly with opposite sequence. Peptide: CG water 1:50.

A 90-degree angle is formed between the peptide backbone and the palmitoyl chain.
The vector from bead 4 to bead 9 was calculated and then the angle that this vector
made with the nanofibre axis was also calculated over the course of the simulation.
This calculation was used to construct a histogram (Figure 4.9). It is possible to
observe a clear peak at -90° degrees, showing that the plane of the alkyl chain is
perpendicular to the long axis of the fibre. This is supported by the experimental
results observed with Linear Dichroism Spectroscopy, that confirms that the vector
along the -O- group of the aromatic ring in the palmitoyl tyrosine is pointing

perpendicular to the long axis of the fibre.
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Figure 4.9: histogram plot of the angle formed between bead 4 and bead 9 of the

palmitoyl tyrosine.



The Radial Distribution Functions (RDFs), (g) ,have been calculated for each of the

six amino acid residues in pDal sequence (Figures 4,10-4,15) to estimate the distances

between the amino acids.

Radial distribution
PALMITOY1. TYROSINE

20&
TYR-TYR
TYR-ALA
TYR-GLY
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TYR-LEU
TYR-ARG
w) 10
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Figure 4.10: (A) Radial Distribution Function of palmtoyl Tyrosine (r = 4).
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Figure 4.11: Radial Distribution Function of Alanine (r = 4).
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Figure 4.12: Radial Distribution Function of Glycine (r = 4).
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Figure 4.13: Radial Distribution Function of Phenilalanine (r = >4).
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Figure 4.14: Radial Distribution Function of Leucine (r = 4).
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Figure 4.15: Radial Distribution Function of Arginine (r = 4).



4.4 Discussion

We performed MD simulations of pDal using the CHARMM force field with the
starting structure of the backbone of each molecule is assumed to be with an extended
conformation (Figure 4.2A). The single molecule of pDal does not have a final stable
conformation as the entropy of the system is too high for the molecule which has a
strong lipophilic nature due to the chemical derivatization obtained by attachment of

the palmitic chain.

With particular reference to the pDal system an all-atomistic MD simulation approach
was not suitable to get insights on the self-assembly process and nanofibres formation
experimentally observed with the peptide amphiphile. This unapplicability is probably
attributable to computer hardware and algorithms limitations that prevent from
accessing longer simulation time scales. During this study some all-atomistic
simulation were attempted for the evaluation of the self-assembly process. A series of
simulations, each one containing 10 pDal molecules were performed with a different
initial configuration (Figure 4.16). However results obtained were not sufficient to
obtain information on the formation of high axial ratio nanostructures (which were
not observed). Furthermore no insights on the peptide-petide interaction, or on the
hydrophobic palmitoyl chains interactions could be extrapolated. After 10ns of
simulations pDal molecules were still randomly rearranging within the simulation

box.

Self-assembly of peptide ambhiphiles molecules is governed by hydrophobic
interactions between alkyl tails and a network of hydrogen bonds between peptide
blocks. Velicko et al. suggest that the formation of nanofibres of peptide amphiphiles
obeys an open association model, which resembles living polymerization (Velichko et
al., 2008b).

Recently an all atomistic simulation relative to peptide nanofibres has been published
(Lee et al., 2011). In this report the initial structure of assembled nanofibre is
constructed a priori (Figure 4.17) and arranged in a cylindrical nanofibre and then the
relaxation of the assembled nanostructure is observed over a time of a 40 ns MD

simulation.
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The initial model present by Stupp and co-workers (Figure 4.17 A and B) seems to be
far from reality and in contradiction with their own results (Pashuck and Stupp,
2010a), because if the packing ofthe molecules is radial from the fibre long axis the
H-bond distance would not be 4.6-4.8 angstroms at all points, which is the distance in
for H-bonds in (3-sheets.

p-sheet alignment of the peptide sequences of pDal is strongly suggested also from
the experiment results already discussed in chapter 3 (congo red absorbance and

thioflavin-T fluorescence, XRD and LD experiments).

(B)

TTiyiT']

©)

Figure 4.16: Starting configurations of all-atomistic pDal self-assembly MD
simulation (A) stacked configuration; (B) rotated configuration; (C) random

configuration. Red dots represent water molecules in the simulation box
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40¢
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126 A

Figure 4.17: Proposed model of self-assembly of peptide amphiphiles into cylindrical
nanofibres. (A) radial distribution model for peptide amhiphiles molecules;
reproduction from (Hartgerink JD et al., 2003); (B) The starting structure of the PAs
for MD simulations. Nine PAs are placed radially in the first layer (red) where their
tails are pointing inward. The second layer also has 9 PAs (blue) and is rotated by 20°
relative to the first layer. The angle between neighboring PAs is 40°, and the distance

between layers is 5 A. Reproduction from (Lee et al., 2011).
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As discussed in the introductory section, to map an atomistic model onto a coarse-
grained (CG) model, several atoms are grouped together into a relatively simple
representation of them, the CG bead. The interaction energies between respective CG
beads have to be obtained by the application of an optimization procedure that
reproduces the structural distributions obtained from atomistic simulations.

On the basis of the quantum mechanical calculations pDal was parameterized for the
CG simulation using the MARTINI forcefield. To establish the centers of mass with
better correlation with the atomistic simulated molecule, we have studied two
different configurations: i) one (Figure 4.2B) in which the linker region was
constituted by a bead containing only the carbonyl grup, in this case the same
parameters normally used for TYR apply for TYP, thus the Tyrosine will be formed
of 2 apolar and 2 polar beads ; ii) one (Figure 4.2C) in which the bead was including
the ester oxygen —O-, and the carbonyl group, in this latter case the TYR will have
four beads, of which 3 are apolar (as it normally applies to PHE).

The MARTINI parameters were optimized such that the angle distributions obtained
from the linker-region within the coarse grained model matched those from all-atom
simulations as closely as possible. Thus, the trajectory obtained from the MD
simulation was converted into its coarse grained counterpart (fine-grained FG); angle
distributions for the CG and FG system were calculated and compared such that the
CG parameters were revised to match the FG parameters as close as possible.

On the basis of the correlation between the angles we have decided to choose the
second configuration (Figure 4.2C) as the starting structure, furthermore we have
changed one of the angle in the linker region from 180 to 140, because by changing
this angle the matching between the CG and the FG was improved.

An initial configuration of 512 pDal was used to set up the CG simulations on the
self-assembly of the nanofibres (Figure 4.4).

Anisotropic pressure coupling was preferred to isotropic pressure, so that each box
vector, along the X, y and z axis, changes independently from each other allowing the
self-assembled structure to elongate.

An initial Energy Minimization Step was carried out to allow relaxation of the system
(Figure 4.4) and it was noticeable that once the simulation started the molecules

tended to collapse all together to eliminate the voids between them.
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At the earlier stages of the simulation it is possible to see a mass of molecules packing
together that will tend to shield the hydrophobic tails from the aqueous environment.
After 60 ns of simulation (Figure 4.5 C), we can see that the shapeless mass starts to
organize in such a way that the majority of the molecule will be along the z and y
planes at the periphery of the simulation box and a continuous structure starts to grow
to connect them. Overtime, because of the anisotropic pressure scaling, the box
increases in length, because all three box dimensions, x, y and z, are able to vary
independently from each other, allowing the elongation of the pDal self-assembled
structure for a total time of 1 us of simulation.

Taking a section of the growing nanofibre (Figure 3.7A) along the y and x plane we
can observe that the palmitic tails are hidden in the core of structure (cyan beads in
Figure 4.7C). We used VMD software to hide all the beads belonging to the palmitic
chain and we can see that the elongating fibre is left with a hollow core that runs
through the length of the fibre (Figure 4.7B). The diameter of the self-assembled

structure along the fibrillar section is about 5.5 nm (Figure 4.6A).

The radial distribution function (RDF) applied represents the probability to find an
amino acid in a shell dr at the distance » of another amino acid chosen as reference
point. Because the structure under investigation is a coarse grained model, we have
been considering only the beads on the backbone (BBe) of the molecule.

Figure 4.10 shows the probability to find the palmitoyl Tyrosine in the vicinity of the
others amino acids. From the plot we can see that the probability of finding a tyrosine
in the proximity of another tyrosine is very low, while there is a higher probability of
finding a Tyrosine in proximity of an Arginine. Also the probability of finding a
Tyrosine in the vicinity of a Leucine is higher compared to the probability of finding a
Tyrosine in the vicinity of an Alanine. This trend can be explained if we consider that
the peptide — peptide interaction in the nanofibre structure is more likely to be
antiparallel rather than parallel, as represented in the Figure 4.18. However, for clarity
it has to be reported that this can be deducted from the Radial Distribution Function

Analyses but is less evident looking at the snapshot of the whole nanofibre.
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Figure 4.18: Backbone beads possible interactions

Furthermore, we can also suggest that the antiparallel alignment could be slightly
shifted, as depicted in the Figure 4.19, because the probability of finding the alanine
close to the phenylalanine is higher compared to the probability of finding the alanine

close to the leucine.

(1)

Figure 4.19: peptide-peptide interaction: shifted antiparallel alignment hypothesis

It has been experimentally probed for amyloid fibrils of Ap(l 1-25) that the molecule
was able to form slightly different packing arrangements where the molecules are able
to slide across from one another (Petkova et al., 2004, Castelletto et al., 2010b) and it

has been shown that a sliding arrangement is possible for single wall peptide



nanotubes of the backbones in the high axial ratio structure (Figure 3.20), hence it is

reasonable to think that this can occur also for peptide nanofibres.

Figure 4.20: sliding arrangement of peptide sequences

The RDF plots for glycine (Figure 4.12) and phenylalanine (Figure 4.13) are very
similar, confirming that in both case scenarios, parallel or antiparallel peptide
interaction, these two amino acids maintain the same distances from the other amino
acids, and this is also reasonable if it is considered that they are in the middle of the
amino acidic sequence of pDal.

Interestingly, the RDF plots for Leucine and Arginine support the idea of shifted
antiparallel configuration: the probability of finding a Leucine close to a Tyrosine is
higher compared to the probability to find a Leucine close to an Arginine (Figure
4.14), as well as the probability to find an Arginine in the vicinity of a Tyrosine is

higher than the probability to find an Arginine close to another Arginine (Figure 4.15)

In the simulation presented in this thesis molecules are allowed to follow the natural
trend for the self-assembly. Our results seem to suggest that the packing of the
peptide molecules in the self assembled structure is not radial from the fibre long axis,
but the peptide backbones lay parallel to the long axis of the fibre on the surface of
the structure (Figure 4.8). Furthermore from the visual representation in Figure 4.8 we
could see that in many cases the backbones tend to assume an antiparallel P-sheet

alignment.

In conclusion, this study shows that the amphiphilic pDal tends to self-assemble into
nanofibres in an aqueous environment, that the palmitic chains form the hydrophobic
core of the fibre and that the peptide sequences align themselves parallel to the long

fibre axis rather than radially, as it has been reported into literature up to this date



(Hartgerink JD et al., 2003, Lee et al., 2011). It can also be hypothesised that the
alignment of each peptide sequence is more likely to be antiparallel than parallel, and
that the antiparallel strands are shifted along them.

From the results it is difficult to conclude whether it is the hydrophobic interaction
that is the driving force to start the self-assembly process rather than the peptide —
peptide interaction (eg. B-sheets), but interestingly this results shine a new light on the
supramolecular organization of the molecules in the self-assembled structure

compared to the theories that have been reported in literature so far.
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CHAPTER 5§

pDal Nanofibre Gels

5.1 Introduction

Peptide nanofibrous systems mimic the architecture of naturally occurring
cellular structures (i.e tethers, extracellular matrix components), present a high
surface to volume ratio, and are constituted of biocompatible materials. For these
reasons they represent a good candidate for applications in the field of regenerative
medicine and drug delivery systems.

Naturally occurring and synthetic peptide amphiphiles self-assemble into high
axial ratio fibrillar nanostructures that are able to form gels (Zhang et al., 2010b,
Aulisa et al., 2009a, Lee et al., 2009).

Gelation of peptide nanofibres can occur in response to pH, ionic strength
(Niece et al., 2008, Anderson et al., 2009), or thermal stimuli (Ryu and Park, 2009,
Zhang et al., 2010a), for example on prolonged exposure to high temperature, these
nanofibre dispersions further self assemble into bundles and plaques on cooling
(Zhang et al., 2010a).

The advantages of peptide nanofibres gels for biological applications are that
they pose a minimal risk of carrying biological contaminants (as it is in the case of
collagen derived materials), elicit no immune response and show excellent
physiological compatibility and low cytotoxic response (Ellis-Behnke and Schneider,
2011), such that they have been also employed to fabricate cell culture scaffolds
commercialized first as Puramatrix by 3DM, Inc. (Cambridge, MA, USA), and more
recently by Sigma-Aldrich as HydraMatrix™ in the form of 12, 24 and 96 well plates.

Self assembling peptide nanofibres gels containing osteopromotive domains

with high affinity for the Bone Morphogenic Protein (BMP) receptor were able to
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promote osteoblastic differentiation of human bone marrow stromal cells (Lee et al.,
2009).

Self-assembling peptide nanofibres gels have also been prepared using the
RGDS cell adhesion epitope to exploit the control of cell adhesion, proliferation,
differentiation, and organization (Guler et al., 2006). Bone marrow stem cells have
been encapsulated in RGDS nanofibre gel and have been found to be proliferative,
viable and able to divide. When tested in vivo by subcutaneous injection in mice,
luciferase-expressing cells encapsulated in the RGDS nanofibre gel determined a 3.2
fold increase in bioluminescent signal measured by an imaging system able to detect
the photon transmission signal emitted from the intracellular luciferase, suggesting
proliferation of the transplanted cells (Webber et al., 2010c¢).

The studies on bone marrow stromal cells by Lee and Webber highlight how
versatile and highly specific nanofibre peptide gels can be, as the amino acid epitope
of interest can be varied depending on the specific needs of the therapeutic goal. In
these two different studies the same goal, bone marrow regeneration, was achieved
using strategies having as an objective two different cellular targets.

Peptide nanofibres gels have been shown to have good biocompatibility in the
Central Nervous System when stereotactically injected in mice (Yang et al., 2009),
showing good potential for applications as CNS depots.

Peptide nanofibre gels are also studied for brain repair and axon regeneration.
Using the mammalian visual system as a model, a gel made of peptide amphiphile
(RADAL16-I) containing arginine, alanine, aspartate and alanine repeated sequences
was implanted in the CNS site of injury were it was able to promote axon
regeneration, promoting functional return of vision (Ellis-Behnke et al., 2006b).
RADA16-1 nanofibre gel has been shown to promote complete hemostasis
immediately when applied directly to a wound in the brain, spinal cord, femoral
artery, liver, or skin of mammals in less than 15 seconds (Ellis-Behnke et al., 2006a).
Developing a hemostasis system based on these findings can be of great importance in
the prevention of blood loss during surgical procedures, thus promoting a decrease in
the amount of transfusion blood necessary during surgery.

Peptide nanofibres gels may also be used as angiogenesis-promoting
materials. Gels presenting the Heparin-Binding peptide epitope have promoted
formation of de novo vascularized connective tissue both in static histological

assessment and in a dorsal skinfold model (Ghanaati et al., 2009).
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Peptide nanofibre gels may also be exploited as drug delivery system. Peptide
delivery is definitively a hot topic in pharmaceutics, as many peptides have potential
therapeutic use. However, most peptides are not only unable to cross biological
barriers, but degrading enzymes in biological fluids, such as plasma or gastro-
intestinal fluids, easily metabolize them (van der Walle CF and O, 2011).

The work presented here originated from the idea to use self-assembling peptide
nanofibres gels for oral administration of peptides, as the lipophiphilicity of pDal
should facilitate cellular membrane crossing at the intestinal level.

In this chapter we report a fast and facile method for the preparation of gels based on
peptide self-assembling nanofibres. These gels are prepared by a rapid microwave
heating and cooling cycles. These materials can provide new transporting
biocompatible materials that form an efficient network of nanochannels with potential

application, for instance, as a depot system for sustained release of pharmaceuticals.

5.1.1 Thermal Analysis by Differential Scanning Calorimetry

Calorimetry is one of the most widespread techniques used to characterize a variety of
physicochemical parameters of high importance in the preformulation stage of any
pharmaceutical product (Rabel et al., 1999, Gill et al., 2010). Differential Scanning
Calorimetry (DSC) is a technique able to study thermally induced transitions and
particularly, the conformational transitions of biological molecules (Bruylants et al.,
2005) and common parameters such as melting point, glass transitions and
crystallization of solid forms of pharmaceuticals (Gaisford, 2007).

Several methodologies based on the calorimeter type (conventional DSC or MTDSC),
measured parameters and experimental conditions are used for monitoring the
behavior of pharmaceuticals, biopharmaceuticals and new nanoscale pharmaceutical
formulations (Gill et al., 2010).

One of the goals of this work was to develop a new stable nanosized drug delivery
system, therefore it was essential to understand the bulk properties of the peptide
amphiphile pDal molecules, of which the system was made of, and link these
properties to the final physical form of the pDal molecules supramolecular assembly.
Conventional DSC measures how physical properties of a sample change by

determining the temperature and heat flow associated with the transitions in the
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material as a function of time and temperature (Haynie, 2008), During a change in
temperature, DSC measures a heat quantity, which is radiated or absorbed excessively
by the sample on the basis of a temperature difference between the sample and the
reference material (Haines, 2002).

Modulated DSC (MTDSC) provides some advantages over conventional DSC, such
as the separation of complex transitions into its components, increased resolution
without loss of sensitivity, measurement of heat flow and heat capacity in a single
experiment by superimposing a modulated heating rate on the top of a linear heating
rate, as schematically shown in Scheme 5.1, so that the linear change allows the
measurement of heat flow, while the modulated change permits the calculation of the

heat capacity (Simon, 2001).

Underlying
Heating Rate

Modulated
Heating Rate
3
2
H

Time (Modulated Heat-Cool)

Scheme 5.1: Modulated Temperature profile versus time

Rapid-Heat DSC (RH-DSC) offers heating rates up to 2000 °C/min, has a much
higher sensitivity, as the same name suggest, but lower resolution than conventional
DSC. Faster heating rates increase the sensitivity and productivity, but do so at the
expense of temperature resolution and accuracy, thus, one challenge with the use of
high heating rates is that while the furnace may achieve a rapid rate, there is a finite
time delay before the sample achieves the same rate (Bruce Cassel, 2008).

Thermal analysis by DSC on the pDal bulk will enable insights into the bulk

properties ofthe peptide amhiphile.
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5.1.2 Thermal Microscopy and Polarized Light Microscopy

The optical microscope is used extensively in pharmaceutical development with the
primary application being solid-state analysis.

Thermal microscopy simply requires the addition of a heating and/or cooling stage to
an optical microscope and it is a useful mean to obtain information on the melting
point, indeed, it enables a visual observation of the melting point, solid-solid
transformations, such as the transition between crystal polymorphs, and solid-liquid-
solid transitions, such as transformation from one crystal form to another one
(Carlton, 201 Ib). There are three important melting temperatures that can be observed
in a melting experiment on the thermal microscope: onset melting temperature, final
melting temperature, and equilibrium melting temperature (Carlton, 201 1b). The last
one is of particular interest in phase transitions processes. The use of polarizing filters
in an optical light microscope provides the opportunity to study unique features of the
material under characterization. Light passing through a polarizing filter will become
oriented relative to that filter, so that when a second polarizer is positioned above the
sample and perpendicular to the first filter, cross polarization is achieved (Vitez and

Newman, 2007), as schematized in Figure 5.1.

Biréfringent Crystals Between Crossed Polarizers

Polarizer (P) ni®*  (Anlsotropl*Crystal)
Analyzer (A)

Retardation
(\n.D

Polarized
Light

le*-11n Two Components

Thickness (t) Resulting From
Birefringence

Figure 5.1: Birefringence of an anisotropic crystal under crossed polarizers.

When a crystalline material is placed under cross-polarized light, some particles will
not be visible and are characterized as isotropic, whereas crystals that appear to be
white or colored are termed anisotropic (Vitez and Newman, 2007). An anisotropic
crystal is characterized as biréfringent because the two components of polarized light

being transmitted through the particle recombine in a fashion such that one
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component emerges slightly ahead relative to the other component (Vitez and
Newman, 2007).

The use of polarized light on the optical microscope allows us to determine the optical
crystallographic properties of a material. When visible light irradiates an object, the
light can be reflected, transmitted, or both. Reflection and transmission can occur
such that the light retains all of its energy or some energy can be absorbed in the
process. Birefringence is observed for those materials of crystalline nature and
interference (anomalous) colours are also observed for organic fibres and liquid

crystals (Carlton, 2011a).

5.1.3 Fourier Transform-Infra Red Attenuated Total Reflectance Spectroscopy
(FTIR-ATR)

IR spectroscopy is an absorbance vibrational spectroscopy technique. The radiation of
interest is comprised between 400-4000 cm’. For a molecule, in order to absorbe IR
radiation, it is necessary that the energy of the radiation is equal to the difference in
energy between two vibrational states of the molecule (Rees, 2010). Actually, each
functional group in a molecule can have different vibrational states, such stretching
and bending, as shown schematically in Figure 5.2 A, giving rise to specific bands of
IR absorbance minimally influenced by the complexity of the molecule (Figure 5.2
B), and that can for this reason be used to study chemical structure, orientation and
secondary or tertiary structures in peptides and proteins (Vigano et al., 2000).

In attenuated total reflectance mode the sample is placed directly in contact with an
optically dense crystal having an high refractive index (such as ZnSe, Germanium or
Diamond), when the infrared beam comes in contact with the sample the system
measures the changes that occur in a totally internally reflected infrared beam.
Basically, the infrared beam is reflected and amplified by the crystal (Figure 5.3) and
each time redirected onto the sample, thus creating an evanescence wave protruding
only a few microns beyond the crystal surface and into the sample, held tightly in
contact. In regions of the infrared spectrum where the sample absorbs energy, the
evanescent wave will be attenuated or altered. The attenuated energy from each
evanescent wave is passed back to the IR beam, which then exits the opposite end of

the crystal and is passed to the detector in the IR spectrometer.
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Figure 5.2: (A) vibrational states; (B) functional groups frequencies in IR

spectroscopy.
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Figure 5.3: a multiple reflection ATR system (from www.perkinelmer.com/

CMS Resources/images)

Here we report a method for the preparation of peptide nanofibre gels using a rapid
heating/cooling cycle employing electromagnetic radiation heating. The thermal

history of the peptide amphiphile pDal was determined using differential scanning


http://www.perkinelmer.com/

calorimentry and Hot Stage Microscopy and the properties of the gel forming peptide
which influence their self-assembly into gels also characterized. Short microwave
bursts applied to a dispersion of peptide amphiphiles in water results in the formation
of a gel made of branched peptide nanofibres, as the ultrastructure analysis performed

by transmission electron microscopy and scanning electron microscopy as shown.

5.2 Methods

5.2.1 Differential Scanning Calorimetry

DSC and MDSC were performed on a Q2000 DSC (TA Instruments). The DSC
analysis was carried out by equilibrating the system first at -10°C, followed by an
isothermal step for 5 minutes and finally a heating rate of 10°C/min was applied. For
the modulated temperature analysis two independent experiments were performed: in
the first experiment the pDal in its solid freeze-dryed form was subject to a Heat/Cool
cycle at 4°C/min heating rate, modulated with a + 0.639 amplitude every 60 seconds;
in the second experiment, the sample was subject to a Heat only cycle at the same
conditions as for the first experiment. pDal samples were annealed by storing the
pans containing the glassy sample in a temperature controlled Plus II Incubator
(Gallenkamp) at 40°C. A third experiment was carried out on a Rapid Heating DSC
(RH-DSC) at a heating rate of 100°C/min.

5.2.2 X-ray Diffraction

The aged glass resulting from the annealing of the pans in a Plus II Incubator
(Gallenkamp) at 40°C. were glued on the top of a cryo-loop holder. Datasets were
collected at room temperature on an Xcalibur NovaT X-ray diffractometer (Oxford

Diffraction, Oxford, UK).

5.2.3 Microwave Sample Preparation

pDal 3mg/mL and 10mg/mL solutions in deionized water were prepared in an Emrys

vial, sealed with a reseal septum. The solution was rapidly heated with a short
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microwave burst (10 seconds) first at 60°C, subsequently at 88°C in an Emris
Optimizer Microwave Station (Personal Chemistry, Cambridge, UK). Alternatively, a
short microwave burst was applied using a Microwave Panasonic NN-3454 800W-D
(Panasonic UK, Bracknell, Berks) to solution prepared in unsealed glass vials for 10
seconds with the power level at Simmer (240 W) and/or High (800 W). Samples were

left to cool at room temperature for 30minutes or in the fridge (4°C) for ten minutes.
5.2.4 FTIR-ATR

The FTIR experiment was performed using a Perkin Elmer Precisely, Spectrum 100,
FT-IR Spectrometer (Perkin Elmer, Cambridge, UK); samples were measured using
attenuated total reflection (ATR) on a single bounce diamond/ZnSe ATR crystal. All
samples were measured between a frequency range of 4000 to 650 cm™ resolution
with a Strong Beer-Norton apodization. A total of 16 background and sample scans
were measured for each sample. Data were collected with a temperature-stabilized
deuterated triglycine sulfate detector (DTGS). The samples were measured separately
by placing each in contact with the ATR crystal and applying force from the pressure
applicator supplied with the ATR accessory. The application of pressure enabled the
sample to be in intimate contact with the ATR crystal, ensuring a high-quality

spectrum was achieved.
5.2.5 Optical Microscopy Analyses

The freeze-dried pDal or a chip of the aged glass was deposited on a glass microscopy
cover slip Imm thick in submicrogram quantities with a brush. The cover slip was
then mounted on the hot stage accessory (Linkam TC93) and analyzed using a Nikon-
Microphot-FXA microscope equipped with Nikon PlanAPO Chromatic lenses, and a
static and dioscopic crossed polarizing filters.

The nanofibre gel was analyzed under a polarizing microscope (Stemi SV6, Zeiss)
and pictures recorded with a Sony Carl Zeiss Acc Thermal MPEG MOVIE EX
Digital Still Camera (DSC-S75).

5.2.6 Congo Red Staining
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Congo Red (100uL) in potassium phosphate buffer (SmM, pH 7.4, containing
150mM of NaCl) was added to the gel (10pnL) deposited onto a microscope slide.

After 10 minutes excess buffer is removed with filter paper.

5.2.7 Electron Microscopy

SEM images were acquired with an EI Quanta 200 FEG Scanning Electron
Microscope (Philips Electron Optics, Eindhoven, The Netherlands). The gel was
immersed in liquid Nitrogen and immediately freeze-dried and images acquired on
uncoated samples in backscattered electron mode and on coated samples with a 3-5
nm gold patina. Coating was achieved with a sputter coater prior to imaging. TEM
images were captured using an energy filtering electron microscope (FEI CM120 Bio

Twin, Eindhoven, The Netherlands) operating at 120kV.

5.2.8 Pilot Study: Peptide Release in Simulated Gastric (SGF) and Intestinal
Fluids (SIF).

The simulated gastric fluid (SGF) and intestinal fluid (SIF) were prepared according
to the U.S. Pharmacopeia (USP-NF, 1995). The SGF was prepared by dissolving 2.0
g of sodium chloride and 3.2 g of purified pepsin (Sigma Aldrich) that is derived from
porcine stomach mucosa, with an activity of 800 to 2500 units per mg of protein, in
7.0 mL of hydrochloric acid and sufficient water to make 1000 mL.

The SIF was prepared by dissolving 6.8 g of monobasic potassium phosphate in 250
mL of water, then mixed. To the mixture was added 77 mL of 0.2 N sodium
hydroxide and 500 mL of water. To this, 10.0 g of pancreatin (Sigma Aldrich) were
added, the mixture stirred and the resulting solution was adjusted with either 0.2 N
sodium hydroxide or 0.2 N hydrochloric acid to a pH of 6.8 + 0.1. The resulting
solution was diluted with water to 1000 mL.

pDal gel (0.25 mL, 10mg/mL) was prepared by adding a solution of GCPQA in
deionized water (10mg/mL and 20mg/mL) to the freeze dryed peptide in order to
obtain two gels with a different peptide to polymer ratio, respectively of 1:1 and 1:2.
The gels were prepared according to microwave sample preparation described in the

section 5.2.3 of this thesis at a temperature of 88°C for 10 seconds.
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The resulting gels were placed in dialysis cassettes (Slide-A-Lyzer G2 Dialysis
Cassettes, 0.25 mL, Thermo Fisher Scientific,) and separately dialyzed against SGF
(50 mL) for 120 minutes. A 0.5 mL aliquot of the SGF was taken at different time
points (0, 15, 30, 45, 60, 90, 120 minutes) and replaced with 0.5 mL of fresh SGF
each time. The dialysis was maintained at 37 + 0.1°C and agitated at 130 cycles per
minute (Grant OLS 200 water shaking bath, Cambridge Ltd, Herts, UK).
Subsequently the gels were transferred in SIF (50mL) and dialyzed for 360 minutes.
A 0.5 mL aliquot of the SIF was taken at different time points (0, 15, 30, 45, 60, 90,
120, 150, 180, 240, 270, 300, 360 minutes) and replaced with 0.5 mL of fresh SIF
each time. The dialysis was maintained at 37 + 0.1°C and agitated at 130 cycles per
minute (Grant OLS 200 water shaking bath, Cambridge Ltd, Herts, UK).

Aliquotes were analysed by HPLC using a Onyx Monolithic C18 column (100 x 4.6
mm) attached to a guard cartridge on a Agilent Technologies 1200 Series HPLC
system using a mobile phase of acetonitrile: water — 80:20, TFA 0,01% v/v at a

wavelength of 230 nm and flow rate of ImL min™.

5.2.9 Pilot Study: Pharmacokinetics of pDal Gels Following Oral

Administration

CD-1 male out bred mice (18-24g, 4 weeks old, Harlan, Oxon, UK) were used to
measure blood, plasma and liver concentrations of Dalargin control and pDal gels
after oral administration. The animals were housed in groups of § in plastic cages in
controlled laboratory conditions with ambient temperature and humidity maintained at
~22°C and 60% respectively with a 12-hour light and dark cycle (lights on at 7:00 and
off at 19:00). Food and water were available ad /ibitum and the animals acclimatised
for 5-7 days prior to any experiments in the Animal House, School of Pharmacy,
University of London (London, UK). Animals were only used once and were
acclimatised in the testing environment for at least 1 hour prior to testing. All
experiments were performed in accordance with the recommendations and policies of
the Home Office (Animals Scientific Procedures Act 1986, UK) and the Ethics
Committee of the School of Pharmacy, University of London guidelines for the care
and use of laboratory animals.

Groups (n = 5) of animals were administered either: Dalargin, pDal nanofibres gel,

Dalargin/GCPQ, and pDal nanofibres/GCPQ gel, the polymer/peptide ratio was 1:1.
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a 0.2 um Millex filter, as the disperse phase.

The Dalargin control solution was prepared at a concentration of 5.83 mg mL™” and
the Dalargin/GCPQ control soultion was prepared at a concentration of 5.83 mg mL"’
with a peptide/polymer ratio of 1:1. The mixture was vortexed, then sonicated for 10
minutes in an ice bath at 50% of the maximum output of the instrument. The pDal
nanofibres gel was prepared by applying a 10 seconds microwave burst to a
suspension of 7.75 mg mL™ according to the preparation method described in the
section 5.2.3. The hot solution was transferred into syringes and left to coll down to
reach gealtion in the fridge (8°C) for 10 minutes withouth perturbation. The
pDal/GCPQ nanofibres gel was prepared by adding a freshly prepared solution of
GCPQ in water (7.75 mg mL™) to the freeze dryed pDal to obtain a final
peptide/polymer ratio of 1:1. The mixture was vortexed, then sonicated for 10 minutes
in an ice bath at 50% of the maximum output of the instrument.

At various time points (30 min, 1 hour, 2 hours, 4 hours and 6 hours) after
administration, animals were killed and their brain, liver and plasma taken for
analysis.

PK analyses were performed using LC-MS as described in detail in the sections 6.2.3
(Sample Handling), 6.2.4 and 6.2.5 of the Chapter 6 of this thesis.

5.3 Results

Thermal analysis of pDal helps to clarify the thermal properties of the monomer
starting material and the influence of these properties on the molecular self-assembly.
The DSC analyses of pDal freeze-dried powder shows three endothermic events
(Figure 5.4A), at low temperature a broad peak (peak I) of solvent loss, as well as two
high temperature endothermic transitions: one sharp peak with onset at 85°C (peak II)
of hydrocarbon chain melting, which merges with a broader endothermic peak (peak
I10).

Upon cooling at room temperature, the samples coming out from the DSC were aged
below their glass transition temperature in order to perform an annealing experiment.
Amorphous glassy materials are thermodynamically non-equilibrium systems, which
tend to reach equilibrium state over extended periods of time when aged below their

glass transition temperatures (Wungtanagorna and Schmidtb, 2001). The aged glass
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has a lower molecular mobility (corresponding to an increased molecular density),
thus during heating an enthalpy relaxation occurs.

Annealing the glass formed after the first DSC cycle at a temperature below the Tg for
up to 2 weeks showed recovery of the endothermie peak of the alkyl chain melting as
well as enthalpy relaxation at the Tg, as shown in Figure 5.4 B. The enthalpy

relaxation increases with increasing ageing time.
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Figure 5.4: (A) DSC scans of pDal freeze-dried; (B) DSC scans of aged glassy solid.

Heating rate 10°C/minute.

The MDSC analysis (Figure 5.5) helps to discern the reversible events from the non-

reversible events: the broad low temperature endothermie peak (peak I) as well as the
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broad high temperature peak (peak ill) are both non-reversibie events, as they both
fall in the non-reversible heat flow signal (brown line in the graphs of Figure 5.5).

Peak II (blue line in the graphs of Figure 5.5), corresponding to the melting of the
palmitoyl chain, is a reversible event, as it would be expected considering that by

aging the sample we could observe annealing.

File W \rteAT_COOI\pO» 2111CB_ MDSCOOI

e WABT (WA AiBMX]0l

DsC

Temperature (*C) (B)

Figure 5.5: (A) MDSC Heat/Cool first cycle; (B) MDSC Heat/Cool second cycle.
Heating rate 4°C/minute +0.639 amplitude every 60 seconds.

57



A fast scan with RH-DSC (Figure 5.6) is performed on the pDal freeze-dried sample
using a heating rate (IO0O®C/min) ten times higher than the heating rate used on the
normal DSC (10®C/min), thus definitively proving that the peak around 87°C is true
melting, indeed although there is a loss in resolution the peak is not moving from the

temperature range measured by conventional DSC.

Sampi# pDai Fin % MailDSCViururoia \pCnl2901100D3

Size 0 1400mg DSC
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Figure 5.6: (A) RH-DSC first cycle; (B) RH-DSC second cycle showing the glass
transition (Tg = 66.67°C). Heating rate 100°C/min.
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The optical micrographs (Figure 5.7 E-F) of the aged glass show a clear birefringence
attributable to the areas crystalline ordering within the glassy solid. Indeed, by XRD
analysis of the aged glass (Figure 5.8) it can be seen that the solid is mainly

amorphous, although a little intensity can be spotted.

Figure 5.7: Optical micrograph of pDal:(A) powder at 25 °C;(B) under cross-
polarized filters;(C) powder at 93°C(D) under cross-polarized filters;(E) aged glass at
25 °C,(F) under cross-polarized filters; (G) aged glass at 93°C, (H)under cross-

polarized filters. Birefringence is attributable to cl16 crystalline ordering.



The XRD of the aged glass shown in Figure 5.8 shows a mainly amorphous profile,

however small peaks can be seen (arrows 1, 2 and 3).
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Figure 5.8: XRD ofpDal aged glass



FTIR analyses of the glassy solid (Figure 5.9 B) show an increase in the Absorbance
intensity of the palmitic chain compared to the pDal freeze dried powder (Figure 5.9
A), which present mainly amorphous features as discussed in the Chapter I of this

thesis.
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Figure 5.9: FTIR Absorbance bands of pDal freeze dried powder (A) and pDai aged

glass (B).
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Figure 5.11: FTIR transmittance spectrum of pDai gel (black) overlapped to the

FTIR transmittance spectrum of pDal suspension (red) in deionized water.

In the FTIR spectra (Figure 5.11) a strong Amide I band is exhibited around 1622
cm ' indicating that the peptide segments in the nanofibres network adopt mainly a p-
sheet conformation as it has been confirmed by staining the gel with the Congo Red

dye and observing the stained gel under crossed polarizing filters (Figure 5.12 C).

pDal nanofibre gel showed a pronounced pattern of interference colours,
predominantly red and green, when the gel was observed under polarizing light, as

seen in Figure 5.12 A and B.



Figure 5.12: (A) pDal gel and sheared gel (B) under polarizing light microscope; (C)
pDal gel stained with Congo Red.

The ultrastructure of'the pDal gels observed by electron microscopy shows a dense

nanofibre network with nanosize pores.



For imaging under the scanning electron microscope the xerogels were prepared by
freeze-drying of the freshly made gels to remove the water from the system.
Imaging of'the uncoated sample was insufficient to resolve the ultrastructure of the
fibre network at the nanometer range (Figure 5.13 A). Thus a 3-5 nm gold coating
was applied (Figure 5.13 B): a dense network of entangled and branched nanofibres

forms the pDal gel.
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Figure 5.13: SEM pictures of pDal xerogel (upper photos); TEM picture of pDal gel.



Under TEM the gel was confirmed to be formed by a tightly three-dimensional matrix

of branched nanofibres able to retain water in the formed nanosized channels.

To investigate the feasibility of the oral application, a pilot experiment was performed
to study the ability of the gel to release the peptide in simulated gastric (SGF) and
intestinal fluids (SIF), (Figure 5.14).
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Figure 5.14: Pilot study - release testing of pDal gels in (A) simulated
gastrointestinal fluid (SGF) and (B) simulated intestinal fluid (SIF).

A pilot in vivo experiment was conducted to evaluate the pharmacokinetics of the

nanofibre gel formulations. CD-I albino mice were divided in four groups and

received a dose of 70 mg Kg'* of peptide . Each group was administered respectively
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a control of daiargin solution in deionized water, pDal nanofibres gel in deionized
water, a control of dalargin/GCPQ solution, and pDal/GCPQ gel having a peptide/
polymer ratio of 1:1. Five time points (30 min, 1hour, 2 hours, 4 hours and 6 hours)
were considered and 5 animals per time point were included.

However, when orally administered to CD-I mice we found absence of pDal levels in
plasma, liver and brain samples analyzed with LC-MS. The formulation containing
pDal nanofibres alone did not gave raise to any level (ng/mL) of pDal in the
biological matrices and surprisingly the same result was obtained with the formulation

of pDal/GCPQ gel, with a peptide/polymer ratio of 1:1.

Figure 5.15: SEM images of pDal gel (G2 P0) and pDal/GCPQ gel orally

administered fo mice to evaluate the orald delivery of peptide.

5.4 Discussion

Self-assembly is a naturally occurring event, however the kinetics of the nanofibril
formation mean that self-assembly of peptide amphiphiles into nanofibres it can take
days to get to completion (Pashuck and Stupp, 2010b). Nanofibres made of
surfactant-like peptides have been prepared with probe sonication and microwave
heating, as described in detail in the Chapter 3 of this thesis. While the probe
sonication of proteins is already known to cause the formation of fibrillar aggregates
(Stathopulos et al., 2004), to the best of our knowledge this is the first time that

nanofibres have been formed using electromagnetic radiation heating.



The high local temperature generated by sonication or by microwave bursts
comtributes to the single peptide unfolding and enhances the aggregation of the single
monomer units into nanofibres by promoting the hydrophobic interaction of the
sixteen carbon chains and the formation of H-bonds in the peptide B-sheets structure.
It hhas been observed for a-helical proteins such as BSA (Bovine Serum Albumin) that
thely undergo conversion to increased f—structure upon sonication (Stathopulos et al.,
2004). We have prepared a self-assembling peptide nanofibre gel applying a rapid
microwave heating and cooling cycle to a concentrated dispersion of pDal (Figure
5.13). This nanofibre gel has potential applications as a biomaterial for various
applications, e.g. as a drug delivery system.

Thermal analysis of pDal helps to clarify the thermal properties of the
monomeric starting material and the influence of these properties on the molecular
self- assembly. Thermal analysis also clarifies the range of temperatures to be used
for the preparation of these gels that have potential applications as drug delivery
systems.

Thermal stability of the collagen like structure of peptide amphiphiles was found to
increase as the monoalkyl tail chain length is increased over a range of Cs to Ci¢ in
studies with circular dichroism (Yu et al., 1998).

The freeze dried pDal is a solid phase with the characteristics of an amorphous
material, such as the lack of three-dimensional order characterized by the absence of
sharp peaks in powder XRD (Chapter 2, Figure 2.21 A), a glass transition and the
formation of a glassy solid material upon heating.

DSC analyses (Figure 5.4 A) of the freeze-dried peptide showed three endothermic
events, at low temperature a broad peak (peak I), as well as two high temperature
endothermic transitions, one sharp peak with onset at 85°C (peak II) which merges
with a broader endothermic peak (peak III). Peak I is due to solvent loss, probably
entrapped during the freeze-drying process (indeed cooling down the system and
heating up again shows that the event is not recoverable-data not shown). Peak (II),
with an onset of 85°C (typical of palmitoyl chain melting (Saxena et al., 1999)), is
followed by a broad endotherm. Although not conclusively proven, peak III could be
a liquid crystal transition (Lechuga-Ballesteros et al., 2003), which is in conflict with
the definition of the sample being amorphous. We will return to this apparent
dichotomy in the discussion. Upon heating in the DSC, the sample melts and becomes

a glassy solid upon cooling to room temperature. The glassy solid, when subjected to
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a second DSC heating cycle at the same conditions, showed a step in the baseline
typical of glass transition (T,), confirming the material formed was a glass.

Peak I is a non-thermoreversible process as upon cooling of the sample the transition
was not recovered and this was also confirmed by performing an MTDSC scan on the
sample (Figure 5.5) where it is observable that the Peak I ends up on the non
reversible signal. Annealing the glass formed after the first DSC cycle at a
temperature below the T, for up to 2 weeks showed recovery of the endothermic
peak of the alkyl chain melting as well as enthalpy relaxation at the T, (Figure 5.4 B).

Enthalpy relaxation is a consequence of the amorphous material progressively
approaching its equilibrium structure during storage below T, (Henkel et al., 2007).
Molecules in an amorphous system are considered “kinetically trapped”, since the
time-scale of the long range molecular interaction is smaller then the experiment scale
(thus long term interaction are not recorded in the DSC signal during the experiment).
Consequently, the glassy solid system formed during cooling has an excess of
enthalpy that is lost during ageing, as the molecules move towards a more stable
conformation. The amount of enthalpy lost during ageing is recovered by the sample
during the second cycle heating run (Figure 5.4 B) and is a reflection of the molecular
mobility in the glassy state. Glasses that have undergone enthalpy relaxation will
exhibit enthalpy recovery during heating, which is manifested as an overshoot in the
heat capacity near T,.

Peak Il is a true melting event as confirmed by HS-DSC, indeed there is no shift in

the range of temperature observed for the event in HS-DSC and in conventional DSC.

Microscopic examination of the freeze-dried powder under cross-polarized filters
showed some birefringence, which would not have been expected if the material was
a true amorphous glass (Figure 5.7 A, B). A phase transition was observed when the
material reached 93°C whereupon birefringence was lost (Figure 5.7 C, D).

A similar observation was noted when the aged glass was studied under the
microscope (Figure 5.7E-H). Analyses of the aged glass by XRD showed that the
glassy solid is mainly amorphous, as it should be expected, however peaks of weak
intensity can be spotted, that might be resolved by employing more powerful
techniques, such as SAXS or SANS.
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Microwave experiments have highlighted that heating the solution up to the Tg
temperature did not result in formation of gels, increasing the heat generated from the
electromagnetic radiation was necessary to obtain a gel upon cooling of the solution.
The heated solution was left to cool unperturbed at room temperature for at least 30
minutes; alternatively the solution was directly placed in the fridge (5°C) for 10

minutes to produce the gel (Figure 5.10).

Microwave radiation causes the surfactant-like molecules to melt, creating two
partially miscible fluids (as the peptidic portion of the molecule is water soluble).
However the conformational disorder of the lipid chain due to the water-palmitic tail
moiety contact is very high and so the system needs to escape it. We can thus
hypothesize that the system rearranges in a three-dimensional ordered array with a
bicontinuous micellar cubic phase. For example, lamellar phases formed by biological
amphiphiles (e.g. membrane bilayers, one of the ubiquitous lyotropic liquid crystal
forms), can escape curvature frustration arising from an increase of temperature by
becoming an inverse hexagonal phase formed of inverted cylindrical micelles packed
into an hexagonal lattice (Seddon et al., 2006). However, because of the presence of
voids in the packing that are available to solvating molecules, a “packing frustration”
still exist due to these hydrophobic volume areas that the system cannot tolerate and
some chains must deviate from their preferred conformational state in order to
eliminate the hydrophobic voids (Seddon et al., 2006). Thus, as for lyotropic liquid
crystals, the palmitic chains may rearrange in a 3D ordered array of lamellar
bicontinuous micellar cubic phase such that the water-chain contact is minimized
determining the formation of a nanofibre gel with nanoporous size as depicted in
Figure 5. 16. Macroporus bijels, a bicontinous cubic phase, have also recently been

reported to be formed by electromagnetic radiation heating (Lee and Mohraz, 2010).
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Figure 5. 16: Schematic depiction of the reorganization of peptide amphiphiles in

response to the microwave thermal stimulus

When the sample is heated above its Tg or melting temperature there is a concomitant
increase in the power supplied by the microwave in order to attain the programmed
heating rate (Figure 5.10 B). This is a reflection of the increased molecular mobility
(effectively heat capacity) in the sample and is the same phenomenon that underpins
analysis by DSC.

In order to investigate whether the peptide structure undergoes chemical degradation
under heat treatment, the FTIR was recorded (Figure 5.11) and it is possible to see
from the results that there is not chemical dénaturation after heating, furthermore the
presence of the Amide I band further support the hypothesis of p-sheets between the
peptide sequences of the peptide amphiphiles, as already discussed in the Chapters 3
and 4.

The pDal gel sheared between a microscope slide and a cover slide displayed a color
pattern when seen under polarized light, however XRD of the gel showed no sharp
diffraction peaks (data in Appendix). In order to elucidate the nature of the
interactions between the molecules in the tight entangled gel-like network the gel was
stained with Congo Red.

Congo Red it has largely been used as diagnostic tool for the detection of amyloid

deposits and in general for the detection of the presence of P-sheets (Divry and
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Florkin, 1927, Hamley et al., 2010) as it has been shown to interleave between two
strands of B-sheets in amyloid fibrils (Jin et al., 2003). The stained sample, under
cross-polarized filters, shows the apple-green color associated with the interleaving of
the Congo Red into the B-sheets as well as birefringence. Thus the peptide chain

contributes to the self-assembling process by forming f3-sheets.

Returning to the apparent dichotomy noted earlier, the DSC and XRD data suggest
that the glass is amorphous while the microscopy and Congo Red dyeing data suggest
the presence of ordered (liquid crystal and B-sheet) regions. Such a dichotomy has
been noted in an earlier study of cyclosporine, the first naturally occurring peptide
that exists as a thermotropic liquid crystal (Lechuga-Ballesteros et al., 2003). One
explanation is that both DSC and XRD measure bulk properties (i.e. they have the
resolution only to measure change on a relatively macroscopic scale) and hence
neither is sensitive to order on a molecular scale. The microscopic and Congo Red
analyses, conversely, are sensitive to molecular structure and hence show evidence of
the ordered phases. It is likely, therefore, that the glass formed in the DSC post

melting is not truly amorphous but has liquid crystal and p-sheet regions.

The gel form of pDal nanofibres it is of high interest as it could be used for the oral or
subcutaneous administration of the peptide. However with the formulations of pDal
gels investigated in the present work were unable to give measurable concentrations

of peptide in blood when orally administered to mice.

In conclusion, this work shows that electromagnetic radiation heating of peptide
amphiphiles bearing acyl chains is a fast method of producing peptide nanofibres gels.
Molecules with similar amphiphile architecture to pDal could be used to prepare
supramolecular assemblies and could offer a simple and cost-effective way to
generate viscoelastic materials. An accurate rheological investigation could help to
define the exact parameters (i.e. hydrodynamic correlation length, entanglement
length, contour length and relaxation time) that the system should aim to possess in

order to be exploited for drug delivery applications.
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CHAPTER 6

Biological Evaluation of Peptide Nanofibres as Carrier for
Brain Delivery

6.1 Introduction

Peptide and proteins are important targets for the drug design of many Central
Nervous System (CNS) pathologies; it has been shown that they play a key role in the
pathogenesis, the regulation and the symptomatology of a wide number of
neurodegenerative diseases (Brasnjevic et al., 2009, Carter et al., 2010a). Many CNS
disorders could be treated with peptide-based drugs, these would include Alzheimer
disease, stroke/neuroprotection, brain and spinal cord injury, brain cancer, HIV
infection of the brain, various ataxia-producing disorders, amyotrophic lateral
sclerosis (ALS), Huntington disease, Parkinson disease (PD) and multiple sclerosis
(MS)(Pardridge, 2003).

Because neurodegenerative diseases strike primarily in mid- to late-life, as
human longevity increases the incidence is expected to soar and it is estimated that
people with neurodegenerative disorders will raise up to 100 millions by 2040
{Farooqui, 2010 #76}. It follows that the neuropharmaceutical sector represents an
enormously under penetrated market share. Many small biotechnology companies
focusing on the development of novel therapeutic peptides have attracted the attention
of the big-pharma industries. Only last year (August 2010), Roche signed a drug-
development deal worth up to $1.1 billion with the biopharmaceutical company
Aileron Therapeutics (Cambridge, MA) to discover, develop, and commercialize
“stapled peptides,” or drug candidates that use peptide-stabilization technology to

enhance potency and cell permeability.
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The BBB protects the brain from exposure to many substrates, both

endogenous and exogenous.

As discussed in Chapter 1, in contrast to the periphery, brain endothelial cells
(Figure 6.1) have continuous tight junctions, no fenestrations and very low pinocytic
activity, furthermore are surrounded by a basal membrane and extracellular matrix, as
well as pericytes and astrocytes foot processes which further form the BBB and
mediate its permeability (J F Deeken, 2007). Peptide and proteins have a highly

restricted access to the brain because of the presence of the blood brain barrier (BBB).

endothelial cells

astrocytes Ji pericites

Figure 6.1: Schematic depiction ofthe BBB and its accessories components.

Different strategies to overcome the BBB have been implemented, each
having its advantages and drawbacks, but in most cases at the present time in clinics it
is still necessary to administer the drug into the brain by means of invasive techniques
such as intracerebral, intracerebrovascular or intratechal administration (Wang et al.,
2002b, Rainov et al., 2008), convection enhanced drug delivery (Rainov et al., 2008)
or transient blood-brain barrier disruption (Madsen and Hirschberg, 2010).

Using convection-enhanced delivery the drug is infused directly into the brain
tumor through strategically placed catheters; this technique has progressed from
animals to clinical trials in the past 12 years (Ferguson et al., 2007, Debinski and
Tatter, 2010). Polymer-based local drug delivery has been approved by the FDA since
1996 when the carmustine wafers were introduced into the clinics for the treatment of
recurrent glioblastoma multiforme, but it still requires surgical in situ implantation

(Wang et al., 2002a).
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Drugs can also be delivered to the brain by intraventricular infusion using an
Ommaya reservoir, a plastic reservoir implanted subcutaneously in the scalp and
connected to the ventricles within the brain via an outlet catheter that pumps the drug
by manual compression of the reservoir through the scalp (Misra et al., 2003, Reeve
and Todd, 1990)

The difficulty in delivering therapeutics drugs to the CNS, the paucity of
therapies available for most neurological disorders, and the difficulties related to the
invasive methodologies employed in the clinic open the way for translational research
to address the problem of brain delivery and should lead to research in advanced

strategies for brain delivery.

A non-invasive, chemically-based strategy employed in the past decades for
brain delivery is the prodrug formulation, where a hydrophobic moiety is chemically
linked to a molecule in order to increase its lipophilicity and give rise to a compound
able to cross the BBB via passive diffusion. However, this approach results in the
formation of a derivative with increased molecular weight, which is unlikely to get
across the brain endothelial cell membranes because the permeation of drugs through
a biological membrane decreases exponentially as the molecular size of the drug
increases (Fischer et al., 1998), thus the molecular weight of most CNS acting
molecules, which become clinical compounds show a molecular weight threshold of
400-500Da (Lipinski, 2000).

With the advent of the bionanotechnologies much research has been carried
out to template carriers able to reach the brain parenchyma through alternative routes
to passive diffusion. Nanocarriers injected by the systemic route and used for drug
delivery have to possess some essential characteristics. A general overview of the
nanotechnologies exploited for delivery of therapeutics across the blood-brain barrier
(BBB) has been discussed in Chapter 1 of this thesis.

The efficacy of nanocarrier systems to deliver across the BBB has been often assessed
using dalargin as model drug (Schroeder et al., 1998, Ramge et al., 1999, Kreuter et
al., 2003, Das and Lin, 2005, Rousselle et al., 2003). Dalargin is an opioid receptor
agonist that does not cross the blood brain barrier, because it is a hydrophilic
hexapeptide (Kalenikova EI, 1988). Thus, when enabled by nanotechnology

engineering to reach its targets into the brain parenchyma it exerts its pharmacological
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antinociceptive effect. Data concerning the selectivity of this enkephalin analogue for
the u, & and k opioid receptors are rather contradictory, Korobov et al. reported a
mixed p/d activity, while Pencheva and collaborators showed a high selectivity and
high potency of dalargin for u-opioid receptors (Pencheva et al., 1999). The agonist
response of dalargin on the opioid receptors determines an antinociceptive effect in
pain relief tests conducted on animal models. Dalargin is a Leu-enkephalin analog
comprising a D-alanine in second position in order to prevent enzymatic degradation
and an arginine at the C-terminus. First synthesized as an anti-ulcer compound and
employed in the USSR as alternative to misoprostol (Dajani et al., 1991), it is often
employed as a model compound to study the efficacy of nanocarriers in delivering
drugs across the BBB.

Here we report on the investigation of nanofibres made of the self assembling
peptide amphiphile pDal, a lipophylic derivative of dalargin, as an approach to brain
delivery. This approach has never been attempted before. The toxicity and the cell
uptake of the peptide nanofibre delivery system have been evaluated in vitro and the
ability to deliver the peptide to the brain established in vivo via pharmacokinetics,

pharmacodynamics and ex-vivo imaging studies.

6.1.1 Cell Viability Assay

The cell viability after exposure to pDal nanofibres formulations was
determined by MTT (3-(4,5-dimeth- ylthiazol-2-yl)-2,5-diphenytetrazolium bromide
salt) assay, which is the most commonly employed procedure for detection of cell
proliferation and cytotoxicity (Mosmann, 1983).

MTT is a water-soluble substance that is converted to the insoluble formazan crystals
by mitochondrial enzymes in living cells. The reduction of MTT is an index of the
redox status of the cell: the amount of formazan produced indicates the reductive
potential of the cytoplasm and the cell viability (Wilson, 2000). Yellow water soluble
MTT is taken up by endocytosis by the living cells, reduced by mitochondrial
dehydrogenase in the endosomal/lysosomal compartment, and then transported to the
extracellular space through exocytosis in the form of needle-like purple water
insoluble formazan. A solubilizing solution (i.e. DMSO) is added to dissolve the

insoluble formazan into a colored solution, its absorbance can then be quantified
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using UV spectrophotometry (Wilson, 2000).

The concentration of formazan crystals is directly proportional to the number
of living (viable) cells, as the reduction takes place only when mitochondrial
reductase enzymes are active (Mosmann, 1983) (Figure 6.2).

Conditions and parameters of the MTT assay vary widely. The amount of
formazan produced depends upon a number of parameters including the initial
concentration of MTT used, incubation time, method of extraction and other
physiological attributes of the cell line. For example, increased mitochondrial enzyme

activity on drug-treated cells can influence formazan production (Mosmann, 1983).

It is good practice, to do a preliminary screening to check that long incubation
time will not determine formation of big crystal of insoluble formazan, because these
will be more difficult to redissolve. Formazan crystals produced by treated cells can
be visually checked under an optical microscope, this will help to establish the

incubation time to be used for the experiment.
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Figure 6.2: Enzymatic conversion of MTT into formazan by mitochondrial

N
O
B

reductase in living (viable) cells

The main advantages of the colorimetric assay are its rapidity and precision,

(Mosmann, 1983).
6.1.2 Cell Uptake of pDal Nanofibres Studied by Electron Microscopy

Transmission Electron Microscopy (TEM) provides the necessary characterization

method that enables accurate structural and functional analysis of the interactions

177



occurring during the subcellular events that take place at the interface among
nanosized carriers and cell membrane surfaces in studies of endocytosis (Zensi et al.,
2010).

An in vitro cell culture model was chosen for endocytosis studies, consisting
of bEND5 monolayers cells, to evaluate the ability of peptide nanofibres to act as
brain drug delivery systems. The bENDS cell model has been established by
immortalization of primary cells of Balb/c mice . The bEndS cells have endothelial-
like morphology, in fact they are positive for endothelial specific proteins (PECAM-1,
Endoglin, MECA- 32, Flk-1). Endothelial cell line bEnd5 expresses important tight
junctional proteins, ZO-1, occludin and claudin-1, as well as the transporters P-
glycoproteins (P-gp), NaK,Cl Cotrasporters, GLUT1, and most Protein Kinase C
isoforms and form a tight barrier that compares to well-established in vitro BBB
models, such as the bovine brain endothelial cell mode]l BBMEC (Yang T, 2007).

6.1.3 Measuring Compound Permeation into the Brain

Several assays are used to quantify the uptake of drugs into the CNS, i. e.
microdialysis, jugular bulb blood sampling, imaging (Upton, 2007). Most of them
measure the unidirectional uptake of the molecules, giving no information about the
fate of the therapeutics after its penetration in the brain tissue (van Rooy et al., 2011a,
Upton, 2007).

Molecules could be in fact subject to cellular binding, degradation and/or
efflux. The intravenous injection is one of the most employed techniques for brain
uptake studies because it involves fully physiological conditions (Bickel, 2005).

Information on the extent of penetration into whole brain can be obtained by
determining the brain/plasma ratio, however this does not provide information about
the rate of brain penetration (Reichel, 2009a). For this calculation the total brain
concentration is measured using brain homogenates, the presence of drug remaining
in the brain vasculature is not taken into account, and since homogenization destroys
all tissue compartments, this method cannot provide information on compound levels
in any specific effect compartment (Reichel, 2009a).

One way to remove the intravascular content of drug is to flush the brain with
heparinzed buffer before the brain is taken out and homogenized. Alternatively, a

correction of the intravascular content can be applied. Several studies with vascular
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markers (i.e. radiolabelled sucrose or inulin) have established that the brain vascular
volume for mice and rats is usually about 12 ulL/gram of brain (Murakami et al.,
2000, van Rooy et al., 2011a). This value can be then used as an estimate to subtract
from the total brain quantity of the compound of interest detected by means of an
analytical technique (i.e. LC-MS). The quantity of a compound penetrating into the
brain parenchyma can thus be calculated using the following equations (van Rooy et

al.,, 2011a)

Qcor= Quot - chp(T)

Where
Qu: is the total quantity of compound detected in brain, including the vascular
content (mass/g brain)
V, is the brain vascular volume (mL/g)

Cym is the concentration of compound in the blood at the time point T (mass/mL).

6.1.4 Liquid Cromatography-Mass Spectrometry (LC-MS) in

Pharmacokinetics Studies

The LC-MS apparatus used in the pharmaceutical industry as “gold standard”
for distribution studies of drugs is API LC-MS; API (atmospheric pressure ionization)
mass spectrometry produces analyte ions at atmospheric pressure (Brewer and
Henion, 1998).

There are two common alternatives for producing ions at atmospheric pressure
for LC/MS applications. They include atmospheric pressure chemical ionization
(APCI) and electrospray. As these ions are guided inside the mass spectrometer

vacuum system, the bulk of the HPLC effluent is excluded from this region.

The electrospray LC/MS interface produces gas-phase employing a coaxial nebulizing
gas of nitrogen or air to facilitate the use of aqueous eluents and higher HPLC flow
rates. This pneumatically assisted electrospray LC/ MS interface (Figure 6.3) readily
accommodates the total HPLC effluent of typically 0.05-0.40 mL/min, which is
passed through a capillary housed inside an external tube through which a high linear

velocity of nebulizing gas is coaxially directed. An applied high voltage on the inner
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capillary coupled with the coaxial nebulization gas produces gas-phase ions from very
polar compounds by an ion evaporation process. These ions are produced very close
to a small orifice housed in the front of an API mass spectrometer, where the ions are

sampled and mass- analyzed (Brewer and Henion, 1998).

760 torr 10 tori

3-5kV n

Figure 63: Pneumatically assisted electrospray ionization. Adapted from (Brewer and
Henion, 1998)

Low-energy analyte ions are produced at atmospheric pressure which are
representative of the relative molecular mass (molecular weight) of the compound
under investigation. To obtain the desired fragmentation for added structural
information and qualitative identification of drugs, their active product intermediates
and metabolites or the very high selectivity required for rapid bioanalytical assays of
complex samples, tandem mass spectrometry can also be used.

For quantitative analyses, another very common use of LC-MS experiments is called
selected reaction monitoring (SRM), as represented in Figure 6.4. In these
experiments one monitors only a “selected” MS/MS or CID (collision-induced
dissociation) transition(s) rather than a full-scan acquisition of all product ions
produced from the precursor ion.

SRM LC/MS was used for the pharmacokinetic studies of Daiargin and pDal
nanofibres formulations discussed here.

As the components in the HPLC effluent elute to the API tandem mass spectrometer,
the first quadrupole is set to continuously monitor the precursor ion of the selected
target analyte(s). These are typically the parent drug and its metabolite(s). In fact,
several different precursor ions may be monitored in rapid succession. As each
selected precursor ion is focused into the collision cell (Figure 6.4 A) fragmentation

occurs, the third quadrupole is set to monitor only one characteristic product ion from



each compound under study. The relationship between m/z of the parent compound
and the m/z of the product ion is called a precursor-product ion transition and
represents a molecular characteristic that is unique to the specific molecule under the

set experimental conditions.
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Figure 6.4: Schematic representation of an SRM LC/MS experiment. (A)
Atmospheric triple quadrupole mass spectrometer. (B) Example of SRM precursor-
product experiment. (C) Example of chromatogram for SRM LC/MS experiment.
Adapted from (Brewer and Henion, 1998).

The combination of this transition with the HPLC retention time of the molecule
followed during the analysis determines high selectivity for the compound. When this
kind of experiment is carried out on an analyte in the presence of high levels of
biological matrix components, a very high gain in signal-to-noise ratio is obtained,
due to the ability of the first quadrupole to “select” the parent m/z ion from all other
ions present. This is depicted in Figure 6.4B, where one mass-to-charge ratio ion

denoted by the longer arrow in Q1 is shown to be “selected” from all the other
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components. Following the fragmentation of this selected ion in Q2 only one product
ion is selected to be monitored by Q3 although additional product ions that may be
present could also be monitored in rapid succession. This capability of SRM LC-MS
provides a significant reduction in chemical noise and thus an improvement in the
overall signal-to-noise ratio. The combination of the precursor-product ion transition
and the HPLC retention time (Figure 6.4 C) are highly selective for the analyte that
has to be detected.

There are several benefits afforded by the API SRM LC-MS process described above.
Because the SRM LC-MS technique has the ability to select ions characteristic of the
target analyte(s) from the matrix components, less sample preparation and method
development may be needed. For the same reasons, much shorter HPLC run times
may be used. Thus, instead of 15-30 min HPLC/UV runs, one often employs 2-5 min
run times for APl SRM LC/MS applications. With the advent of UPLC systems, LC-
MS apparatus have been able to reach analysis times of less than 2 minutes (Brewer

and Henion, 1998).

6.1.5 Coherent Raman Scattering (CRS) Imaging: Label Free Detection

Imaging

CRS imaging offers a label free microscopy method of detection. CRS refers
to both Coherent anti-Stokes Raman Scattering (CARS) (Zumbusch and Muller,
2007) and Stimulated Raman Spectroscopy (SRS) (Freudiger CW, 2008).

In CRS laser beams at two frequencies, defined as the pump, w,, and the
Stokes, ws, are used to visualize the sample. When the difference frequency between
the two laser beams is tuned to match an intrinsic molecular vibrational frequency in
the sample w,;, several non linear interactions occur: new light is generated at the
anti-Stokes frequency, w,s = 2w, - ws, by the CARS process, and some intensity is
transferred from the pump to the Stokes beam by the SRS process (Saar et al., 2011).
Both processes offer chemical selectivity and high spatial resolution, but SRS offers
more desirable contrast and is free from image artifacts that plague CARS imaging
(Saar et al., 2011).

SRS allows three-dimensional sectioning of samples and monitoring of label-free
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molecules in ex vivo tissue samples (Freudiger CW, 2008) and more recently also in
vivo (Saar BG, 2010).

The working principles of SRS are summarized in Fig 6.5. The signal is generated by
focusing two synchronized ultra-fast pulse trains (Figure 6.5 C), the Stokes beam and
the Pump beam, into a sample with a difference in frequency matched to a Raman
active mode of a molecular species of interest. SRS leads to an intensity increase in
the Stokes beam (SRG) and an intensity decrease in the pump beam (SRL), as
represented in Figure 6.5 B. The Stokes beam is modulated at high frequency (MHz),
at which the resulting amplitude modulation of the pump beam due to SRL can be
detected. The transmitted or reflected pump beam is filtered and detected by a large-
area photodiode (PD), as schematized in Figure 6.5 D. The SRL is measured by a
lock-in amplifier to provide a pixel of the image. Three-dimensional images are
obtained by raster-scanning the laser focus across the sample, and microspectroscopy
can be performed by automated tuning of the pump wavelength.

A considerable gain in peak resolution is achieved using the more complex set
up of Stimulated Raman Spectroscopy compared to the more classic Coherent Anti-
Stokes Spectroscopy (CARS) Imaging, in fact the CARS spectrum can present peak
shift, dispersive shape and nonresonant background from the original Raman signal,
as explained by Freudiger and co-workers (Freudiger CW, 2008) and summarized in

Figure 6.5 F,G.
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Figure 6.5: Working Principle of SRS microscopy: (A) Energy diagram for SRS.
(B) Input and output spectra of SRS. (C) SRL detection scheme.. (D) SRL microscope
with both forward and epi detection. (L) Linear dependence of SRL on concentrations
of retinol in ethanol at 1595 cm™. (F) Agreement of SRL spectrum (red circles) with
the spontaneous Raman spectrum (black line) of the Raman peak (1595 cm™') of 10
mM retinol in ethanol. The distorted CARS spectrum (blue squares) exhibits a typical
peak shift, dispersive shape and nonresonant background. (G) Agreement of the more
complex SRL spectrum of methanol (red circles) with the spontaneous Raman

spectrum (black line). Reproduction from (Freudiger CW, 2008).
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6.1.6 Pharmacodynamics: Pain Relief Studies in Animal Models

Drugs that normally cannot cross the blood-brain barrier could potentially be
encapsulated and delivered to the brain by means of different nanotechnology
platforms. The effect of the drug in the brain can be monitored through behavioral
tests thus assessing the brain delivery of the carrier system. One way to assess brain
delivery via nanoparticles is by employing nociceptives tests.

The assessment of nociception in animals can be obtained only by indirect
methods, as obviously animals are unable to communicate. For testing the potency of
analgesic drugs, several nociceptive tests have been developed for animals. The
International Association for the Study of Pain (IASP) established that pain is defined
as “an unpleasant sensory and emotional experience associated with actual or
potential tissue damage or described in terms of such damage” (Le Bars et al., 2001).

Different nociceptive tests depend on the choice of the pain stimulus source,
which can be of a different nature, thermal, electrical, mechanical or chemical (Figure
6.6), but all are based on the determination of a negative sensorial experience related

to tissue damage that generates an avoidance behaviour response to the original

stimulus.
Electrical
Thermal Mechenical Chemical
. Singte Shocks
Long Treina o 'ghomt Teaing
Phasic pain  Tail-flick teat Randall and Mochanical stimulation following chemical sensitization  Tail Tail
models  Paw withdrawal test  Selitto (carrageenin, capsaicin, ete.) Flinch-jump test Dental pulp
Hot-plats test Limbe
Tonie pain Distension of  Intradermal injections (formalin test)
models hollow organs

Intraperitoneal injections (writhing test)

Figure 6.6: Summary of principal animal models of acute pain (Le Bars et al.,

2001)

In the present work a thermal stimulus deriving from a hot water bath was
used as method to test analgesia. Thermal stimuli applied to the animal tail in the case
of rodents causes stimulation of the tail skin but not of muscular or visceral tissues.
Thermal stimuli are reported to be more selective for cutaneous receptors, because
they determine the direct excitation of thermosensitive and nociceptive peripheral
axons (Le Bars et al., 2001), furthermore the immersing the tail in hot, soaking water

results in an almost immediate increase in tail skin temperature by comparison to
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other heat sources as summarized in Figure 6.7 C.

A radiant heat

B increasing heat by contact

C immersion in hot water

Figure 6.7: (A) The temperature of the skin surface increases in proportion to
the square root of time, when subject to a constant-power heat source. (B) increase in
temperature can be proportional to time when contact thermodes are used. (C) when
part of the body is immersed in a hot water, the temperature of the skin almost
immediately achieves the temperature of the bath. In this case the increase in
temperature within the skin (broken white line) will be smoother and more gradual in

comparison to the previous two heating sources. Adapted from (Le Bars et al., 2001).
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6.2 Methods
6.2.1 MTT assay

Cell viability was evaluated by using a [3-(4,5-dimeth- ylthiazol-2-yl)-2,5-
diphenytetrazolium bromide] (MTT) assay. The experiments were carried out in
triplicate. Brain human glioma cells U87GM were cultured in 75 cm? flasks (TPP,
Switzerland) with Dulbecco Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum, L-glutamine (1% w/v) and sodium pyruvate (1mM).
Briefly, cells were seeded at an initial density of 5x10° cells/mL in 96-well plates
(NUNC, Roskilde, Denmark) and incubated at 37°C, with 5% CO2 for 24 hours. The
cells were then treated with nanofibre formulation (3 mgmL™), GCPQA micelles (5
mgmL ") and pDal nanofibres/”GCPQA formulation (2.5:7.5 mgmL™).

For pDal nanofibre formulation freeze-dried pDal (12mg) was suspended in deionized
water (1mL), the suspension was probe sonicated (50% output of the sonicator) for
15minutes to form nanofibres using a probe sonicator (MSE Soniprep 150). From the
stock solution an aliquote (0.25 mL) was diluted to 1mL with supplemented DMEM.
All the other concentrations were prepared by dilution. For GCPQA micelles the
polymer (20 mg) was dissolved in ImL of deionized water, the solution was
subsequently probe sonicated (50% output of the sonicator) for 15minutes to form
micelles. From the stock solution an aliquote (0.25 mL) was diluted to ImL with
supplemented DMEM. For pDal nanofirbes/GCPQA formulation Smg of freeze dried
pDal were suspended in 0.5mL solution of GCPQA (30 mgmL™) in Millipore water,
the suspension probe sonicated (50% output of the sonicator) for 15 minutes to form
the final formlation containing nanofibres. . From the stock solution an aliquote (0.25
mL) was taken and diluted to ImL with supplemented DMEM. All the other
concentrations were prepared by dilution.

For each formulation tested three 96-well plates were seeded. Cells (5*10° per well)
were incubated after each treatment for 24 hours. After treatment, MTT was added to
each well at a final concentration of 500 ugmL™’', and the cells were incubated for 1.5
h at 37 °C. The cells in the first column were lysated with 1% Triton. The medium
was then removed, and the formazan crystal dissolved with dimethylsulfoxide

(DMSO). The formazan reaction product was quantified spectrophotometrically at
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570 nm using a ELX-808 absorbance microplate reader (Bio Tek Instruments, Inc,

USA). The results are expressed as percentage cell viability (%) calculated as

Cell viability % = Well absorbance — Mean absorbance of the Triton treated wells 100

Mean absorbance of the untreated cells

6.2.2 TEM Studies of Nanofibres Endocytosis

Cells Culture

To simulate the blood brain barrier in vitro, mouse brain endothelial cells bEnd5 were
used. The bEnd5 cell line is a BBB in vitro model which has been established from
brain endothelial cells of BALB/c mice. Immortalization has been carried out by
infection of primary cells with retrovirus coding for the Polyoma virus middle T-
antigen.

The cells used for this study were purchased from the Health Protection Agency (cat
no: 96091930) and were at passage 19 for experiments.

The bEnd5 cells were grown at a density of 4x10,000 cells/em?® on 4 well plates
without any specific coating. Once the cells had reached confluence were incubated
with a suspension of pDal nanofibres (0.5mgmL™") for 90 and 120 minutes long at
37°C and 200 rpm. After the specified time of incubation the cells were washed with
cell culture medium to remove all residual nanoparticles remaining in at the cell

surface.

Electron Microscopy (EM) sample fixation

EM was used to visualise the pDal nanofibres in the stock solution and also to
investigate the uptake of the pDal nanofibres by the bEndS cells. Imaging was
performed at Imaging Facility at the Guy’s Campus, King’s College, London, in
collaboration with Dr Larisa Mihoreanu.

Cell monolayers were fixed with a fixative solution containing glutaraldehyde (2.5%
w/v) in sodium cacodylate buffer (0.1 M) for 2 h at room temperature. Subsequently,
cells were and washed in cacodylate buffer to remove the fixative. Postfixation was
performed with osmium tetroxide (1% w/v) in cacodylate buffer (0.1 M) for 2 h to

stabilise the lipids and membranes of the cells. Samples were embedded in TAAB
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Embedding Resin (TAAB Laboratories Equipment Ltd, Berks, UK) and sections of
75 nm up to 110 nm were cut and double stained in uranyl acetate 50% ethanol
saturated solution. Images were viewed with a Hitachi H7600 TEM microscope at 75

kV accelerating voltage.

6.2.3 Pharmacokinetics Study

In vivo experimental setup

ICR (CD-1) male out bred mice (18-24g, 4 weeks old, Harlan, Oxon, UK) were used

for the pharmacokinetics evaluations. The animals were housed in groups of S in
plastic cages in controlled laboratory conditions with ambient temperature and
humidity maintained at ~22°C and 60% respectively with a 12-hour light and dark
cycle (lights on at 7:00 and off at 19:00). Food and water were available ad libitum
and the animals acclimatised for 5-7 days prior to any experiments in the Animal
House, School of Pharmacy, University of London (London, UK). Animals were only
used once and were acclimatised in the testing environment for at least 1 hour prior to
testing. All experiments were performed in accordance with the recommendations and
policies of the Home Office (Animals Scientific Procedures Act 1986, UK) and the
Ethics Committee of the School of Pharmacy, University of London guidelines for the
care and use of laboratory animals.

Groups (n = 5) of animals were administered either: NaCl (0.9% w/v), Dalargin, pDal
nanofibres, Dalargin/GCPQA, and pDal nanofibres/GCPQA. In the last two groups
the ratio peptide to polymer was 1:1.5. Animals received a dalargin dose of 30mgKg’
and sodium chloride (0.9% w/v) was used as the disperse phase. All formulations
were prepared by vortexing (WhirliMixer, Fisherbrand) and then by probe sonication
(MSE Soniprep 150) with the instrument set at 50% of its maximum output for 20
minutes. The volume of injection was 0.2 mL per 25 g of mouse weight. At various
time points (3, 10, 30, 60, 90, 120 and 240 minutes) after administration, animals

were killed and their brain, liver and plasma taken for analysis.

Samples Handling

Brain and Livers were immediately frozen in liquid N> then stored at -80 °C until the
day of analysis. Plasma was obtained by cardiac puncture following euthanasia. Blood

samples (0.4 - 0.8mls per mouse) were collected and transferred into a sterile tube
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spray coated with tripotassium ethylenediamin tetraacetic acid (K3, 3.6mg) medical
grade (3 x 75mm K3E Vacutainer ©, PET tubes, BD Biosciences, Oxford, UK) and
maintained on ice (4°C) till centrifugation. Plasma was obtained as the supernatant
after centrifugation of blood samples (1, 600 g for 15 minutes at 4°C) in a Hermle
7323 centrifuge (Hermle Laborteschink GmbH, Germany), and was pipetted into 1.5
mL Eppendorf tubes and stored at -80°C until the day of analysis.

6.2.4 Extraction and Sample Preparation for LC-MS Analysis

On the day of analysis all plasma, brain and, liver samples were removed from the
freezer and thawed. The brain and liver weights were determined and 2mL water per
g of tissue was added to each sample (equivalent to 2 g of solvent to 1g of tissue). All
brain and liver samples were homogenised using the Tomtec Autogeizer (cutter).
Aliquotes of plamsa samples (50 uL), once thawed, were placed into 1.5mL Matrix
tubes. Aliquotes of brain and liver samples (100 uL), once homogenised, were sub-
aliquoted (100 uL) into 1.5mL Matrix tubes. The extraction volume was 250 uL, the
internal standard concentration (Aricept, GSK) was 10 ng/mL. Ethanol (50 uL) was
added to all samples. Appropriate extraction volume (250 pL) of working "IS"
solution added to all standards and samples. Samples were shaken for 20mins on a

vortex mixer then centrifuged for 15 minutes at 2,465 g and the supernatant reserved

for LC-MS analysis.

6.2.5 LC-MS Analysis

Analyses were carried out at the Neurosciences Centre of Excellence for Drug
Discovery, GSK, Harlow, UK. Analyses were carried out on a Mass Spec Instrument
(Applied Biosystems API4000, Mode of operation: Positive-ion / Turbo Ionspray,
Source Temperature: 625°C, Software version: Analyst 1.4.2, Multiple Reaction
Monitoring Transitions for Dalargin: 726.6 -> 136.2, Palmitoyl Dalargin 964.8 ->
136.2, [D-Ala2]-Leucine 570.4 -> 136.1, Pump Instrument Type: JASCO XLC,
HPLC Column (type/size): Thermo Gold (Aqua) 30 X 3mm, pore size = 3u, Column
temp (°C) = 50°C, Flow rate = 1.0 mL min-1, Volume split from LC into source: No

split, Run time = 2.5 min; Injection volume = 20 uL, Solvent A: 10mM Ammonium
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acetate , Solvent B: Methanol, Autosampler Instrument Type: Presearch PAL CTC
Autosampler,

Gradient elution:
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pDal peak (964,8/136,2 amu) extraction from brain
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6.2.6 Spontaneous Raman Spectroscopy Imaging

Spontaneous Raman Scattering

Spontaneous Raman spectra of the pDal formulation were acquired using a
commercial Raman microspectrometer (Renishaw RM 1000, Wooton Under Edge),
using a 785 nm laser with 30 mW power at the sample and a 50X0.75 numerical
aperture objective (Lieca). Spectra were acquired using a 20 s integration time and 5

averages to obtain good signal-to-noise ratio. A 1200 lines mm" grating was used.

Coherent Raman Scattering (CRS) Microscopy Instrument Set up

Coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering
(SRS) microscopy were performed simultaneously using a ps laser system and a
custom modified commercial inverted laser scanning microscope (FV300/IX71,
Olympus UK Ltd, UK). Coherent Raman scattering (CRS) microscopy was
performed using a custom-built system at the Biophysical Department of the

University of Exeter, in collaboration with Dr Julian Moger and Dr Natalie Garrett,



that provided two complimentary coherent Raman scattering contrast mechanisms
simultaneously. (1) Coherent anti-Stokes Raman scattering (CARS) to detect the pDal
nanofibres, and (2) stimulated Raman scattering (SRS) to delineate the brain
vasculature and surrounding cellular structures.

CARS is a four-wave mixing process in which two laser beams, a pump and a Stokes
beam, at frequencies d3 and drespectively, are focused into a sample. Matching the
difference in frequency (dp- ogj) to that of a Raman active molecular vibration of the
chemical species of interest resonantly leads to the generation of a strong anti-Stokes
signal at frequency (coas = 20p - o3) when the chemical species of interest is present in
the sample volume. Since the CARS signal scales quadratically with the number of
vibrational modes within the sample volume, it is particularly powerful for detecting
polymeric particles due to the high bond repetition. In the case of the pDal nanofibres
strong contrast could be achieved by tuning (@ - d3¥) to 2855cm", the CH]
vibrational mode that is abundant in the palmitoyl group - see Raman spectrum of

pDal below.

C
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SRS was performed using the same pump and Stokes beams (( and o3) to excite
chemical bonds of interest, however, in SRS amplification of the Raman signal is
achieved by virtue of stimulated excitation. The intensity of the Stokes beam. Is,
experiences a gain, Alg (stimulated Raman gain, SRG), and the intensity of the pump

beam. Ip, experiences a loss. Alp (stimulated Raman loss, SRL). Imaging is achieved



by recording the SRL signal Al,, which scales linearly with the concentration of a
vibrational mode. For the purpose of locating the BBB we make use of an artifact in
the SRS images that is not derived from a Raman active mode, non-linear
photothermal lensing (NL-PTL). Due to the strong optical absorption band of
hemoglobin red blood cells exhibit strong NL-PTL. CARS and SRS/NL-PTL images
were acquired simultaneously by recording the anti-Stokes signal (at wgs = 20, — ®5)
in the epi direction and Al, in the forwards direction. The NL-PTL contrast from the
RBCs was distinguished from the SRS by their distinctive bi-concave shape. The
origin of the NL-PTL was confirmed by investigating the phase of the RBC signal
with respect to the phase of the SRS signal from myelin in the surrounding nerve
fibres.

Images of 512 x 512 pixels were acquired with a pixel dwell time of 200 ps, resulting
in a total of 53 s per frame. All images were acquired using Olympus FV5 software.

All processing was performed using Imagel.

Tissue Preparation for CRS Microscopy

The brains were fixed in a neutral buffered formalin solution containing 4%
formaldehyde w/v (Sigma Aldrich) and were stored at 4 — 6 °C prior to
experimentation. Coronal sections were cut using a mouse brain slicer matrix with
0.5 mm slice spacing intervals (Zivic Instruments, Pittsburgh, US). The brain slices
were briefly immersed in phosphate buffered saline (Invitrogen) prior to plating onto
cleaned glass coverslips (Menzel-Gldser). Each section of brain was surrounded by
strips of Parafilm (Pechiney Plastic Packaging Company) 2 layers thick, which acted
as spacers before the sample was covered with a second glass coverslip. Using a
point heat source applied to the top coverslip, the Parafilm spacers were heated to
their melting temperature of 60 °C to form a water-tight seal around the brain slice, at

a distance sufficiently far from the sample to prevent damage.
6.2.7 Warm Water Bioassay

Groups (n = 6) of animals were administered either: NaCl (0.9% w/v), Dalargin,
Dalargin -GCPQA, pDal and pDal - GCPQA. Animals received a dalargin dose of
15mg kg' and sodium chloride (0.9% w/v)was used as the disperse phase. The

volume of injection was 8mLKg™ of mouse weight. Antinociception was assessed in
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mice using the tail flick warm water bioassay (Le Bars et al., 2001). The protruding
distal half of the tail (4 - 5cm) of mice held in a tube restrainer was immersed in
circulating warm water maintained at 55°C % 0.1°C (19, 20) by a thermostatically
controlled water bath (W14, Grant Instruments, Cambridge Ltd, Herts, UK). The
temperature was also checked using a thermometer (Gallenkamp, Griffin, THL-333-
020L, 76 mm x 1mm, UK) before the start of the experiment. The response latency
times, recorded for each mouse to withdraw its tail by a “sharp flick” were recorded
using a digital stopwatch capable of measuring 1/100th of a second. The first sign of a
rapid tail flick was taken as the behavioural endpoint. Mice not responding within 5
sec were excluded from further testing (Baseline cut-off = 5 seconds) and the baseline
latency was measured for all mice prior to dosing. The maximum possible cut-off was
set to 10 seconds to avoid unnecessary damage to the epidermal tail tissue, A
maximum score was assigned (100%) to animals not responding within 10 seconds to
the thermal stimuli. The response times were then converted to the percentage of
maximum possible effect (% MPE) by a method reported previously (Kreuter et al.,
2002) according to the equation

E= post drug latency — pre drug latency «

% MP 100

cut off time — pre drug latency

Data are presented as the mean + SEM for groups of 6 mice per group.

6.2.8 Statistical Analysis

Statistical significance (p < 0.05) was tested with one-way analysis of variance

ANOVA using SPSS, IBM (2011) statistical software.
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6.3 Results

6.3.1 MTT assay

As summarized in the graph in Figure 6.8 treatment of the polymer GCPQA did not
show signs of cell toxicity under the experimental conditions in all the concentration
intervals tested. Interestingly, pDal nanofibres without GCPQA polymer started to
show signs of toxicity at concentration above Img/mL, in fact cell viability of the
U87MG cells decreased around 30%. The addition of GCPQA to the formulation of
pDal nanofibres caused an overall decrease of the citotoxicity. IC50 values for the

different formulation were

FORMULATION IC50
GCPQA micelles >5mgmL'"
pDal nanofibres 1.26 mgmL**

pDal nanoflbres/GCPQA >2.39 mgmL*'
*  GCPQA

« pDal nanofibres/GCPQA
A pDal nanofibres
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Figure 6.8: Cell viability of U87MG cells exposed to pDal nanofibres

formulations for 24h assessed by the MTT assay.



6.3.2 Transmission Electron Microscopy Cell Uptake Studies

Results of the cell uptake experiment performed using TEM are shown in
Figure 6.9 and 6.10. Peptide pDal nanofibres were easily detectable in the TEM
images on the luminal side of the bEnd5 cells monolayer. No migration of nanofibres
through tight junctions, or a close association was observed. It is possible to observe
interaction between the nanofibres and the cell surface: nanofibres approach the cell
surface at both a parallel and perpendicular orientation. Endocytotic vesicles have
been observed in close proximity of the nanofibres, and nanostructures resembling the
pDal nanofibres have been detected inside the endocytotic vesicle.

After treatment with pDal nanofibres the tight junctions and the cells retained their
normal morphology indicating that the BBB integrity is not disrupted by the
nanofibres. The nuclei appear normal, while mitochondria and smooth and rough
endoplasmic reticulum are abundant in the cells, implying high levels of metabolism and
protein synthesis.

Peptide nanofibres are reported to penetrate cells by endocytosis, thus 3D networks of
peptide nanofibres gels are studied as suitable matrices for tissue engineering
(Beniash et al.,, 2005, Cui et al., 2010). Also, prodrug approaches generating
hydrophobic peptide derivatives have shown that these are able to be endocytosed,
nevertheless, these hydrophobic peptide derivatives can be subject to the effect of the
efflux pump transporters (Ouyang et al., 2009).

Dense black boundaries are observable on the cell surface on the right bottom picture
in Figure 6.9. These densities are reported in the literature (Herve et al., 2008) as the
glycocalyx structures involved in the mechanism of adsorptive mediated endocytosis,

that was thoroughly discussed in Chapter 1 of this thesis.
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Figure 6.9: Sections of bENDS cells monolayers embedded in resin after exposure to
pDal nanofibres (0.5 mgmL"'). The black arrow highlights the endocytic vesicle in
proximity of the cell surface on the luminal side. The blue arrow points at nanofibres
approaching the cell surface with a perpendicular orientation. Tight junction present
as sealing points between adjacent cells (Figure C). Absence of nanofibres transit is

observed between the tight junctions (Figure C).
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Figure 6.10: Sections of bENDS cells monolayers embedded in resin after exposure
to pDal nanofibres (5 mgmL"). The Blue arrows point at nanofibres perpendicularly
interacting with the cell membrane. Red arrows point at nanosized structures within

endocytotic vesicles.
Many pDal nanofibres sticking parallel to the cell surface are observable in Figure

6.10 A and B. Also, pDal nanofibres are seen to perpendicularly approach the cell
surface at the luminal side (Figure 6.9 D and Figure 6.10 C and D).
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6.3.3 Pharmacokinetics Studies: LC-MS Analyses

pDal, Dalargin and its metabolite D-Ala-Leu-Enkephalin were identified in plasma,
brain and liver after organic sample extraction by monitoring the precursor product
ion transitions, 964.8/136.2 amu, 726.6/136.2 amu, 570.4/136.1 amu respectively. The
relative peptide quantities detected are reported in Table 6.1.

After a dose of 30mg/kg of mouse weight it is possible to see that in the control
groups of Dalargin and GCPQA/Dalargin, Dalargin was not detected in the brain, but
was degrading in the plasma into its metabolite D-Ala-Leu-Enkephalin within 3
minutes after the intravenous injection administration (Figure 6.10 A). Indeed, in the
first case the D-Ala-Leu-Enkephalin was detected only up to 30 minutes after
injection, while in the latter it was possible to detect it up to 90 minutes after injection
(Table 6.1 and Figure 6.10A). It is possible that a fraction of Dalargin adsorbes onto
the surface of the GCPQA micelles, and hence is more resistant to degradation.

pDal was identified and quantified in all the biological matrices analyzed, up to 4
hours after intravenous administration of the pDal nanofibre formulations. Both pDal
nanofibres and pDal nanofibres/GCPQA resulted in pDal delivery to the brain (Figure
6.11 A). The amounts of pDal detected for both groups were comparable as there was
no statistically significant difference between the pDal brain levels when pDal was
administered either alone or formulated with GCPQA.

D-Ala-Leu-Enkephalin was also detected in plasma, but not in brain and liver, in
animals dosed with pDal nanofibres and pDal nanofibres/GCPQA at the earliest time
points, as shown in the Table 6.1.

The plasma levels obtained with both the nanofibre formulations are quite remarkable
if we consider that the half life of most peptides is of few minutes, e. g. Dalargin was
not detected in plasma after only three minutes. In the case of the formulation of pDal
nanofibres the %ID/mL remaining in plasma was 10.39+ 2.71, while for the pDal
nanofibres in formulation with GCPQA the %ID/mL was 18.84+ 2.14. After four
hours since the intravenous administration a residual 0.02+ 0.005 ID/g 0.08+
0.053%ID/mL of pDal could still be detected respectively for pDal nanofibres alone
and for the pDal nanofibres in formulation with GCPQA.
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Table 6.1:

Formulation pharmacokinetics -

peptides detection by LC/MS in

biological matrices (std = standard deviation). Averaged values (n=5) for each time

point. In brackets it is specified the peptide detected.

pDal nfs (pDal)

Plasma Brain brain Liver
A (ngimL)  sud (ng/mL)  Std corrected Std mOBmLI
3 61467.26 35985.58604 3071.34 1908.137618 2746.181478 1763.612655 81686.04
10  4888.24 3293.985161 581.28 344.7695491 555.0566621 327.3332528 63641.88
30 1010.9 669.4120405 566.925 105.4067479 448.0695012 266.1093475 73829.7
60 374.8 260.1815424 260.55 145.8657259 206.397263 170.363236 47805.78
90 167.88 96.31984219 227.22 118.5452572 226.3091542 115.0322774 23322.96
120 108.52 71.92549617 57.225 23.31185321 45.23421024 32.14917959 2705.325
240 117.24 67.78114044 57.3 33.37828636 56.67581568 33.25242352 2062.68
pDal/lGCPQA (pDal)
le Plasma Brain brain Liver
inL (ng/mL) Std (ng/mL) std corrected Std WnUi.
3 90971.14 18158.28552 2650.68 1244.608268 2190.415458 1164.893308 105857.04
10 28540.12 10640.57781 668.1 192.7519261 515.7641875 160.6972861 120436.74
30 34107.48 56597.97179 588.45 165.1169585 288.4345186 415.2267616 85399.98
60 589.46 420.5065731 56.625 15.74047331 42.38807256 26.84198663 63759.48
920 416.92 120.446183 445.8 332.887098 355.2755076 349.827931 10795.02
,20 365.14 75.12258648 25.26 11.30765228 23.6322672 11.07282713 12459.18
140 97.64 93.85271973 7.44 16.63634575 7.19213568 16.08210428 1749.6
dalargin (d-ala-leu-
enkephailn)
Plasma Brain Liver
time (min) (ng/mL) std (ng/g) Std
3 1845 1629.596679 0 0 0
10 71.7 46.17396453 0 0 0
30 3.716666667 0 0 0 0
60 0 0 0 0 0
90 0 0 0 0 0
120 0 0 0 0 0
240 0 0 0 0 0
dalargIn/GCPQA (d-ala-leu-
enkephaiin)
Plasma Brain Liver
time (min) (ng/mL) std (ng/g) Std LiDSS)
3 2448.2 449.9780757 0 0 29.55
10 134.5 11.63053739 0 0 0
30 37.6 7.981415914 0 0 0
60 11.7 0.894762538 0 0 0
920 3.2 0.314006369 0 0 0
120 238 0.3 0 0 0
240 0 0 0 0 0
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Table 6.1 - Continued

pDal /GCPQA (d-ala-leu-enkephalin)

Plasma Brain
time (min) (ng/mL) std (ng/g) Std

3 112.8 35.8107805

10 15.1 5.205477884

30 8.0 4.005829086

60 0.0 0

90 1.8 0

120 0.0 0

240 0.0 0

pDal nanofibres (d-ala-leu-enkephalin)

Plasma Brain
time (min) (ng/mL) std (ng/g) Std
3 128.3 48.22415543
10 0.0 0
30 9.4 0
60 4.2 0
920 0.0 0
120 0.0 0
240 0.0 0

One of the metabolites of pDal was expected to be dalargin, as a result of the
enzymatic cleavage operated by esterases in blood and brain. However dalargin is
never detected in any of the biological matrices of the animal dosed with the pDal
nanofibre formulations. This phenomenon suggests two possible scenarios: 1) the
presence of the palmitoyl chain creates steric inderance for the action of the esterases
enzyme; 2) the pDal molecules circulate and partition into the organs in their
nanofibrous form, thus the linker region is less available to be accessed by the
enzyme, because it is hidden inside the fibre.

However, a small fraction of pDal is converted into D-Ala-Leu-Enkephalin (Table
6.1) in plasma suggesting that the esterases can cleave the palmitoyl group attached
on the tyrosine side chain, although the kinetics of the process must be very slow. The
slow kinetics of degradation may be dependent on the presence of the D-alanine, a not
natural amino acid. In fact, the presence of D-alanine may determine a conformation
that confers more resistance, but does not completely blocks the hydrolysis of the
palmitic chain.

The metabolism of the peptide is more likely to happen by action of the
carboxypeptidase that breaks down the peptide into its amino acid units starting from

the C-terminus. The fact that D-Ala-Leu-Enkephalin is detected, suggests that by the
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time that the aminopeptidase can cleave the tyrosine the carboxypeptidase as already

removed the arginine, thus dalargin is not detected.

A .
(A) plasma levels of D-Ala-Leu-Enkephalin
0500
Dal/GCPQA 30mg/mL
0000 )
Dalargin 30mg/mL
3500
3000
g 2600
2000
E 1500
CD
A 1000
500
0
-500 ——
100 150 200 250
time (minutes after IV injection)
(B) plasma levels of pDal
1200004
110000
100000 m  pDal nanofibres 30mg/kg
¢ pDal/GCPQA nanofibres 30mg/kg
90000
80000
70000
60000 a
50000 |}
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1
0
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minutes after IV injection

Figure 6.11: (A) plasma levels of D-ala-Leu enkephalin measured in plasma, in
control groups dosed with Dalargin and Dalargin/GCPQA; (B) plasma levels of pDal
in plasma (bottom) in groups dosed with nanofibre formulations. One-way ANOVA

(p <0.05) shows no statistically significant difference.
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dosed with pDal nanofibres formulation. Error bars indicate standard deviation; (B)
percentage of the injected dose / gram of brain recovered in the tissue. Error bars
indicate the standard error median. One-way ANOVA (p <0.05) shows no statistically

significant difference between the two nanofibres formulation.

pDal levels in Brain

m  pDal/GCPQA 30mg/kg
e pDal nanofibres 30mg/kg

*  Dalargin 30mg/kg

I —F-
50 100 150 200
minutes after LV injection

Braln-pOal pprcantaga of tha injected dose

u

Figure 6.12: (A) pDal levels detected by LC-MS in brain homogenate of animals
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Comparison batwean paptida quantitias datacted by LCMS (Qtot) and paptlda
quantltias in brain upon correction for vascular contant (Qcorr)
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Figure 6.13: quantities of pDal in brain tissue obtained after intravascular content

correction. One-way ANOVA (p <0.05) shows no statistically significant difference.

There is no statistically significance difference between the two nanofibres
formulations for brain quantities of pDal (Figure 6.12 A).

Since the brain vascular volume is 12 pl/gram of brain, the peptide levels by LC-MS
were reprocessed using this value to correct for intravascular content of peptide. Also
when the intravascular content correction is applied (Figure 6.13) there is no

statistically significance difference between the two nanofibres formulations.
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The pDal that reaches the brain parenchyma after 3 minutes following I.V. injection,
expressed as percentage of the injected dose per gram of tissue (%ID/g), it is
0.166+0.035%ID/g for pDal nanofibres formulated with GCPQA and
0.170+0.054%ID/g for pDal nanofibres alone. In this latter case there is a residual
0.003%0.008% of the inject dose still present after 4 hours (or 240 minutes) from the
intravenous administration. Data are reported in Figure 6.13 B and Table 6.2.

These results are remarkable if one considers that

1) controls of dalargin and dalargin/GCPQA did not give rise to any detectable
concentration in the brain parenchyma;

2) these %ID/g values are achieved without employing a specific targeting
strategy to overcome the BBB;

3) nanoparticles strategies for the delivery of drugs to the brain result often in
values below 0.5% and can be as low as 0.01% ID/g (van Rooy et al., 2011a)

4) in general, only a small proportion of peripherally administered peptides
reaches the brain parenchyma; for example, only 0.046% of insulin, following

jugular injection, reaches the brain parenchyma (Banks and Kastin, 1998).

Table 6.2 : pDal %ID/gram brain. Values corrected for intravascular content.

Minutes pDAL/GCPQA brain pDal Nanofibres brain Dalargin
Standard error Standard error
ID%brain median ID%brain median
3 0.166  0.035682359 0.170 0.053882422
10 0.046  0.037380151 0.03 0.061015687

30 0.030  0.042319616 0.025 0.065341973
60 0.003  0.041374916 0.012  0.027003095
90 0.022  0.039946013 0.012  0.010008197
120 0.001  0.006609626 0.002  0.008567209
240 0.000  0.007018821 0.003  0.008108183

[eNeoNeNoNoNoNo

It is interesting to notice that although the partition of pDal in the liver is very high,
also in this organ there is no detection of Dalargin in the groups dosed with both the
pDal nanofibre formulations. Liver detection levels showed that a considerable
amount of pDal partitions into this tissue, and specifically, after three minutes
22.943.16%ID/g for the pDal nanofibres in formulation with GCPQA and 18.37+5.78
for pDal nanofibres alone, although the levels of pDal measured via LC-MS were not

statistically significantly different (Figure 6.14).
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Figure 6.14: (A) pDal levels detected by LC-MS in liver homogenate of animals

dosed with pDal nanotlbres formulation; (B) percentage of the injected dose / gram of

liver recovered in the tissue. One-way ANOVA (p < 0.05)
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6.3.4 SRS Imaging
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Figure 6.15: Ex-vivo CRS images of brain tissue of a male CD-I mouse 30 minutes
following a 30 mg kg" IV dose of pDal nanofibres fomulation with GCPQA. The
large section in figure A represents a 250 pm square region of a brain slice. The

presence of red blood cells (RBC) in the upper half of the image indicated that the
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image plain passes through a microvessel (approximately 14 um in diameter). The
smaller section in figure B shows a multiplanar projection three-dimensional
reconstruction of a 30 pm deep image stack acquired at a 3x zoom centered on the
region containing the blood vessel. The figure C shows a planar projection isolating

the pDal signal only.

Stimulated Raman Spectroscopy Imaging allowed the detection of pDal in the
brain parenchyma, as shown in Figure 6.15. A strong Stimulated Raman Loss (SRL)
signal originates from the CH, stretching vibration (2845 c¢m™) of lipids in the brain
tissue, that is particularly rich in lipids due to the presence of the myelin, thus it was
possible to elaborate a section of brain slice of 250 um of length and 30 um of depth
to re-construct a brain section showing intact blood brain barrier channels with
circulating red blood cells (RBCs). pDal penetrated the brain parenchyma, as
confirmed by LC-MS and it was imaged both within the blood vessel, as well as in the
brain parenchyma (arrows pointing at pDal in Figure 6.15 B) showing an inverted

contrast compared to the lipids in the parenchyma.
6.3.5 Pharmacodynamics Studies: warm water bioassay

The ability of the nanofibres system to deliver an active molecule was determined by
performing the warm water bioassay and measuring the analgesia as a percentage of
the maximum possible effect (MPE), as summarized in Figure 6.16 A and B.
Intravenous administration of a dose of 7.5 mgKg™' of peptide formulations did not
produce appreciable levels of analgesia in mice. A pronounced analgesia, about 90%
of the MPE, was observable when the dose was increased at 15 mgKg™ in the group
of animals dosed with pDal nanofibres and GCPQA polymer at 60 and 90 minutes
after intravenous injection. In the group of animals dosed with pDal nanofibres alone
analgesia was less pronounced compared to the group receiving pDal/GCPQA, but
lasted longer over time. Interestingly, it can be observed from the Figure 6.17, that the
brain/plasma ratio of the pDal quantities measured by LC-MS in brain (ng/g) and
plasma (ng/mL) is higher in the brain (pDal in brain > pDal in plasma) only after 90
minutes from the intravenous administration. At this same time point the higher
antinociceptive response is also observed in animals receiving pDal nanofibres

formulations.
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Also, it can be observed that the pDal extent in brain is higher with the formulation of

nanofibres alone compared to the formulation of pDal GCPQA.

Antinociceptive Effect
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-Control I: NaCI 0.9%
uControl2; Dal 15mg/kg
Dal/GCPQA ISmg/kg
mpDal/GCPQA 15mg/kg

20 mpDal nanoflbres 15mg/kg

45 60 120

-20
tim# mlns

%= statistically significant difference with control 1, 2 and Dal/GCPQA
A = statistically significant difference with control 1, 2 and Dal/GCPQA

V = statistically significant difference with control 1, 2
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Figure 6.16: (A) Antinociception response in CDI mice (n=6) after intravenous
injection of pDal nanofibres formulation (15mg/kg); (B) Antinociception response in
CDI mice (n=6) after intravenous injection of pDal nanofibres formulation . Results
expressed as percentage of the maximum possible effect (MPE %). Error bars indicate

values of standard error median. One-way ANOVA (p <0.05).
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We are observing a delay between the brain delivery of the substance and the onset of
the pharmacological effect. Kastin and Pan have recently explained that although the
pharmacological action of a compound often correlates with its half life, this is less
applicable to peptides (Kastin and Pan, 2010). For example, the central action of

peptides can persist longer that their half-lives in blood, as it was observed for the

luteinizing hormone-releasing factor (Pfaff, 1973).

pDal/GCPQA
brain/plasma

pDal
nanofibres
brain/plasma

time (min) ratio ratio

3 0.029137592 0.049967088

10 0.023409152 0.118913965

30 0.017252814 0.560812148

60 0.096062498 0.695170758

90 1.069269884 1.353466762

120 0.069178945 0.527322153

240 0.076198279 0.488741044

Figure 6.17: brain/plasma ratio of the pDal quantities measured by LC-MS in brain
(ng/g) and plasma (ng/mL).

Finally, from the Figure 6.17 we can observe that at the same dose (30mgKg") the
brain/plasma ratio values of pDal for the formulation of pDal nanoflbres alone are
higher than those of pDal nanofibres in formulation with GCPQA at all the time

points measured.

6.4 Discussion

Here we report the use of nanoflbres made of self-assembling peptide amphiphiles for
brain delivery. Peptide nanofibre formulations have been administered following
intravenous injection. The nanofibre formulation enabled the delivery of the

amphiphilic peptide pDal to the brain parenchyma.

The assessment of the in vitro toxicity was performed using the US§7MG human
glioblastoma multiforme cell line as a model and selecting the MTT method as
quantification of the cell viability. As can be observed in Figure 6.8, the nanofibre

formulations have a high compatibility even after a continuous exposure of 24 hours
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The IC50 values for pDal nanofibres alone and pDal nanofibres in formulation with
GCPQA were of 1.26 mgmL™"' and 2.39 mgmL 'respectively. These results correlate
well with the information extracted from the TEM micrographs of brain endothelial
cell line bEndS monolayers (Figure 6.9). The cells treated with the pDal nanofibre
formulation showed no signs of damage to the monolayer such as membrane
disruption or opening of the tight junctions. These data suggest that the nanofibres do
not challenge the integrity of the cells and encouraged us to proceed with the

evaluation of their efficacy.

The cell-uptake studied by TEM, nevertheless, does not definitively clarify the
mechanism involved for the pDal internalization and translocation to the brain
parenchyma. Indeed, with respect to internalization it has to be discussed whether it is
the supramolecular assembly of pDal nanofibres that are taken up by the endothelial
cells or do the single peptide amphiphile units enter the cells by crossing the
membrane. With respect to these two possibilities there are few reports in literature
pointing in opposite directions.

The uptake of nanofibres has been shown to take place in cells growth on
scaffolds made of peptide nanofibre gel. These nanofibres have a diameter ranging
between 5 to 8 nm (Beniash et al., 2005). TEM analysis revealed that MC3T3-E1 cells
were able to internalize self-assembling peptide nanofibres via endocytosis and to
accumulate them in membrane-delineated compartments, most likely lysosomes.
Other studies, however, suggest that the internalization may occur for the monomeric
peptide amphiphiles through energy-dependent endocytosis and/or through caveolae-
independent and clathrin-independent pathways (Missirlis et al., 2009).

Some other possibilities may directly involve the receptor-mediated endocytosis, as in
the case of receptors transporters of amyloid beta. The receptor for advanced
glycation end products (RAGE) is thought to be a primary transporter of amyloid beta
(AP) from the systemic circulation across the BBB and into the brain (Neuwelt et al.,
2008), and recently also LRP-1 has been shown to be able to transport Af bi-
directionally in and out the brain endothelial cells in a monolayer of BBB in vitro set

up experiment (von Einem et al., 2010).

The TEM pictures, in Figure 6.9 and 6.10, show that some of the nanofibres

seem to pierce the lipid cell membrane, this same mechanism is used by another class
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of fibrillar nanostructures, carbon nanotubes, to access the intracellular environment
(Al-Jamal et al.,, 2011). Other sections of the cells, post-incubation with pDal
nanofibres, shows well defined cytoplasmic vesicles and their content (Figures 6.9 D
and 6.9 B,D). However, it is hard to confirm that the vesicles content are pDal
nanofibres, because their electron density is very low. Hence, the uptake of nanofibres
by endothelial brain cells bENDS by endocytosis remains a hypothesis but it is not
fully proven with the present experiments. Furthermore, more than one mechanism,
active or passive, could be involved in the translocation of pDal peptide amphiphile or
the nanofibre into the brain parenchyma. Lastly, it has to be taken into account that
the experiments were performed by incubating the bENDS cells with a concentration
of 0.5 mgmL’; this concentration according to the MTT-assay was a safe
concentration for the cells to be exposed, in fact tight junctions were expressed and no
signs of disruption were present (Figure 6.9 C). TEM Experiments of cell-uptake
could be repeated by incubating the cells with higher concentrations of pDal
nanofibres and also nanofibres could be marked, i.e. with gold labelling, or with Se-
labelling (Porter et al., 2009), in order to have a stronger contrast in TEM and get
more insights on the cytoplasmic fate of the nanofibres. These further experiments
could help to clarify the mechanism involved in the cell-uptake and translocation of
pDal into the brain parenchyma.

Albeit the mechanism by which pDal nanofibres find their access to the CNS
is not fully understood, the presence of pDal in the brain parenchyma was confirmed
by three sets of in vivo studies.

Information about the peptide amphiphiles disposition in biological matrices
were obtained by LC-MS analyses.

The first important observation regards dalargin, indeed the hexapeptide it is never
detected in the biological matrices. In literature dalargin is reported to have a half life
of 23.2 minutes when administered intramuscularly in rats and 21.3 minutes when
administerd intranasally in rats (Vinogradov et al., 1988), while the half life (of
elimination) after intravenous injection in rats was found to be not higher than 5
minutes (Kalenikova EI, 1988). In humans its ¢,/ (half-elimination) from blood does
not exceed 16 minutes and peptide products of its metabolism are not found in blood
85 minutes after injection (Maslov et al., 2002). Surprisingly, in the experiment
performed in this work, dalargin was not detected in plasma at any time point, and

considering that the earliest time point measured was 3 minutes, we would assume

214



that the half life is less than 3 minutes in mouse blood. Dalargin is not detected in
brain at any time point, thus we can say that it does not cross the blood-brain barrier,

as already documented into literature (Kalenikova EI, 1988).

pDal nanofibres were prepared using NaCL 0.9% as vehicle and in combination with
GCPQA, a chitosan based polymer of the family of GCPQ, a known bioavailability
enhancer used to increase the uptake of central acting therapeutics (Qu et al., 2006).
Formulations containing Dalargin/GCPQA nanoparticles, Dalargin and the vehicle on
its own were used as control. After intravenous injection via the tail vein we could see
that for all the time points dalargin was not detected in the brain, it was possible to
detect only its metabolite in plasma; indeed, in the control group of dalargin alone the
metabolite was detected only up to 30 minutes after injection, while when dalargin
was in formulation with GCPQA it was possible to detect the metabolite up to 90
minutes after injection, thus suggesting that the polymer was able to prolong the
resistance to the enzymatic degradation. One explanation for these observations could.
be that the peptide may adsorb on the surface of the particles formed by GCPQA.
Strikingly pDal was detectable in the brain up to 4 hours after intravenous
administration and although there was not a statistically significant difference among
the groups with or without GCPQA, these results clearly demonstrate that nanofibres
have the potential to be used as carriers for peptide delivery to the brain.

Plasma levels of pDal for both the nanofibre formulations show that the nanofibre
technology allows long circulating times, indeed the peptide was detected up to four
hours since the injection, while the control plasma samples of animals that have

received dalargin showed that the peptide was cleared already after three minutes.

Evidence of the presence of pDal in the brain parenchyma was also obtained by
employing coherent Raman scattering microscopy. Coherent Raman scattering (CRS)
microscopy is a label-free imaging technique that is capable of real-time, imaging of
intact tissues with sub-cellular spatial resolution based on molecular vibrational
spectroscopy (Freudiger CW, 2008). A coherent non-linear Raman signal is generated
by focusing two synchronized ultrafast pulse trains into a sample with a difference in
frequency matched to a Raman active mode of a molecular specie of interest.

CRS microscopy was used to visualize pDal nanofibres within the brain

parenchyma without the need to modify the fibres with fluorescent labeling.
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Fluorescent labeling could cause chemical perturbation, which could influence
transport across the BBB. Furthermore, the technique enabled non-destructive
visualization of the surrounding brain tissue structures to confirm the location of the
fibres in relation to the BBB. The pDal signal, overlaid in white, is present both in the
BBB vessel and the brain tissue. Figure 6.15 show that pDal is clearly located in the
brain parenchyma, which was confirmed by the LC-MS data.

One of the reasons for the success of this work can be found by looking at the recent
literature that focuses on the interaction of elongated micellar particles and blood
vessels and their circulation time, as discussed in detail in Chapter 3 of this thesis.

It has been shown that ellipsoidal nanoparticles are phagocytosed more slowly by
macrophages compared to spherical particles (Sharma et al., 2010). Interestingly,
recent studies on cylindrical micelles have shown persistent blood circulation (up to
one week after intravenous injection) (Muro et al., 2008, Geng Y, 2007).
Nevertheless, despite these early encouraging studies there is still a lack of
understanding of how shape affects the in vivo behavior of these drug delivery
systems (Tao et al., 2011), but our data suggest that nanofibres enable peptides to

enjoy long circulation times.

Finally, it was important to test the ability of the nanofibres to deliver a
compound that would still be active on the site of action. For this purpose, it was
chosen to perform a behavioural experiment on animals dosed with the fibrillar
nanoparticulate systems.

We observed that antinociception was more pronounced at those time points
where the quantity of pDal detected in the brain homogenate was already
considerably decreased.

An explanation to this phenomenon could be the fact that by LC-MS it was
possible to detect only the original pDal, but no information were obtained with
regard to its active product intermediates (APIs) or metabolites. Probably the late
effect of the peptide on the analgesia response may be a result of high stability of the
peptide-opiate receptor complex. For instance, the half-life period of the dynorphin-
opiate receptor complex is 90 minutes, although dynorphin itself is broken up by
enzymes in few minutes (Maslov et al., 2002).To be able to identify and quantify the

APIs it is necessary to have them as standard and construct a calibration curve. This
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was possible to be done for Dalargin, where the metabolite is D-Ala-Leu-Enkephalin,
as this is commercially available. Obviously, no APIs bearing a palmitoyl chain were
commercially available in the case of pDal, as this was a new molecule synthesised in
house. The synthesis of pDal APIs would have been quite time consuming and due to
time limitations in accessing the analytical facilities at GSK (Harlow) further
investigations could not be performed.

It is know from literature that the dalargin meatbolites N-terminus tetrapeptide and
pentapeptide (D-Alal-Leu enkephalin) possess opioid activity (Kalenikova EI, 1988),
although they do differ in potency, while the N-terminal tripeptide and tyrosine-free
fragment of D-Ala-Gly-Phe-Leu possess no opioid properties (Korobov, 1988).

It is also important to observe that up to 4 hours after intravenous injection no
dalargin is detected in the groups of animals dosed with pDal nanofibres in the
presence or in the absence of the polymer GCPQA. Studies on lipophilic enkephalines
bearing an acyl chain on the Tyrosine chain — as it is for dalargin - previously
conducted in our group have shown interconversion from the lipophilic peptide to the
hydrophilic peptdide (Uchegbu IF, 2010). Accordingly, we were able to detect the
metabolite D-Alal-Leu enkephalin as a metabolite of pDal, thus proving the
hydrolysis of the palmitoyl chian. We can hypothesize that the presence of the
palmitoyl chain, the supramolecular assembly and the D-Ala confer more resistance to
the enzymatic hydrolysis, thus the carboxypeptidase on the C-terminus may determine
formation of the tyrosine N-terminus palmitoyl penta and tetrapeptide.

A variety of peptidases have been detected in the central nervous system
tissue, some of these are membrane and tissue bound and others are soluble and exist
in the highest concentration in the cytosol (Turner, 1987). Opioid agonists such as the
enkephalins are substrates of the endopeptidase-24:11 in the brain, formally called
enkephalinase A (Turner, 1987). Peptides that may have been transported across the
brain capillary endothelium by a process of transcytosis will be most subject to the
enzymatic influences in brain interstitial fluid and on the cell membranes of neurons
and glia, and peptides that may have gained access to the central nervous system
across the choroids plexus will be more subject to the influences of CSF factors
(Segal, 1992). Carboxypeptidase are present in the brain and CSF (Segal, 1992) and
are responsible of the enzymatic degradation of peptides starting from the C-terminus.
The action of carboxypeptidase on pDal can generate the tyrosine N-terminus

palmitoylated tetra and pentapeptides that could still possess opioid activity on the
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opioid receptor, as in the case of the N-terminus tetrapeptide and pentapeptide
metabolites of dalargin (Kalenikova EI, 1988). These palmitoylated tetra and
pentapeptides may contribute to the analgesic response recorded with the warm water
bioassay. The presence of tyrosine is important to obtain opioid analgesia (Korobov,
1988) and specifically this is directly dependent on having a free N-terminus on the
Tyrosine residue (Beckett and Casy, 1954).

In the pharmacodynamic experiment analgesia was observed only in those
groups of animals dosed with the pDal nanofibres formulations with and withouth
GCPQA polymer. The pharmacodynamic experiment was performed previously in
this study using a dose of 7.5 mg/kg, as this dose was reported by Kreuters and co-
workers to determine analgesia using dalargin loaded nanoparticles (Ramge et al.,
1999) and apolipoprotein coated nanoparticles encapsulating dalargin (Kreuter et al.,
2002), however this dose did not give raise to pronounced analgesia in the dosed mice
that entered the experiment (Figure 6.16 B). The dose was then increased to 15 mg/kg
to test the activity and analgesia was observed (Figure 6.16 A).

Lastly, it has to be said, since the warm water bioassay is a behavioural test,
that the group of animals that received the formulation of pDal nanofibres in NaCl
0.9% (without GCPQA polymer) showed a pronounced hyperactivity in the first 30
minutes of the experiment after intravenous injection. Hyperactivity was manifested
as attempts to escape the capture by the operator and refusal of entering the mouse
tube restrainer. This behaviour should be taken into account when analyzing data
from a behavioural test, because the outcome may be influenced by other
pharmacological effects, nevertheless this does not denies the analgesic response
recorded during the experiments.

In conclusion, the present study is the first report on the use of peptide
amphiphile nanofibres for the delivery of peptides to the brain, proven by
pharmacokinetics and pharmacodynamics studies and supported by in situ detection
of the compound in the brain parenchyma using label-free CARS imaging. The
peptide amphiphile pDal enjoys longer circulation times compared to the normal
peptide dalargin, as the LC-MS analyses have proven, and its surfactant like
architecture determines the formation of high axial ratio nanostructures that might
better escape macrophage clearance and be responsible for the prolonged release of

the bioactive molecule.
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CHAPTER 7

Conclusions and Future Perspectives

The incidence of CNS pathologies is increasing with the increase of life
expectancy, however the treatment of CNS disorders is still a challenge. The
strategies employed in clinics for the treatment of neurological disorders often involve
the use of invasive methodologies, such as intrathecal and intraventricular infusion of
drugs. The systemic approach to the administration of drugs that are expected to elicit
their pharmaceutical action at central level remains limited, and the systemic
administration is often unable to achieve central therapeutically active doses. The
presence of the BBB plays a key role in the exclusion of molecules from the brain
parenchyma, as its physiological function is to prevent the entry of exogenous

molecules that may be harmful for the CNS.

Peptides and proteins represent a class of pharmaceuticals of particular interest
for the treatment of brain disorders, as they are involved in the pathogenesis and in
the regulation of a wide range of neurodegenerative diseases.

In particular, for peptide and proteins technological challenges relating to the crossing
of the blood-brain barrier, the instability in vivo and the short half-life of these
molecules represent some of the key factors that have to be taken into account for the
development of new strategies for brain delivery.

The size and the charge of peptide molecules prevent them from crossing the BBB, as
these two factors limit the entrance of therapeutics to the CNS. In general, only a
small proportion of peripherally administered drugs reaches the brain parenchyma; for
example, only the 0.02% of morphine intravenously administered enters the brain
parenchyma and only 0.046% of insulin (a peptide sequence of 51 amino acids),
following jugular injection, reaches the brain parenchyma (Banks and Kastin, 1998).
The short half-life and the instability in vivo are dependent on the action of degrading

enzymes present in the blood circulation and in the tissues.
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Nanomedicines for peptide delivery have been developed to overcome these
limitations relating drug penetration in the brain. Thus, technologies involving the use
of monoclonal antibodies for the creation of fusion proteins, or molecular Trojan
horses, have been developed (Boado et al., 2010). Fusion proteins can overcome the
BBB by targeting specific receptors expressed on the brain endothelial cells.
However, conjugation with monoclonal antibodies may determine the loss of the
protein active conformation, and/or the release of the active protein involves the
intervention of specific enzymes, which then need to be present at the site of interest.
Albeit this approach sounds promising, the success of these technologies in a clinical
setting still remains to be validated.

Nanoparticles for peptide delivery have also been investigated as potential carrier for
brain delivery, as the encapsulation of the peptide in the carrier should prevent
enzymatic degradation. However, most nanoparticles exploited for delivery purposes
undergo rapid clearance by macrophages (Champion and Mitragotri, 2006). Despite
the fact that the influence of shape on macrophage clearance it is still not entirely
understood, recent reports suggest that non-spherical particles are more likely to
evade macrophage uptake (Decuzzi and Ferrari, 2008, Decuzzi et al., 2010, Sharma et
al., 2010), and this opens up a new scenario of investigation in the field of
nanomedicine.

In general, nanoparticle strategies for the delivery of drugs to the brain result in values

below 0.5% and can be as low as 0.01% ID/g (van Rooy et al., 2011a).

Based on the above-mentioned considerations regarding the inability of peptides to
cross the BBB, the instability in vivo and the short half-life we have aimed to develop
a new nanotechnology platform for the delivery of peptides to the brain. A peptide
unable to cross the BBB, dalargin, was specifically chosen in order to test the working
hypothesis. We decided to change the physico-chemical characteristics of the
molecule by attaching a lipidic moiety in order to obtain a hydrophobic derivative that
would have increased passive diffusion. The derivatization created a new chemical
entity with amphipatic properties that promoted the formulation of high axial ratio
nanostructures. Based also on the consideration that non-spherical nanoparticles may
enjoy longer circulation times, we have focused in this work on the characterization
of the elongated nanostructures formed by the newly synthesized peptide amphiphiles,

thus trying to elucidate the mechanism of self-assembly.
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Finally, the ability of the nanofibre technology to deliver therapeutically active doses
of peptide to the brain has been assessed, proving the ability of the technology of

achieving its goal.

Palmitoyl dalargin, pDal, an amphipatic derivative of dalargin has been synthesized
by attachment of a palmitic chain on the lateral phenol group of tyrosin.

The self-assembly of pDa has required an energy imput to result in the formation of
high axial ratio naostructures. Indeed, the formulation of nanofibres has been
achieved by working out two methods of preparation: probe sonication and
electromagnetic radiation heating of a pDal suspension in deionized water. Different
environmental conditions, such as addition of surfactants (PF68, Tween 80, PVP),
polymers (GCPQA), different media (deionized water, 0.9%NaCL, PBS, Acetate
buffer) have also been considered in order to achieve control over the diameter and
the length of the nanofibres. However, varying the conditions, the diameter remained

constant but the length could not be controlled.

The physicochemical forces driving the self-assembly process have been thoroughly
investigated. Self-assembly of peptide amphiphiles is driven by hydrophobic
interactions of the alkyl chains as well as H-bonding among the amino acid sequences
that give rise to the formation of P-sheet structures. Indeed, the presence of
hydrophobic domains within the nanofibre was assessed by encapsulating pyrene into
its hydrophobic sites. The peptide sequences formed H-bonds that confer a secondary
B-sheet structure to the self-assembled nanostructures. X-ray diffraction showed the
presence of a 4.8 A structural feature that his the typical distance of hydrogens
forming H-bonds in b-sheets. Linear Dichroism fully supported the XRD findings
adding further details on the tyrosine orientation: the presence of the two tyrosine
peaks at 279 and 286 were found to be shifted higher in wavelength from the position
that would have been expected for aqueous media, thus meaning that the tyrosine
residues were inside the fiber. A negative signal around 235 nm was also observed,
thus meaning that the transition moment along the O-alkyl group of the tyrosine was
pointing perpendicular to the fibre long axis, confirming than that the palmitoyl
chains were hiding inside the fibre. Lastly, two molecular probes specific for the p-
sheet conformation, such as Congo Red and Thioflavin-T were used to confirm the

presence of the pB-sheet conformation. The forces driving the self-assembly showed to
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be prevailing on other factors, for example peptide amphiphiles self-assembly was
favored also in the presence of surfactants and polymers (GCPQA) that normally

encapsulate lipophilic molecules in their hydrophobic core.

Self-assembly of peptide amphiphiles has been previously reported, however the
model of peptide nanofibres proposed in literature seems to deviate from reality,
under the light of our findings (Hartgerink JD et al., 2003, Hamley, 2011). Peptide
nanofibres are believed to result from the radial arrangement of the peptide
amphiphile molecules from the fibre long axis. In this work, the peptide-peptide
interaction have been investigated also performing a computational study, which
shows that the palmitic chains form the hydrophobic core of the fibre and that the
peptide sequences align themselves on the nanofibre surface along the long fibre axis,

rather than radially , as it has been so far acknowledged.

A full thermal history profile of pDal helped to clarify the thermal properties of the
monomeric starting material used for the fabrication of the nanofibres and the
influence of these properties on the molecular self-assembly. Thermal analysis
clarified the range of temperatures to be used for the preparation of gels made of
peptide amphiphiles and experimentally it was demonstrated that by exposing a
suspension of pDal in deionized water to a microwave heat equal or above the
temperature of melting of the alkyl chain it was possible to form nanofibre gels. These
gels might have potential applications as drug delivery system for oral or

subcutaneous administration.

The nanofibres were evaluated for biological applications by testing their toxicity in
vitro on U87MG cells. The values of IC50 obtained for the formulations under
investigation were of 1.26 mgmL™" for pDal nanofibres alone and of 2.39 mgmL™' for
pDal nanofibres in formulation with GCPQA after 24 hours of exposure. These results
suggest that nanofibres do not challenge the integrity of the cells.

Finally the ability of the peptide nanofibres to act as peptide delivery systems to the
brain was evaluated in vivo. Pharmacokinetic studies showed that the peptide
amphiphile pDal was able to enter the brain parenchyma and its presence was

detected up to 4 hours following intravenous administration, in plasma as well as in
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brain, while dalargin peptide was absent in both biological matrices. These data
demonstrate that the lipidization of the peptide increased considerably the circulation
time of the bioactive molecule, otherwise cleared in less than 3 minutes from the
blood. Strikingly, the percentage of the injected doses in brain parenchyma were
found to be 0.166+0.035%ID/g for pDal nanofibres formulated with GCPQA and
0.170+0.054%ID/g for pDal nanofibres alone. These results are quite remarkable not
only if compared to the results for dalargin, but also considering that intravenously
administered drugs have limited brain penetration, for example only 0.02% of injected
morphine enters the brain and only 0.046% of insulin, as previously mentioned.

Proof of the brain penetration has been achieved using a label-free imaging technique
that combines CARS and SRS: pDal was observed not only in the CNS blood
capillary bead but also in the brain parenchyma. The pharmacodynamic studies
showed that the nanofibre technology is able to act as a delivery system of peptides to
the brain; indeed, animals receiving formulations of pDal nanofibres manifested an
antinociceptive response when to a pain stimulus.

In conclusion, the present study is the first report on the use of peptide amphiphile

nanofibres for the delivery of peptide to the brain.

Further formulation studies to control the shape and the length of the supramolecular
assembly could help to reduce the polydispersity of the system. A chemical approach
to this matter could be the addition of acid or basic amino acids, along the sequence of
interest, in order to impede the formation of H-bonds, in this way the only driving
force would be the hydrophobic interaction of the palmitoyl moieties. For example, in
literature is shown that amphipathic peptides with positive charges in proximity of the
alkyl chain (i.e. a cholesteric chain) form core shell spherical nanoparticles instead of

elongated micelles such as nanofibres (Lihong Liu et al., 2009) .

The ability of the nanofibres to encapsulate pyrene suggest also that nanofibres could
be exploited as a carrier for hydrophobic molecules that normally do not cross the
blood-brain barrier; a good candidate for delivery studies of studies would be
paclitaxel, as it is known that this drug is pumped back by the P glycoprotein, thus

can not reach the brain parenchyma.
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The long-term safety profile of the nanofibre system should be further investigated,
despite the fact that peptides can be digested and so metabolized by aminopeptidases
and carboxypeptidases into their amino acid components. This is because of the fact
that they are morphologically very close to amyloids and abnormal deposits of
amyloids in the organs are cause of Amyloidosis (i.e. Alzheimer Disease), a variety of
conditions characterized by organ dysfunction, some of which do not have a curative
treatment (Merlini et al., 2011, Kolstoe and Wood, 2010).

The mechanism by which pDal molecules or nanofibres are able to cross the BBB has
not been fully elucidated by the studies of transmission electron microscopy. Further
study would be advisable either using CARS on an in vitro blood-brain barrier
monolayer or other transmission electron microscopy studies using Se-labelled

nanofibres could be perfomed.

Peptide nanofibres as a drug delivery carrier to the brain could also have a great
potential in the treatment of Alzheimer Disease (AD). They could act as cargoes for
small molecules for the treatment of Alzheimer Disease. For AD it is currently
conceptualized that there exists a cascade of events to neurotoxicity commencing with
protein misfolding and culminating in behavioral symptoms; blocking one of the
events at the beginning of the “cascade” such as the protein misfolding of Ap should
stop and possibly reverse the fate of the disease (Carter et al., 2010b). Thus small
hydrophobic molecules, inhibitors of AP aggregation could be used as therapeutic
candidates. These include:

* Tramiprosate (Gervais et al., 2007)

* Curcumin (Garcia-Alloza et al., 2007)

¢ Resveratrol (Riviére C, 2007)
Also nanofibres including B-sheet breaker sequences, such as LVFF, could be
evaluated for the treatment of Alzheimer Disease, for instance in vitro cells could be
treated with amyloid beta (AB42) in presence and absence of the LVFF nanofibre
formulation treatment and their viability assessed via flow cytometry to measure cell
death.

Self-assembling peptide nanostructures have shown a good potential in inducing the

cell death of breast epithelial cancer cells in vitro (Standley, Toft et al. 2010).
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Treatment options for brain cancer, neurodegenerative diseases and most other CNS
conditions are quite limited, although a substantial breakdown of the blood-brain
barrier (BBB) occurs during brain tumors at more advanced stage of the disease. This
is because of the restricted transport of potential therapeutics, such as paclitaxel,
within the brain parenchyma; treatment of tumor cells is likely to remain limited to
the immediate vicinity of the leaky barrier. Consequently, more distant tumors or
metastases remain essentially impossible to treat, thus rendering the tumor primed for
a relapse. This scenario means that the key challenges of successful brain cancer
treatment can be directly linked to the lack of delivery strategies able to overcome the
BBB. Thus, peptide nanofibres could represent a promising drug delivery system in
the treatment of brain cancer, as they could be used (1) as a carrier for small

molecules and (2) as a carrier for pro-apoptotic peptide sequences.

Lastly, further studies on the nanofibre gels network would also be advisable as gels
could represent a good candidate for the oral or subcutaneous administration of
peptides. Indeed, the peptide bioavailability via oral delivery is still a challenge
because of the many barriers in the gastro-intestinal (GI) tract, represented by the
proteolytic degradation and the inability of these macromolecules to penetrate the

intestinal cell wall (Rekha and Sharma, 2011).
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Appendix

e Angle distributions for the pDal molecule
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X-ray diffractoaram of pDal gel.
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