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Abstract

Vaccines derived from non-pathogenic antigens often have greater safety profiles
over live vaccines, whilst still eliciting a specific immune response. However, the
decreased immunogenicity of these vaccines means that numerous doses have to be
administered or an adjuvant has to be used. In this study gonadotrophin releasing
hormone (GnRH), a fertility regulating self-peptide, was used as a model antigen
applied to Stober silica nanoparticles (used as an adjuvant) in a vaccine formulation.
It is proposed that an inorganic silica nanoparticle can act as a foreign carrier particle
for adsorbed peptides, thus stimulating an immune response against these peptides in

vivo.

This work utilised molecular dynamics simulations of silica substrates and
their interaction with peptides for optimal presentation of the peptide to the immune
system for antibody production. The interactions at this step allowed the optimum
design of the nanoparticle with surface peptides that were free to interact with the

surrounding environment, thus having the potential to invoke a biological response.

Quartz crystal microbalance and surface plasmon resonance measurements
were also used in order to investigate the adsorption of the peptides onto a silica
surface. Through running these experiments at various pH levels and ionic strengths
the optimum conditions for peptide coverage of silica nanoparticles could be
determined, enabling enhanced design of the silica nanoparticle-peptide system and

thus providing invaluable data to inform immunisation studies.

Following an immunological study in male BALB/c mice it was found that

the use of silica as an adjuvant along with bovine serum albumin (BSA) as a carrier
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protein increased the immunogenicity of GnRH-I peptides in comparison to just BSA
alone. It was observed that peptides adsorbed solely onto silica nanoparticles did not
elicit a strong antibody response. However, this formulation caused a significant
decline in testosterone production, suggesting that silica coated with native GnRH-I

peptides could be useful in receptor blocking.
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Chapter 1 - Introduction
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The aim of this thesis is to investigate the formulation of novel vaccines using silica
nanoparticles as an adjuvant for gonadotrophin releasing hormone (GnRH) — a
fertility regulating peptide in mammals. One of the major drivers of this project is the
use of molecular dynamics simulations to understand how these vaccine systems are
assembled, in order to interpret physical characterisation experiments, and more
importantly to drive and inform immunological studies. In this chapter, the field of
vaccines is introduced; the physiological role of GnRH and its use in vaccine
formulations; the importance of adjuvants in the design of vaccines against ‘self-
peptides’; silica nanoparticles as drug delivery systems; and molecular dynamics
simulations as an instrumental design tool for these vaccine systems. The chapter is
concluded with a summary of the key points that provide the motivation for the work

presented in the remainder of the thesis, and a description of the subsequent chapters.

1.1 Vaccines

The development of vaccinations has been instrumental in disease prevention since
Edward Jenner noted that milkmaids rarely suffered from smallpox and they had
usually already contracted cowpox (which had much milder effects on humans than
smallpox). As such, in 1796 Jenner took pus from a milkmaid Sarah Nelmes’
cowpox blister (Figure 1) and exposed eight year old James Phipps’ broken skin to it
(Jenner, 1798). Six weeks later, Jenner inoculated the child with smallpox and
observed that the boy did not develop smallpox symptoms, thus a crude method for
vaccine development was established (Baxby, 1999; Plotkin, 2005). However, the
idea of using small amounts of infected tissue (or scabs) to protect against infectious
diseases has been present for centuries. There are documented reports in 11" century

Chinese records detailing immunisation practices against smallpox using nasal
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inhalation of infected scabs (Plotkin, 2005). This practice of variolation spread from
China to the Middle East and by the 18" century it had arrived in Britain via the

Ottoman Empire after Lady Mary Montagu noted the practice in Istanbul.

Figure 1: Cowpox lesions from which pus was taken by Edward Jenner to immunise a child against
smallpox (image taken from Baxby, 1999).

In 1881, Louis Pasteur created the bedrock for the development of
vaccinations as they are currently known. Pasteur found that vaccination with
pathogens actively modified using temperature, oxidation or chemical alterations
could induce immunity to fresh pathogens with no symptoms as a side-effect (unlike
the lesser infections associated with variolation) (Plotkin, 2005). Pasteur used this
hypothesis to develop working vaccines for anthrax and rabies, thus cementing
vaccinations as a key platform to fight infectious diseases. Consequently, in the last
100 years the use of attenuated virus vaccines has all but eradicated serious diseases

such as polio, measles and rubella in the Western world (Toole, 2016).
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1.1.1 Live Attenuated Vaccines

A live attenuated vaccine consists of a pathogen that triggers an immune response,
but is unable to replicate efficiently in the host and therefore is unable to cause
disease. Therefore the patient will be infected and develop long-term immunity to the
infectious pathogen, but will not display harmful symptoms. This is usually achieved
via biological or chemical modifications, but allows the pathogen to retain the same
epitopes that can be recognised by the immune system (The National Institute of

Allergy and Infectious Diseases, 2013).

One way in which to attenuate a virus for vaccine development is by growing
the virus in cells where they are unable to reproduce effectively, thus causing them to
evolve to adapt to the new environment. As a result, the virus becomes weaker in its
natural host. This reduces the pathogen’s effectiveness as a disease causing agent,
but its antigenic components will still be present and recognised as foreign (Ellis,
2001; World Health Organization, 2016). There are various vaccines which have
utilised this method in their development, including vaccines for measles and polio.
Measles vaccines have been attenuated by passaging the virus through human kidney
cell cultures and then chicken embryo cell cultures before being utilised in
immunisation studies (Krugman et al., 1962; World Health Organization, 2016) Live
attenuated vaccines are advantageous when immunising against a pathogen as it is
the closest treatment to a live infection. Consequently, these vaccines are effective at
eliciting a strong immune response with only a couple of doses necessary for long-
term immunity. However, it is possible that the pathogen in live attenuated vaccines
can mutate back into a harmful form. These vaccines can also not be dispensed to

those with weakened immune systems, such as individuals undergoing chemotherapy
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or who are human immunodeficiency virus (HIV) positive. Another drawback to live
attenuated vaccines is that they need to be refrigerated in order to retain their
potency, as such these vaccines are not suitable for use in many parts of the world
(mainly developing countries) for logistical reasons (The National Institute of

Allergy and Infectious Diseases, 2013).

Another method to attenuate a virus for safe use in a vaccine is by passaging
the virus in vitro at varying temperatures to select mutant viral strains. The resultant
mutant pathogens are only able to replicate and grow at lower or higher temperatures
than would be possible in vivo. This method has been used to synthesise novel live
attenuated influenza vaccines. These vaccines have been shown to have a greater
immunogenicity than inactivated vaccines, thus providing greater protection from

influenza infection (Zhou et al., 2012; Maassab, 1967).

Modifying viral genes so much that reversion to the original configuration is
extremely unlikely, thus favouring the in vivo stability of the attenuated virus, is
known as recombinant virus vaccinology (Ellis, 2001). A similar method can be used
to attenuate bacteria for use in a vaccine. However, to ensure vaccine safety, more
than one gene associated with bacterial colonisation, survival or virulence must be
deleted. This has been achieved via genetic engineering of cholera for oral vaccine

development (Chen et al., 2016; Tacket et al., 1992).

The use of recombinant viral technology has also allowed genetically
modified viruses to be used as delivery systems for ‘foreign’ pathogenic material. As
a result, the desired pathogen can be presented to the immune system in vivo as an

infectious attenuated virus. This allows the immune system to react to the delivered
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pathogen as ‘live’ material and thus encourages increased specific and non-specific
immunity to the desired antigen (Ellis, 2001). However, if the subject has pre-
existing immunity to the viral vector then the treatment would be ineffective in
creating immunity to the delivered pathogenic material. This effect could possibly be
overcome by using an alternative route of vaccination of increasing vaccination

dosage (Nayak et al., 2009; Pandey et al., 2014).

1.1.2 Inactivated Vaccines

It is also possible to produce inactivated vaccines. These vaccines generally have
poorer immunogenicity than live vaccines as the pathogen is unable to replicate in
the host cell, therefore it will not continuously stimulate immune cells to provide
lasting protection against the associated viral antigens. As such, multiple vaccination

doses are often required to provide effective immunity.

For inactivated virus vaccines, whole live virus particles are collected from
cell cultures and are usually chemically inactivated (e.g. treatment with formalin
[40% solution of formaldehyde], which fixes cells by cross-linking amino groups in
proteins with other proteins and DNA). In vivo, these inactivated vaccines work
because the immune system recognises surface protein conformations (which are
also presented in the live virus) and therefore a specific T-cell response can be
elicited (T-cells are a type of lymphocyte [subtype of immune cell] produced in the
thymus that are key in cell-mediated immunity, which does not involve specific
antibodies). However, as the virus is not live it cannot replicate upon infection, and
thus humoral immunity (immunity involving specific antibodies and cytokines) is
more likely to be induced; further doses are therefore necessary to produce a long-

term specific immunological response (Ellis, 2001; Janeway, 2001).
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Inactivated vaccines are used to immunise against tetanus. The harmful toxin
that is produced by the bacterium Clostridium tetani can be purified from a bacterial
culture and then inactivated via chemical treatment (e.g. with formalin). The
resulting ‘toxoid’ can then be used as an inactivated vaccine (Ellis, 2001).
Inactivated vaccines are often more stable than live vaccines and do not need to be
refrigerated when stored and thus are more accessible globally. These vaccines can
also be safer than live vaccines as the microbes used are dead and are unable to
mutate to a harmful form (The National Institute of Allergy and Infectious Diseases,

2013).

1.1.3 DNA Vaccines

DNA (deoxyribonucleic acid) vaccines can be used to induce a long-term specific
immune response. This type of vaccine involves immunising a subject with
genetically engineered DNA to produce an antigen. The pathogen gene which is
associated with the antigen for which immunity is desired is cloned and inserted into
a bacterial plasmid expression vector system (pDNA). The gene is then amplified in
the new bacteria cell culture and the purified pDNA can be used for vaccine

formulations.

DNA vaccines generally target antigen presenting cells (APCs) or outer body
layer cells like muscle cells or keratinocytes in the skin (Huygen, 2005). DNA
vaccines target keratinocytes via delivery by gene gun, which involves forcing dried
pPDNA on gold nanoparticles into target cells using high pressure (McCluskie et al.,
1999). Once in the cell, the pDNA is processed, which allows the induction of
specific CD8+ T cell immunity (T cells which express CD8 glycoprotein on their

surfaces. These cells destroy tumour cells and those cells infected with a virus).
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However, the process of forcing antigens into cells can also cause cell death. The
dead cells are taken up by APCs, which can lead to the antigen being presented to
CD4+ T cells. Consequently, more than one type of immune response can be induced

by gene gunning of DNA vaccines (Bergmann-Leitner et al., 2004).

Currently DNA vaccines are mainly used in animals (antibody induction in
mice against hepatitis B virus, influenza and HIV amongst others), but the efficacy of
such vaccines has still to be thoroughly tested in human subjects with poor
immunogenicity of DNA vaccines found thus far in human trials (Kutzler et al.,
2015; Rosa et al., 2015). There is one DNA vaccine that is available for humans
(licensed in Australia) named IMOJEV™ that is used for frequent travellers to
protect against Japanese encephalitis (Halstead et al., 2011). DNA vaccines are
useful as there is a low risk of pathogenic infection (particularly compared to live
vaccines), they are easy to administer and are cost effective as they require no
peptide purification. However, there is the possibility that antibodies to DNA can be
produced, which brings into question the safety of this method. There is also a
chance that the genes controlling cell growth can be affected adversely (Robinson et
al., 2000). Furthermore these antigens can quickly degrade in vivo, thus may require
an adjuvant (a material that can enhance the in vivo immune response to an antigen)

for greater stability.
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1.1.4 Non-Pathogenic Vaccines

Non-pathogenic derived vaccines are also promising candidates for safe and effective
immunisations. These vectors can be used to deliver DNA into cells as part of gene
therapy and mimic the natural route of infection and as a result may induce a similar
immune response. One such non-pathogenic vector is the parasite Leishmania
tarentolae. In live attenuated vaccines, the attenuated virus/organism may revert
back to a harmful state. However, L. tarentolae is unable to replicate in the target
cells and is eliminated from the body after a few days, thus has an improved safety
profile over other live vaccines. In immunodeficient mice, this non-pathogenic vector
has displayed the ability to induce a specific CD8+ T-cell response against HIV
(Bolhassani et al., 2012). L. tarentolae has also been used effectively in eliciting
humoral and cellular responses in mice against HPV16 E7 (human papillomavirus),
which is known to increase the risk of cancer development in those infected with it

(Hosseinzadeh et al., 2013).

Non-pathogenic derived vaccines can also be used to treat substance
addiction. Research on nicotine addiction shows that immunisation using nicotine-
haptens (small molecule which can induce production of antibodies) and flagellin, as
a carrier protein (acting as an adjuvant), can elicit an effective specific antibody
response against nicotine. The use of this adjuvant allows the hapten to be presented
effectively to the antigen presenting cells, allowing increased epitope presentation,
thus increased antibody response. As a result of immunisation against nicotine, the
delivery of nicotine to the central nervous system is more gradual, which has been

proven to aid cessation of smoking. The side effects associated with targeting
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acetylcholine receptors (as in other nicotine therapies) are also avoided with this

method (Jacob et al., 2016).

Non-pathogenic vaccines can also be used to provide a means of birth control
(contraception). The human population of the world is now greater than 7 billion and
is still increasing. As such, the need for cheap, easy to use contraceptives is also
increasing. However, there is a significant proportion of people whose contraceptive
needs are not being fulfilled and the number of unplanned pregnancies continues to
rise (Garside et al., 2012). One possible way to induce infertility would be to
vaccinate against a fertility regulating peptide, such as GnRH (Roch et al., 2011). As
GnRH is a ‘self’ hormone it needs to be conjugated to an adjuvant or carrier protein
in order to elicit an immune response. This has previously been undertaken using
carrier proteins such as ovalbumin (OVA) and BSA and also with adjuvants such as

Freund’s (see section 1.3.2) (Herbert et al., 2005).

1.2 GnRH
1.2.1 The biological role of GnRH

GnRHs are a highly researched and well-established vertebrate hormone family.
Mammalian GnRH-1 was first isolated and sequenced in 1971 by Matsuo et al.
(1971) and has been found to be of central importance in regulating fertility in
vertebrates. GnRH-1 is produced in the hypothalamus and is released from nerve
endings in pulses every 30-120 minutes. This stimulates the release of follicle-
stimulating hormone (FSH) and luteinising hormone (LH), effectively regulating
fertility (Roch et al., 2011). LH appears to be dependent on receptor activation by
GnRH for secretion, whereas FSH relies more on biosynthesis in the anterior

pituitary gland for secretion. It has been shown that in females the GnRH pulse
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frequency is highest during ovulation and decreases during the luteal phase of the

reproductive cycle (Millar, 2005).

As GnRH effectively initiates the release of reproductive hormones,
hypogonadal (individuals with reduced functionality of sexual organs) males and
females can have their fertility induced via treatment with low dose pulses of GnRH-
I. Similar treatment can also be used to treat delayed puberty in adolescents.
However, treatment using high doses of GnRH-I can cause desensitisation of the
gonadotrope (cells in this anterior pituitary gland which secrete fertility regulating
hormones), therefore a decline in LH and FSH secretion, thus a marked decrease in
fertility and sexual organ function (Millar, 2005). The effect of GnRH on hormone
secretion is explored in greater detail later in this work. The effect of GnRH
treatment on the gonadotrope can be exploited in medicine for a wide range of
conditions and treatments. For example, immunisation against GnRH and its
analogues can have a major effect on fertility in mammals (both sexes) (Figure 2).
This occurs through neutralising antibodies being induced by immunisation that bind
to circulating GnRH molecules, thus preventing them from interacting with their
target cells to prevent GnRH-induced FSH and LH secretion (Ferro et al., 2004).
This then interrupts the hormonal cascade as shown in Figure 2, allowing this effect
to be exploited for contraceptive and immunotherapies. GnRH and its analogues can
also be effective in treatments for conditions such as endometriosis and prostate

cancer (Pham et al., 2016; Barbieri, 1992).
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Figure 2: Schematic diagram depicting how interrupting the GhnRH hormonal cascade can be exploited
to provide a contraceptive effect or potential cancer treatment (image taken from Gebril et al., 2014).

The target of GnRH is the anterior pituitary gland, which produces FSH and
LH as well as other classical hormones such as growth hormone (GH) and thyroid
stimulating hormone (TSH). However, there is evidence that GnRH stimulates other
secretions from the pituitary (that are not LH or FSH) and it can also be found in the

cerebro-spinal fluid, which suggests that GnRH may also serve some non-
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reproductive functions e.g. influencing neurotransmitter cells in the central nervous

system (Skinner et al., 1995).

There are other GnRH molecules present in different species, including
invertebrates. However, invertebrates lack an anterior pituitary gland, suggesting that
GnRH peptides may perform functions other than the secretion of reproductive

hormones in invertebrates (Roch et al., 2011).

1.2.2 GnRH Sequence and structure

GnRH is a short decapeptide, which is common to many mammals. In
invertebrates and other species GnRH analogues exist which have different peptide
sequences, but retain critical amino acids. As such, functionality of different GnRH
peptides may be retained enough so that there is some cross-compatibility between
peptides and their target receptors. Currently four main types of GnRH peptide
structures are known (I, Il, 11l and 1V) (Table 1). The pyro-Glutamic acid group is an
amino acid in which the glutamine has formed a lactam ring. Most vertebrates
produce both GnRH-I and GnRH-11, whereas fish generally also express GnRH-III

and lamprey may also express GnRH-1V (Roch et al., 2011; Sherwood et al., 2005).

35



Table 1: Sequence profiles of GnRH peptides

Peptide Structure Produced Function
| GARH-1  pyroQHWSYGLRPG-  Neurons in the Stimulates secretion |
NH2 pre-optic region of reproductive
hormones

GnRH-11  pyro QHWSHGWYPG- Midbrain Neuromodulatory
NH: function

GnRH- pyroQHWSHDWLPG- Telencephalon Neuromodulatory

i NH: function

GnRH- pyroQHWSHDWKPG-

v NH2

Many mammals express both GnRH-I and GnRH-I1I peptides. However, due
to evolution and subsequent diversification, the genes responsible for GnRH-II
expression have been lost in some mammals. This suggests that the function of
GnRH-II may be redundant in modern mammalian reproductive systems.
Conversely, in some species (such as the zebrafish) GnRH-IIl is the main
reproductive regulator (Roch et al., 2011). However, GnRH-II has been shown to
have the ability to affect sexual behaviour in females based on short-term energy
intake, thus demonstrating that the full repertoire of GnRH actions are not fully

understood as yet (Temple et al., 2003; Kauffman, 2004).

A study by Stewart et al. (2009) into GnRH-IlI and receptor systems in

mammals found that of 22 mammalian species investigated, only 4 have a
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functioning GnRH-11 system. Amongst the species investigated, humans are placed

in the category with an activated GnRH-I1 system.

Within the 4 main GnRH structures there have been 23 different forms of
GnRH peptide found in vertebrates. However, in insects there exists a GnRH
receptor superfamily that pairs with peptides that are entirely independent from
GnRH (but do share some residues in some cases). There is also a type of GnRH
receptor found in octopus that helps regulate reproductive processes. This
widespread occurrence of GnRH, GnRH receptors and similar systems suggests that
the GnRH family has been influencing physiological processes since before
vertebrates even existed and that GnRH must have its roots much earlier in

evolutionary history (Roch et al., 2011).
Although there are many varied peptide sequences of GnRH, all GnRH have:

- An N-terminal pyro-glutamate
- Amidated C-terminal
- Most follow the pattern pyroQHWS - - - - PG-NH., where the

blank residues can be subject to substitution.

From this, it can be observed that the pGlu-His-Trp-Ser and Pro-Gly-NH> groups
have been conserved through the evolution of GnRH, thus suggesting that these
terminal groups are of great importance for receptor activation and compatibility. As
such, the presentation of these terminal groups to the surrounding environment is key
in the interpretation of results later in this thesis. In GnRH sequences, position 8 is
the most variable position, followed by the 6", 5™ and 7" positions. However,

mammalian GnRH type | receptors require a charged arginine residue in the 8™
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position, hence this residue must play a significant role in ligand selectivity (Millar,
2005). This structural feature will also play an important role in the analysis of

results in this thesis.

1.2.3 GnRH Receptors

All mammals have a GnRH type | receptor and some retain the type Il
receptor. The GnRH-I receptor was first isolated in mice and it has been shown that
disruption of the GnRH-I receptor in mice causes direct reproductive defects. There
are similar receptors in mammals, such as the oxytocin receptor, but this binds
different hormones based on structure — GnRH is a hairpin loop in structure, whereas
oxytocin is presented in a ring-like structure. In insects, there are also similar
receptors, such as the adipokinetic hormone (AKH) receptor which pairs with a 10
amino acid long peptide sequence (the same length as GnRH), thus suggesting that

GnRH receptors belong in a superfamily of similar structures (Roch et al., 2011).

GnRH receptors all have G-protein coupled receptors and conserve certain
regions of amino acids. These receptors have a N-terminus followed by 7 a-helical
transmembrane domains which are connected through 3 extracellular loops and 3
intracellular loops (Figure 3). The extracellular domains are generally involved in
ligand binding, whereas the transmembrane domains exhibit a conformational

change to the tertiary structure upon receptor activation (Naor, 2009; Millar, 2005).
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Figure 3: Schematic diagram of the human GnRH receptor with amino acids described by single letter
codes (Yellow = shared GnRH receptor residues; Blue = Possible substituted residue). Binding sites,
activating sites, disulphide bridges and G-protein coupling are labelled. Extracellular, intracellular and
plasma membrane areas are also indicated (image taken from Millar, 2005).

Activation of the receptor leads to the release of FSH and LH from the
pituitary gland. This happens through signalling from the Gg11 G-protein, which
causes phospholipase C release resulting in an accumulation of inositol triphosphate
(IP3). Consequently there is a calcium release and protein kinase C activation which
stimulates the release of gonadotrophins from the pituitary. Upon receptor activation
there is a conformational change which begins with the initial GhnRH binding step.
This allows the receptor to adopt a transitional phase which leads to the formation of
a ternary complex which has a greater affinity for GnRH ligands and becomes more

stable with increased ligand binding (Millar, 2005).

Structurally, the main difference between the mammalian type I GnRH

receptor and type Il receptor is the inclusion of a cytoplasmic tail on the type Il
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receptor. It has been shown through in vitro studies that the type | GnRH mammalian
receptor binds preferentially to mammalian GnRH-I, whereas the type Il receptor
exhibits no strong preference for any GnRH-II peptide over another. Additionally,

GnRH-I1 is also the preferred ligand for non-mammalian receptors (Millar, 2005).

Upon binding to the receptor, mammalian GnRH-I adopts a conformation
similar to a hairpin loop where the GnRH termini are closely opposed (Figure 4).
This is a result of a B-11 turn involving residues 5 to 8 of the peptide (Tyr-Gly-Leu-
Arg). The driving force behind this conformational change in the peptide structure is
intramolecular reactions caused by the positively charged arginine residue. The
initial step of this turning process is induced by intermolecular reactions of the
arginine residue with Asp3®? (aspartic acid) on the receptor. It has been shown that
the substitution of the charged arginine residue with another results in a linear
tertiary structure, which renders the peptide biologically inactive in mammals.
Therefore, the inclusion of a charged arginine residue must be of utmost importance

when binding with the mammalian type | receptor (Millar, 2005).
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Figure 4: Secondary structure of mammalian GnRH-I which displays the hairpin loop in the GhnRH-I
peptide conformation. Charged residues have been highlighted (red = negatively charged; blue =
positively charged). The N terminus is at the far left with the C terminus at the opposite end of the
peptide.

The terminal amino acid residues of the GnRH peptide are integral to
receptor activation, the substitution of these residues creates antagonists which may
take part in competitive binding with agonist GnRH peptides. This concept will be
explored later in this thesis through molecular dynamics simulations. Additionally
the substitution of the internal glycine residue (Gly®) in the GnRH peptide sequence

with the D-amino acid increases the activity of GnRH ten-fold in mammals.

As GnRH is a peptide which is produced in vivo (i.e. a ‘self’ peptide),
immunisation using just GnRH peptide would not induce an effective immune
response as the peptides used would not be recognised as foreign by the immune

system. GnRH can also be classed as a weak antigen, due to its low molecular
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weight. Consequently, GnRH has to be attached to a large carrier molecule in order

to provoke the immune system into a reaction (Herbert et al., 2005).

1.3 Adjuvants
1.3.1 The Role of Adjuvants in Vaccinology

Peptides have many useful functions in medicinal therapies as they are highly
selective, have high potency and generally have low cytotoxicity. However, most
peptides are small molecules with a short in vivo half-life (typically 2-30 minutes)
due to rapid excretion and degradation by metabolic processes. As such, the
prolonging of the half-life of peptides would greatly increase the effectiveness of the
therapy in question. One way in which to achieve a longer peptide half-life is to
conjugate the peptide to a carrier molecule like BSA or an adjuvant that cannot be
metabolised as quickly (Penchala et al., 2015). However, adjuvants are generally

used to enhance the immunogenicity of peptides in vivo.

Vaccines made from peptides (subunit vaccines) generally have favourable
safety profiles in comparison to live vaccines, but they also tend to have poor
immunogenicity as they can be processed and degrade quickly in vivo (Mody et al.,
2013). The ability of the biological component to elicit an effective specific (and
humoral) immune response could be improved with the use of efficient adjuvants,
thus providing a platform for peptide vaccines which can elicit a long lasting and

effective immune response.

However, the addition of adjuvants to vaccines can cause the antibody
response to increase by stimulating a specific cell-mediated immune response more

effectively. The presence of the adjuvant enhances the response from dendritic cells
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(DCs), thus generating this specific immune response. DC maturation is induced by
inflammatory cytokines (secretion which promotes inflammation as an immune
response), which is crucial for an immune response; the potency of adjuvants for use
in vaccines can be measured by their ability to enhance DC maturation. This can also
be advantageous as fewer vaccine doses would be necessary for effective

immunisation (Foged, 2011).

Immunity to an antigen can be either innate or acquired. The first response of
the immune system is usually the non-specific innate immune response such as
physical barriers like skin or mucosal layers or even immune cells like macrophages
(m0), which attack foreign bodies within the bloodstream. Acquired immunity
pertains to an antigen specific response, where B or T cells respond to and thus
prevent re-infection. The B cell response is humoral immunity and consists of
components like antibodies released that target specific antigens in the blood and
other macromolecules that target foreign bodies. The T cell response encompasses
cellular immunity. The T lymphocyte cells can be classed as either CD4+ T-helper
cells or CD8+ cytotoxic T cells. Receptors on T-cells regulate cell activity by
creating signals when an antigen (to which there is immunity) comes into contact
with the receptor and then these CD4+ and/or CD8+ cells can be generated (Figure
5). The CD8+ cells bind onto the target cell via the antigen associated with the
immunity and then destroy the cell. The CD4+ cells can either induce a cell-mediated
specific response (Th1 helper cell) or induce a humoral response (Th2 helper cell).
The efficiency of the cellular response depends upon the antigen presentation to the
T-cell receptors. As such, a major challenge when formulating an adjuvant and

carrier molecule is presenting the antigen in the optimal position (Mody et al., 2013).
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This is of utmost importance to the work in this thesis and is used to drive molecular

dynamics studies of peptide adsorption and presentation to the surrounding

environment.
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Figure 5: Diagram depicting how humoral and antigen specific responses are generated (image taken
from Mody et al, 2013).
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1.3.2 Adjuvant Types

There are two main types of adjuvants currently known:

- Antigen carrier molecules that enhance antigen uptake by immune cells.
These adjuvants induce an innate immune response by stimulating APCs
and DCs, thus triggering a localised inflammatory response (Coffman et
al., 2010)

- Molecules which enhance the immunogenicity of antigens by promoting
antigen uptake and presentation to APCs, resulting in antigen-specific

immune responses. (Savelkoul et al., 2015)

At the moment there are very few adjuvants approved for use in humans by the FDA
(US Food and Drug Administration) (Mbow et al., 2010) due to the perceived side
effects and toxicity associated with many formulations. Adjuvants that are currently
approved for use in human trials include: Alum salts; Monophosphoryl Lipid A
(MPL®); immunopotentiating reconstituted influenza virosomes (IRIV); virus-like

particles (VPLSs); cholera toxin and MF59® (oil in water vaccine adjuvant).

Polymeric and liposomal adjuvants can be useful for drug release systems and
also for antigen release whilst increasing immunogenicity in new vaccines, however
they tend to cause tissue lesions at the vaccination site when administered
subcutaneously (Gebril et al., 2014). Highly purified Quillaia, or Quil A (bark extract
of the soapbark tree — Quillaja saponaria) is one of the most common adjuvants used
in clinical mice trials. This adjuvant is particularly good for subunit vaccines as they
stimulate cytotoxic T-lymphocytes against specific antigens via a Th1 response. Quil

A has not been approved for use in human trials as there are often adverse local
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reactions at the site of injection and also associated toxicity when used as an
adjuvant. Another adjuvant which is often used in clinical animal trials is Freund’s
complete adjuvant (FCA). FCA is composed of inactivated pathogens (usually
bacteria) suspended in an oil emulsion and is usually used to heighten the immune
response as it induces both cellular and humoral immune responses — which are
desirable qualities for any adjuvant. However, FCA often displays highly toxic
effects and can cause severe reactions in subjects, hence it has not been licensed for

use in human trials (Freund et al., 1937).

One adjuvant that is currently approved by the FDA for use in humans and
has been widely used in existing vaccines (e.g. rabies, hepatitis A and B, diphtheria)
is Alum (aluminium salts). The use of Alum as an adjuvant can help induce a strong
antibody response as associated antigens are able to remain at the site of injection in
larger quantities, thus allowing DCs more time for antigen uptake (Mody et al.,
2013). Alum has also been used in combination with MPL A (a lipid based adjuvant)
to improve the specificity of vaccines for inducing cell-mediated immunity, as
vaccines containing only Alum as an adjuvant only excel in inducing a humoral
response. This combination is now licensed for use in human vaccines, however the
use of MPL A alone as an adjuvant gives a low specific response (Skrastina et al.,
2014). The use of Alum alone as an adjuvant also has other drawbacks. Alum is
known to often cause local reactions at the site of injection, resulting in pain and
inflammation for the patient. This is due to Alum not being quickly dispersed once
injected. Additionally the adsorption of certain proteins to Alum can also destabilise
the protein tertiary structure, meaning that Alum is not suitable as an adjuvant for all

antigens (Skrastina et al, 2014). As such, there is evidently a need for stable
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adjuvants with low toxic profiles that can induce a strong specific immune response
to a wide variety of antigens with minimal side effects. Silica has been
investigated for use in the pharmaceutical industry and has proven to exhibit
favourable biocompatibility and can elicit potent antibody responses in

immunological studies (Tsirikis et al., 2015)

1.4 Silica Nanoparticles

One possible candidate for an adjuvant for use in vaccine formulations is
nanoparticulate silica. Monodisperse silica nanoparticles are relatively simple to
synthesise, have good chemical stability, tuneable properties (e.g. size, porosity), low
cytotoxicity and good biocompatibility (Du et al, 2010; Nozawa et al, 2005). Silica is
already used in many types of industrial applications including pharmaceuticals,
ceramics, catalysis and in coatings. Due to its biocompatibility and tuneable
characteristics, the use of various types of silica is constantly increasing in

biomedical science, particularly in drug delivery systems (Wang et al, 2012).

The properties of silica nanoparticles fluctuate depending on parameters such
as the size of the particles, concentration, surface charge and any functional groups
that may be attached. There are also various approaches that one can take when using
silica nanoparticles as a delivery system as groups can be immobilised on the silica
surface and surface interactions can provide optimal conditions for protein
adsorption. Furthermore antigens can be encapsulated in silica nanoparticles and due
to the insolubility of silica there would be a slow release of antigens in vivo (Figure
6) (Mody et al., 2013; Skrastina et al., 2014). There is evidence that silica can be
used to improve immune responses. It has been found that amorphous silica has the

ability to reduce the potency of circulating m6 and therefore can also increase the
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specific antibody response. This is because macrophages compete directly with DCs,
which are better equipped to recognise specific antigens and thus effect a lasting
Immune response (Gennari et al., 1987). As such silica has also been studied for use

as an adjuvant in vaccine formulations (Skrastina et al., 2014).

Nanoparticles  Antigen in
in buffer aqueous solution

Antigen loaded
nanoparticles

Figure 6: Diagram depicting a simple method of loading silica nanoparticles with an antigen (image
taken from Mody et al., 2013).

SBA-15 is a mesoporous silica nanomaterial with hexagonal pores that has
good thermal stability and biocompatibility, and therefore is a good candidate for
bioapplications. Mercuri et al. (2005) studied the use of SBA-15 as an adjuvant for
venom proteins of the snake Micrurus ibiboboca in subcutaneously administered
vaccinations on BALB/c mice. In this study the animals treated with SBA-15 as an
adjuvant showed an increased specific immune response, but with no protein release,
therefore confirming the role of silica as an adjuvant. SBA-15 also provided a greater
specific immune response than Alum, probably due to the effect of silica on the m9,
which would enable the B cells and DCs increased opportunity to provide effective

immunity against the antigen.
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The potential of silica for use as an adjuvant was strengthened by the US
Food and Drug Administration (FDA) authorising silica for use in human trials
(Friedman, 2011). However, the biocompatibility of silica depends upon the
morphology, concentration, surface functionalisation and nanoparticle size. The size
of silica nanoparticles is an important tuneable feature as it can greatly influence
protein adsorption and antigen loading. However, smaller nanoparticles (less than
200nm) show toxic effects in vivo (Han et al, 2011), particles less than 100nm in size
can also avoid adsorption by the reticuloendothelial system (m6 and phagocytic
cells) and accumulate in cells (Kim et al., 2015; Wu et al., 2011). Smaller
nanoparticles have a higher surface area-to-volume ratio and consequently have a
higher weight ratio of surface silanol groups, which generate reactive oxygen species
that can promote cytotoxic effects. The toxicity of silica nanoparticles depends on the
route of administration as well as the route of excretion. Nanoparticles with
diameters less than 10nm are renally filtered, whereas larger nanoparticles are
generally excreted through the waste system. Nanoparticles larger than 200nm with
the same surface functionalisation as smaller nanoparticles exhibit less cytotoxic
effects and different in vivo properties. The structure and pore architecture of silica
nanoparticles also greatly affects the biocompatibility of the adjuvant. The porosity
affects signalling pathways involved in the immune response. Mesoporous silica
nanoparticles have been shown to have inhibiting effects on mitochondrial and
cellular respiration processes, which can cause oxidative stress and therefore
cytotoxic effects (Blumen et al., 2007; Mody et al., 2013; Skrastina et al., 2014;

Vallhov et al., 2007).
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Mesoporous silica nanoparticles have a limited pore size which can restrict
the adsorption of large proteins and biomolecules. Non-porous nanoparticles such as
Stober silica are spherical and monodisperse particles which are synthesised by the
hydrolysis of tetraethylorthosilicate (TEOS) (Stoéber et al., 1968; Nozawa et al.,
2005). These spherical nanoparticles are less toxic than porous silica down to a
diameter of 100nm with a reduced inflammatory response. Non-porous nanoparticles
in the size range of 35-70nm have been shown to cause pregnancy complications in
immunised mice. However, coating the silanol surface of the nanoparticle (which is
intrinsically simpler with non-porous spherical particles) with polyethylene glycol
(PEG) can eliminate haemolytic and cytotoxic effects, whilst also preventing non-
specific immune recognition (Lin et al., 2010). The biocompatibility and in vivo
circulation time of non-porous silica nanoparticles can also be improved through

surface modification and functionalisation.

The addition of biomolecules or proteins can improve the biocompatibility of
silica nanoparticles. Silica has previously been used to deliver BSA (Lim et al.,
2012). BSA is an albumin protein produced in cows that is often used as a lab
standard and can be used in drug delivery as a carrier molecule (Sleep, 2014). Mody
et al. (2013) have used a combination of mesoporous silica, OVA and an antigen
associated with bovine viral diarrhoea virus (BVDV). It was found that the inclusion
of silica greatly improved the antigen loading capacity and that the properties of the
silica nanoparticles (zeta potential and functionalisation) dictate the ability of protein
adsorption/desorption. Silica nanoparticles can be used in the adsorption and
desorption of a wide range of biomolecules due to their tuneable properties. The

surface adsorption properties of these silica nanoparticles can be tuned via altering
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the pH, which would alter the zeta potential at the surface. The surface properties
could also be changed under the action of enzymes, heat, UV light effects on surface

functional groups or with time (Mody et al., 2013).

Hollow mesoporous silica nanoparticles exhibit favourable characteristics for
antigen/protein loading. However, loading is often restricted by pore size, but
adsorption of proteins onto the nanoparticle surface can circumvent this restriction.
Small spherical nanoparticles (like Stober or mesoporous silica nanoparticles) with a
high surface area adsorb BSA well, but this efficiency can be doubled if the silica
nanoparticles have a functionalised surface with amino groups. However, increasing
the size of these spherical nanoparticles can reduce the rate of desorption of BSA due
to the protein ‘depot’ effect, which prevents large proteins from being released as
easily from the nanoparticle. Consequently, this allows for longer periods of
interaction between the antigen (which could be attached to the BSA molecule) and
the immune system, thus enhancing the adjuvanting effect of the silica (Wang et al.,

2012).

For example, the silica-OVA-BVDV antigen immunisation system described
by Mody et al. induced both a Thl and Th2 immune response. Silica (SBA-15) has
been shown to elicit higher antibody levels than Alum and also showed better
induction of immune memory response after multiple immunisations. The adsorption
of BSA (as a carrier molecule) to silica adjuvants further increases the amount of
antibodies produced. Mice vaccinated with a BSA-silica complex produced a
significant amount of BSA-specific immunoglobulin G (IgG) (a Y shaped antibody

with 2 antigen binding sites) antibodies.
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Although BSA is released more effectively from silica with a negatively
charged surface, the surface of silica can also be functionalised in order to make it
positive. This can help prevent adsorbed peptide degradation. Positively charged
silica can also be used in gene therapies as nucleic acids are negatively charged, so
can only effectively adsorb onto a positively charged surface. In this project the

relationship between charged silica surfaces and proteins is heavily investigated.

BSA generally adsorbs to silica either through electrostatic interactions or
hydrophobic effects, with quick release of the protein suggesting weak adsorption
strength. One of the main challenges when formulating a new vaccine with an
adjuvant/carrier protein system is finding the optimal combination and conditions
that will present the antigen to immune cells effectively. The immune response is
highly dependent on how the antigen is presented to the surrounding environment

and how stable its interaction with the adjuvant is (Hartono et al., 2012).

1.5 Molecular Dynamics Studies

As the manner in how the antigen is presented to immune cells is of utmost
importance when trying to invoke an immune response, the protein adsorption
mechanisms must be studied and exploited to encourage optimal presentation. One
method in which to achieve this is through molecular dynamics simulations

focussing on peptide adsorption on a silica surface.

Molecular dynamics simulations allow for insightful analysis at the atomic
level of protein-silica adsorption mechanisms/systems. Simulations can be tuned in
order to study the effect of physiological conditions (ionicity, pH and physiological

temperature) on protein behaviour over nanosecond timescales or how these
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conditions can be altered to provide the optimal environment to promote effective
protein adsorption. Consequently, atomistic simulations are a useful tool that can

direct and inform ‘wet’ laboratory research studies.

Jardon-Valadez et al. (2009) used a combination of receptor binding studies
and molecular dynamics simulations to analyse the importance of Lys191 and the
Cys13-Cys200 disulphide bridge on the protein conformation and dynamic behaviour
of the human GnRH receptor. As previously discussed, GnRH and its receptor are
prime targets for conditions such as prostate cancer and endometriosis amongst
others (Barbieri, 1992). It was found through functionality laboratory studies that
Lys191 may have an important role in extracellular plasma membrane expression
and thus intracellular signalling as its presence appears to have a destabilising effect
on the Cys14-Cys200 disulphide bridge (Figure 3)(Lys191 is present in primate
GnRH receptors, but not in mice or rats) (Jardon-Valadez et al., 2009). These
findings were explained using molecular dynamics simulations as it was shown that
the presence of Lys191 in the receptor acts on the disulphide bridge and promotes
tension between Cys14 and Cys200, thus slowing down the formation of this bond.
Upon substituting Lys191 with another residue (or deletion), it was found that Cys14
and Cys200 interact more readily with each other, suggesting favourable conditions
for the formation of the disulphide bridge. As a result, the combination of laboratory
methods and computational models were successfully used to show how Lys191
affects the protein conformation and tertiary structure of human and other GnRH
receptors (Jardon-Valadez et al., 2009). GnRH has been used in this study as it is a

promising target for immunisation and is also small enough so that peptide-surface
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interactions can be thoroughly analysed and understood, thus providing

immunological studies with information on the dynamic behaviour of GnRH.

Euston (2010) has studied molecular dynamics simulations of protein
adsorption at fluid interfaces in order to compare all atom models with that of a
coarse grained model (a model, often used in the simulation of proteins, in which
groups of atoms are represented by individual atoms, thus allowing for longer
simulation times using less computational power). In the food and beverage industry
proteins are used to stabilise foams and emulsions by forming a thick layer which
prevents rapid breakdown of the foam structure. The ability of the adsorbed protein
to act as a stabilising agent depends upon the conformation in which the protein
adsorbs to the fluid interface. In oil-water interfaces the adsorbed protein
conformation can be influenced by the intrinsic amino acid structure of the protein

and the nature of the interface.

Computational modelling can be utilised to ascertain the optimal conditions
for protein adsorption to the oil-water interface. Root mean squared deviation
(RMSD) of the atomic coordinates of barley lipid transfer protein (LTP) was used to
monitor the behaviour of the tertiary structure at the interface. An all-atom model
was run alongside a coarse-grained model in order to investigate whether these
methods produce comparable results, as a coarse-grained approach would allow for
longer simulation timescales with less computer processing power needed. It was
found that coarse-grained modelling does allow for longer simulation timescales to
be utilised for protein adsorption simulations, thus the post-equilibration behaviour

of the tertiary structure can be analysed reliably. However, there can also be different
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behaviour exhibited in coarse-grained models than in all-atom models as finer details

leading to conformational entropy changes may be missed (Euston, 2010).

Molecular dynamics simulations have also previously been used in
conjunction with other quantitative methods to study protein adsorption on silica
surfaces. Kubiak-Ossowska et al. successfully showed that hen egg white lysozyme
(HEWL) adsorbs to a silica surface at pH 7 through mainly electrostatic interactions
and how adsorption to the surface affects the protein conformation. This allowed an
informed analysis of the experimental multi-parametric surface plasmon resonance
results (MP-SPR). The combination of these results provided enough information to
deduce that the protein was able to form a closely packed monolayer structure on the
silica surface (Figure 7) at higher pH levels (pH 7-10) and that the hydrophobic
residues of the protein are exposed to the surrounding solvent when adsorbed as the
surface hydrophobicity increases with greater surface coverage (Kubiak Ossowska et

al., 2015).
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Figure 7: The images at the bottom of the figure indicate the adsorbed protein orientation on the silica
surface at varying pH levels. The contact angle measurement for bare and HEWL-adsorbed silica
surface within a pH range of 3 to 12 is also shown in the graph. The water droplet shape on the surface
is superimposed on the graph. The concentrations of protein is also given with coloured points: Green
= 1000ppm; Yellow = 10ppm; Red = 5ppm (image taken from Kubiak-Ossowska et al., 2015).

This explains the observed trends in the water contact angle with HEWL/silica
surfaces at various pH. All-atom molecular dynamics simulations allowed this
conclusion to be reached as the protein adsorption mechanism and driving force

behind the interactions could be analysed over a nanosecond timescale.
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1.6 Aims and Objectives of Thesis

This thesis aims to investigate the use of GnRH and its analogues as a model system

for vaccine formulations. This includes the role of the hairpin loop secondary

structure; the peptide termini and the charged amino acid residues in the vaccine

formulation and the associated immunological response. The role of silica

nanoparticles as an adjuvant is also investigated. Molecular dynamics simulations

have been used in this study to understand the presentation of the GnRH peptide to

the physiological environment and how this correlates with an immunological

response.

The chapters are structured as follows:

Chapter 2 provides the theory behind the methodology used in this thesis.
Chapter 3 used molecular dynamics simulations to show the effectiveness
and dynamical behaviour of GnRH peptide adsorption to a silica
substrate. The effect of ionic concentration on peptide adsorption and
desorption is also investigated.

Chapter 4 illustrates how effectively GnRH peptides adsorb to silica
surface using quartz crystal microbalance (QCM) and surface plasmon
resonance (SPR) as physical characterisation techniques. A mixture of
these techniques and molecular dynamics simulations are also used to
investigate how GnRH peptides conjugated to BSA are presented to the
surrounding environment.

Chapter 5 presents an immunological study of the GnRH vaccine systems
investigated in this work. The effect of silica as an adjuvant is explored

by measuring specific antibody levels to GnRH-l. The effect of
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immunisation with these treatments against GhnRH on hormonal pathways
is also examined by measuring the effect of testosterone production of
treated mice.

Chapter 6 aims to draw conclusions from the results and discussion

presented and highlights areas where future work could be carried out.
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Chapter 2 - Methodology
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2.1 Simulations
2.1.1 Molecular Dynamics

Liquids were once simulated using gelatine or metal ball bearings, however these
physical methods had obvious limitations. To provide a more thorough approach,
liquids are now simulated using mathematical models and analysed via computer
simulations. Molecular dynamics takes into account the Newton’s equations of
motion for liquids (Allen et al., 1987). Computer simulations can provide accurate
results for statistical mechanics of liquids, which can only be approximated by other
methods. These simulations can then be used to provide predictions and insight for
wet experimentation (Allen et al., 1987).

The interactions between atoms in a liquid or molecule are caused by the
electron clouds around the individual nuclei, but in computer simulations they are
approximated by simple empirical forms such as: Van der Waals forces,
electrostatics, momentum, Kinetic energy, point in space (coordinates) and type of
bonding (Allen et al., 1987). Molecular dynamics simulations are run and observed
over a finite time, so as to accurately calculate the motion of a molecule in a feasible
calculation time. Longer simulations may not be feasible as the Newtonian equations
of motion of each atom in the simulation box are calculated on a step by step basis
(Allen et al., 1987). Due to vibrational frequencies in molecules, these steps are in
femtosecond timescales (10"%°seconds), so 108 steps only yields one nanosecond of
trajectory. This may take an unreasonable amount of time, even on modern
supercomputers. The molecular dynamics approach also calculates the basic
thermodynamic properties of a simulation as averages so as not to highlight and

extrapolate anomalies (Allen et al., 1987).
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The molecular dynamics approach to computer simulations of molecules in a
liquid uses statistical methods to calculate molecular fluctuations and must calculate
values for each stage of a reversible thermodynamic potential. Any slight difference
in the calculated trajectory, caused by fluctuations or arithmetical differences can
cause a divergence in the computer generated simulation from the true classical

trajectory (Allen et al., 1987).

2.1.2 Water Model

In computer simulations there are various water models that can be used. In all of the
simulations that were performed the TIP3P water model was used. The TIP3P model
uses water molecules with three sites of interaction - one for each atom. Each atom is
also assigned a point charge, with the angle of the molecule being 104.5° (Jorgensen
et al., 1983). The TIP3P model used in these simulations also used the Lennard-

Jones parameters on each of the atoms of the water molecule.

The TIP3P model is widely used in molecular dynamics simulations as it is a
relatively simple model that lends itself to large systems as it can be computed more
easily than more complex water models. For example, using TIP4P water model
would require a significantly longer computation time as each water molecule has an

extra ‘dummy’ atom which carries the negative charge (Jorgensen et al., 1983).
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2.1.3 Force Field
In molecular dynamics simulations the force field is a collection of interatomic

potentials (energy functions) which define the potential energy of a system. In all-
atom systems, parameters are calculated for every atom including hydrogens, rather
than a coarse-grained model, which may define certain molecular groups (e.g. methyl

groups) as interaction centres.

The potential energy of a system can be subdivided into covalently bonded
terms and non-bonded interactions (e.g. Van der Waals (VDW)). This can be

simplified with the following equation:

Etotal = EBonded + ENon-bonded

Where

EBonded = EBond + EAngIe + Epihedral

And

EnNon-bonded = EElectrostatic + Evow

Some force fields also have allowances for hydrogen bond terms.

Non-bonded terms use the most computing power. Van der Waals are usually
calculated using Lennard-Jones potentials and the electrostatic effects with

Coulomb’s Law.

In this work the CHARMMZ27 force field was used, which is optimised for

simulations containing biomolecules and proteins.
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2.2 Lab Studies
2.2.1 Silica Nanoparticle Synthesis

Stober synthesis allows the production of monodisperse, spherical silica
nanoparticles and can be tuned to produce a varying size range of nanoparticles
(Stober et al., 1968). This was carried out via hydrolysis followed by condensation of
tetraethyl orthosilicate (TEOS) in a mixture of water and ethanol with ammonia as a

catalyst. The reaction was as follows:

Si(OR)4 + H20 — (OR)3Si(OH) + ROH

(OR)3Si (OH) +H20 — SiO + 3ROH

- where the R group is an alkyl chain (in this case an ethyl group) (Nozawa et

al., 2005).

Ammonia was used as a catalyst in this reaction which allowed the formation of
spherical particles. Stober et al. (1968) found that the largest silica spheres were
formed when the system was saturated with ammonia and the absence of ammonia

produced irregularly shaped particles.

However, Nozawa et al. (2005) believed that addition rate of reactants is the
deciding factor on the morphology and size of silica nanoparticles as the nucleation
period is effectively controlled with the changing of reaction speed (Nozawa et al.,
2005). They reported that faster addition of TEOS/EtOH reactant gave smaller
particle sizes. They theorised that early in the reaction, growth of the particles is
controlled by monomer incorporation at the particle surface, but later in the reaction

growth is dictated by diffusion at larger radii (Nozawa et al., 2005).
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2.2.2 Dynamic Light Scattering

Generally speaking larger particles scatter light well (e.g. dust scattering a sunbeam).
This scattering can be exploited for particle characterisation and sizing, which can be
performed relatively easily with the only preparation necessary often only dilution.
Dynamic light scattering (DLS) is a laser scattering technique that can be used to
investigate diffusion of particles in a solution. When in solution the movement of the
irradiated (by laser beam) particles results in scattered waves that are picked up by
the detector. As there are many particles in motion there is constructive and
destructive interference in these waves which causes the light intensity picked up to
fluctuate. These fluctuations are time-dependent and are also affected by the
Brownian motion of the particles scattering the incident laser. DLS measurements
find the diffusion coefficient of the solution, which is the rate of molecular motion
present in the sample solution. The diffusion coefficient (D) is given in the Stokes-

Einstein equation as:

Where T is the temperature and f is the frictional coefficient (the forces that affect a
particle’s motion). The frictional coefficient for a solution of spherical particles can

be given by the Stoke’s relation:

f = 6man

where 1 is the viscosity of the solvent and a is the particle radius (Atkins, 2006).
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2.2.3 Zeta Potential

Zeta potential can be used to measure the overall surface charge of particles in bulk
solution. The electric charge on the surface of particles causes the clustering of
oppositely charged ions to form around the particle, thus forming an ionic
atmosphere in the bulk media. The radius of the sphere that is able to capture these
ions (and associated solvent) is known as the radius of shear. This determines the
mobility of the particles. The zeta potential can be defined as the electric potential of
the radius of shear relative to the overall bulk electric potential (also known as the

electrokinetic potential) (Atkins, 2006).

Zeta potential determines the overall kinetic stability of colloidal dispersions.
In colloids with small particles, a large zeta potential value indicates that the particles
are likely to retain their monodispersity as there is enough electrostatic repulsion
between close, similarly charged particles to prevent aggregation. Whereas in
colloidal dispersions with a low zeta potential value (or close to the isoelectric point),
aggregation is more likely as other attractive forces (e.g. Van der Waals) can
overcome the charge repulsion to form clusters. The potential energy of these
interactions can be summarised with the following equation:

AaZ(Z

— —s/r
Vrepulsion - R e /To

Where A is a constant, a is the particle radius, ( is the zeta potential, R is the distance
between particle centres, rp is the thickness of the electric double layer and s is the

distance between the surfaces of two particles (Atkins, 2006).
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2.2.4 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a useful measuring tool for adsorption of a
material on a surface. SPR can be used to find the contact angle of adsorbed material
on a surface and thus the effective surface coverage, whereas other techniques, such
as QCM, also take into account solvent and ions when measuring the mass adsorbed.
Consequently, SPR can provide a more accurate analysis of effective surface

coverage by a particular material.

SPR monitors the intensity of angular positions of adsorbed material on a
surface over a fixed period of time. The adsorbed mass on the surface can be

calculated using the following equation:

_ AOsprkdnry
I—.'SPR - dn
dc
where AOgpy is the change in SPR angle; k is a constant obtained via calibration;
denry 1S the thickness of the adsorbed layer (desa is used when the adsorption of the

peptide-BSA complex is measured); Z—’CI is the refractive index gradient of the

adsorbed protein layer (Kubiak-Ossowska et al., 2015).
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2.2.5 Quartz Crystal Microbalance

Quartz crystal microbalance (QCM) is a useful method to measure protein
adsorption. The QCM sensor is a thin disc of piezoelectric quartz crystal with
electrodes on opposite sides. Upon application of an RF voltage to the electrodes the
disc oscillates at its fundamental resonant frequency. Adsorption of material onto this
oscillating disc causes a decrease in this frequency which is proportional to the mass
adsorbed (Am). The Sauerbrey equation gives the relationship for flat, uniform and
rigid adsorbed films, where the change in resonance frequency (Af) is directly

proportional to the adsorbed mass:

A
Am=—C—f
n

where C is the constant of the crystal (17.7ng/cm?Hz) and n is the overtone number.
Hence, it can be seen that a decrease in oscillatory frequency of the disc correlates

with the mass of adsorption.

The energy dissipation (Ddis) can also be deduced by measuring the decay of
the crystal oscillations. This is linked to the energetic properties of the sensor by the

equation:

where Egis is the energy lost during one oscillation; Estwor is the energy stored in the

oscillating circuit.

The change in dissipation can be used to give a quantitative measure of the

strength of adsorption or formation of layers on the sensor. For layers that are
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strongly adsorbed there will be little or no change in the dissipation over time,
whereas a layer that is not as strongly adsorbed will show a marked change in

dissipation (Jachimska et al., 2012).

2.2.6 Immunological and Cytotoxic Studies

Extensive immunological studies of the proposed vaccine formulations were
undertaken and a cytotoxicity study of the silica nanoparticles was performed. A

detailed explanation of these studies can be found in Section 5.2.
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Chapter 3 - Molecular Dynamics
Simulations of Peptide Adsorption
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3.1 Aims

Silica nanoparticles are promising adjuvant candidates for novel vaccine
formulations as they exhibit tuneable properties, are relatively simple to synthesise
and show good biocompatibility (Mody et al., 2013). GnRH and its analogues have
also shown themselves to be useful antigens for various treatments (Barbieri, 1992).
This chapter uses molecular dynamics simulations and steered molecular dynamics
to investigate the adsorption properties of GnRH-1 and its analogues on silica

substrates.

This chapter aims to:

- Show how effectively GnRH-1, GnRH-II, GnRH-IIl and cys-GnRH-I
bind to a silica surface and if they bind in such a way that the peptide
keeps its hairpin loop conformation, whilst also being presented to its
surrounding environment in such a way that it could freely interact with
immune cells in vivo.

- Determine the strength of peptide adsorption on a silica substrate and thus
be able to estimate whether the peptides under investigation would
spontaneously desorb from silica nanoparticles.

- Investigate the effect of ion concentration on the binding properties of

GnRH peptides on silica substrates.
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3.2 Materials and Methods
3.2.1 Molecular Dynamics

All computational simulations were calculated using NAMD 2.6 software
(Phillips et al., 2005) and with analysis performed using VMD (Humphrey et al.,
1996). The CHARMMZ27 forcefield specifications were used in each simulation. The
native GnRH structure used was 1YYZ1.pdb (Spyroulias et al., 2006) and the cys-
GnRH-I peptide was a modified version of 1YY1.pdb where the N-terminal glutamic

acid residue was changed to a cysteine residue.

Adsorption simulations were prepared with one peptide close to the silica
surface. The system was neutralised with NaCl to either 0.05M or with at least 88 Na
and Cl ions in order to create a screening layer of ions. This occurs as the ions move
to the positively and negatively charged surfaces and quench the dipole moment of
the system, mimicking Debye screening of a charged surface. The system was
solvated in a water box that extended at least 15A away from any protein atom.
Surface adsorption simulations were run for 50 nanoseconds and at 310K and
contained ~80,000 atoms (with other simulations containing up to ~180,000 atoms).
Each simulation included an equilibration and minimisation period before starting. A
timestep of 1.0fs was used alongside periodic boundary conditions in all directions
with a neutral pH. As periodic boundary conditions create simulation cell copies in
all directions, a continuous surface for which peptides can adsorb onto is created. A
short time step was used in order to ensure that the force acting on each atom doesn’t
significantly change during each time step. The Berendsen thermostat was used in
order to control the simulation temperature by re-scaling the velocities of simulated

atoms. A NVT ensemble was used for all simulations which is influenced by the
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following variables: number of particles (N), volume of the system (V) and
temperature (T). The electrostatics were calculated using a particle mesh Ewald
summation with a cut-off of 12A. The TIP3P water model, which is commonly used
in large biomolecular simulations, was used in all simulations performed. RATTLE
was used as the constraints algorithm for all simulations. Constraints solvers are used
for the bonds in protein/peptide simulations as proteins tend to contain rigid
structures (such as aromatic rings and certain amino acids). Consequently a
constraint solver such as RATTLE or SHAKE can be applied to a system with rigid
structures to increase the overall efficiency by reducing the complexity of a

simulated molecule (Forester et al., 1997).

The simulation allowed 100 ps at the beginning for minimisation of the water
molecules around the protein and surface at 310K (body temperature). The entire
system then went through a minimisation sequence for 30 ps to ensure that any
unphysical overlaps due to method of construction were removed. The entire system
was then heated to 310K for 2.7 ns to investigate the GnRH adsorption process at
body temperature. The molecular dynamic simulations were then carried out for 50
ns at 310K and subsequently analysed.

The protein structures under analysis varied; GnRH peptides have 10 residues
and only differ on 4 residues within the chain (Millar, 2005).

GnRH-I

The structure of GnRH-I analysed was taken from the Protein Data Bank (Spyroulias
et al., 2006) and is as follows: glutamic acid — histidine — tryptophan — serine —
tyrosine — glycine — leucine — arginine — proline — glycine (EHWSYGLRPG). This

peptide chain is neutral overall, but does contain charged residues — glutamic acid
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carries a negative charge and arginine is positively charged. The N-terminal (at the
beginning) is also positively charged and the C-terminal carries a negative charge.
Cys-GnRH-1

The structure analysed is as follows: cysteine — histidine — tryptophan — serine —
tyrosine — glycine — leucine — arginine — proline — glycine (CHWSYGLRPG). This
peptide chain is positive overall as the only charged amino acid side chain is
arginine, which is positively charged. The N-terminal (at the beginning) is also
positively charged and the C-terminal carries a negative charge.

GnRH-1I

The structure of GnRH-II analysed is as follows: glutamic acid — histidine —
tryptophan — serine — tyrosine — glycine — tryptophan — tyrosine — proline — glycine
(EHWSYGWYPG). This peptide chain is negative overall as the only charged amino
acid side chain it contains is glutamic acid, which is negatively charged. The N-
terminal (at the beginning) is also positively charged and the C-terminal carries a
negative charge.

GnRH-III

The structure of GnRH-III analysed is as follows: glutamic acid — histidine —
tryptophan — serine — histidine — aspartic acid — tryptophan — lysine — proline —
glycine (EHWSHDWLPG). This peptide chain is neutral overall, but does contain
charged residues — glutamic acid is negatively charged and lysine is positively
charged. The N-terminal (at the beginning) is also positively charged and the C-

terminal carries a negative charge.
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3.2.2 Steered Molecular Dynamics

Steered Molecular Dynamics (SMD) simulations were run in order to investigate
protein desorption. SMD uses an external force to speed up protein diffusion
mechanisms (Kubiak-Ossowska & Mulheran, 2012). This provides information on
the strength of adsorption as the energy barriers which need to be overcome for
desorption to take place can be found. As such, an external force in the +z direction
(i.e. normal to the silica surface) was applied with a constant-pulling velocity on the

adsorbed protein on the silica surface. All other variables were not modified.

It was found that the best choice of pulling velocity was: 0.005 A/ps. This
was achieved by comparing the duration of pulling each atom against the input of
energy to the water as the peptide moves. In this method a fictitious atom is joined to
the target atom by a spring constant, K, and is pulled. The force of the spring is
recorded over time, as is the position of the pulled target atom.A specified atom on
the protein backbone was pulled at a constant velocity and the energy required to
exact a conformational change was calculated by measuring the force in the spring
between transitions.

The energy barrier for each event in the conformational change was

calculated from the energy released using the equation:
dE = (Fy + dr, aF
= (Fo + - ()

where dE is the energy barrier, Fo is the force at the end of the event, dF is the force

required for the event and K is the spring constant (K = 278pN/A).

Calculated values were converted into eV by the relation:
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1pNA = 6.24150913x10%eV

In turn, this could be related to the Arrhenius rate of the mechanism,
which varies with activation energy. Kubiak-Ossowska & Mulheran (2012)
illustrated the relationship between activation energies for molecular processes and
their associated Arrhenius rates (Table 2). The values derived from force-distance
curves from the SMD trajectories could then be used to anticipate the energy barriers
for individual desorption processes and therefore how strongly bound each peptide is

to the silica surface.

Table 2: Table of activation energies and their associated Arrhenius rates at
physiological temperature

Activation Energy (eV) | Arrhenius Rate

1.6 10%s (million years)
1.4 10%% (thousand years)
1.2 10s (years)

1.0 10%s (hours)

0.8 10% (seconds)

0.6 10-3s (milliseconds)
0.4 10%s (microseconds)
0.2 10-°s (nanoseconds)

Further information about protein desorption, readsorption and diffusion
mechanisms was acquired by releasing the pulled atom and allowing a molecular

dynamics simulation to run as normal.
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Activation energies are given to one decimal place due to the amount of

the data.
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3.2.3 Silica Surface

Patwardhan et

The silica surface used (taken from Kubiak-Ossowska et al. (2012)

al. (2011)) was fixed during all stages of MD simulations (Figure 8). It was an array
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Figure 8: Top down view of silica surface used in simulations. For clarity Silicon atoms = yellow

Oxygen atoms = red.
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The surface used quantitatively correlates with experimental data (surface
energy, vibration spectra and density). The overall charge of the silica slab is neutral,
but is ordered in such a way that more siloxide groups are expressed at the solvent
interface, thus creating an intrinsic (negative) dipole moment at the surface. Due to
the 3D periodic boundary conditions an electric field is induced through the
simulation box, which allows the simulation to mimic a negatively charged silica

surface (Figure 9) (Kubiak-Ossowska et al., 2013).

I S Ses

Figure 9: Illustration of the surface concept. On the top left, the electric field of a negatively charged
nanoparticle being screened by counter ions in solution. A portion of the nanoparticle is modelled
(top middle) as a flat surface. As periodic boundary conditions are employed an electric field is
produced perpendicular to the surface (top right) (image taken from Mulheran et al., 2016).
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3.3 Results
3.3.1 GnRH-I and Silica Surface

In lower ionic strength it was observed that the native GnRH-I peptide initially
interacts with the silica surface through interactions with the positively charged
arginine residue, which adsorbs after 9.58ns (Figure 10). The silica surface has a
negative charge due to exposed silanol groups. The peptide remained in an upright
position presented in the solution and was stabilised via the leucine residue adsorbing
to the surface and acting as an anchor (Figure 11). The peptide effectively remained
in this conformation until it collapsed on the surface after 49.72ns. Although GnRH-I
is shown to successfully form a seemingly strong attraction with the silica surface
and stays relatively stable (see Figure 12) for 50 nanoseconds, the peptide is

collapsed on the surface.
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Figure 10: GnRH-I interacting with silica surface via arginine residue. Atoms are coloured as
follows: Oxygen — Red, Silicon — Yellow, Hydrogen — White, Nitrogen — Blue, Carbon — Turquoise.

The water solvent is not shown for clarity.
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Figure 11: Leucine acting as an anchor during GnRH-I adsorption. Colour scheme as in Figure 10.

Water solvent is not shown for clarity.

79



The simulation was extended to 75 ns, but there was no significant change in
the position of the peptide. This is encouraging as it suggests that there is scope for
manipulating the interaction between GnRH-I and the silica surface. This could
perhaps be done through increasing the salt concentration of the simulation box to a

similar level to that which is found in vivo.
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Figure 12: GnRH-I collapsed on silica substrate at a low ionic strength. Colour scheme as in figure
10. Water solvent is not shown for clarity.

Adsorption simulations in a higher ionic strength showed that the native
GnRH-I peptide adsorbed via interactions between the surface and the arginine
residue after 3.4ns. In this time the Na* and CI" ions move in the induced electric
field, with positively charged ions at the negatively charged bottom surface and

negatively charged ions at the opposite surface (top). However, the peptide did not
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completely collapse on the surface until 41.4ns into the trajectory (Figure 13).
Between the initial adsorption and peptide collapse the peptide is relatively stable on
the silica surface in a partially collapsed state. At this stage the N-terminus anchors
the peptide to the surface along with the neutral serine residue, this allowed the
arginine residue to briefly leave the surface in order for the peptide to retain its
hairpin-loop confirmation upon complete collapse to the surface. This might be
important for preserving the bio-activity of the peptide once bound to the silica

surface.

Figure 13: GnRH-I collapsed on the surface in high ionic strength with charged residues highlighted
(blue = positive; red = negative). The ions are highlighted as follows: Na* = yellow; CI- = cyan.
Colour scheme as in figure 10. Water solvent is not shown for clarity.
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3.3.2 GnRH-II and Silica Surface

In the trajectory of GnRH-II, the peptide initially moved towards the negative side of
the silica surface, which is the physically realistic surface. This movement seems to
be driven by the interaction between the glutamic acid residue and the surface.

However, the peptide only remained in this area for approximately 2.25 ns.

The peptide then moves back through the water to the very top of the
simulation box at 9.5 ns. As these simulations comprised of periodic boundary
conditions in all directions, the peptide appears to interact quite strongly with the
more positive side of the silica surface. This positive surface with silicon exposed is
unrealistic and is an artefact of the model construction. This movement appeared to
be driven by the interaction between the tyrosine and proline residues with the silica
surface (Figure 14). Once bound to the silica surface at the top of the simulation box,
the GnRH-I1 peptide appeared to be relatively stable and was also seen to stay in an

upright position.

.;_'f}:';£=

a W

Figure 14 - GnRH-1I interacting with silica surface in low ionic strength. Colour scheme as in Figure
10. Water solvent is not shown for clarity.
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3.3.3 GnRH-III and Silica Surface

The interaction of GnRH-I11 with the silica surface took a little longer to initialise in
comparison to GnRH-I and GnRH-II. However, it does move towards and adsorb to
the negative silica surface after approximately 14.5 ns. This appears to be driven by
the interaction between the histidine residue and the silica surface (Figure 15). Once
the GNRH-I1I molecule had attached itself to the surface, the peptide appeared to be

relatively stable on the surface and remained in a ‘standing’ position.

Figure 15 - GnRH-111 interacting with silica surface in low ionic strength. Colour scheme as in Figure
10. Water solvent is not shown for clarity.
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3.3.4 Cys-GnRH-I and Silica Surface

In solvent with a low ionic concentration the cys-GnRH-1 modified peptide was
observed initially interacting with the silica surface mainly through the positively
charged N-terminal (cysteine residue). In this peptide the negatively charged
glutamic acid residue at position 1 has been replaced with a neutral cysteine residue,
thus leaving the positive N-terminus charge unbalanced. The N-terminus effectively
adsorbs to the surface after 2.2ns of the trajectory and the peptide then adopts a
‘standing” position on the surface (Figure 16). The positively charged arginine
residue then adsorbs to the surface after 12.98ns after which the peptide collapses

onto the silica surface.

In a setting with higher ionic strength the adsorption of the modified cys-
GnRH-I peptide behaved in much the same way as in lower salt concentration. The
peptide adsorption to the silica surface was once again driven by the positively
charged N-terminus. This occurred at 9.87ns, which was longer than without an ionic
screening layer above the surface. The arginine residue then adsorbed to the silica
substrate shortly afterwards at 11.36ns, which precipitated the permanent collapse of
the peptide on the surface. Examples of the collapsed conformation can be seen in

Figure 22 in the SMD section (section 3.4.2.1).
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Figure 16: Adsorbing cys-GnRH-! ‘standing’ on silica surface in low ionic strength with charged
residues highlighted for clarity (positive = blue). Colour scheme as in Figure 10. Water solvent is not

shown for clarity.
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3.4 Steered Molecular Dynamics Results
3.4.1 Native GnRH-1
3.4.1.1 Pulling Arginine Residue

0.05M lonic Strength (incomplete screening of the charged silica surface)
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Graph 1: Force against time graph for the SMD trajectory pulling the arginine residue of adsorbed
GnRH-I in 0.05M ionic strength

After adsorption (confirmation taken from final coordinates of previously run MD
simulations — see section 3.3.1) the arginine residue was pulled by a carbon atom
(atom number 124) in the +z direction at a rate of 0.005A/ps for 10ns in order to
investigate the desorption profile and binding energies of native GnRH-I on a silica
substrate. Each jump in force correlates with an event in the desorption process,
which is labelled accordingly to the corresponding event in Figure 17. The energy of
these events was calculated using the equation described in section 3.2.2 and thus the
strength of adsorption of each peptide was compared. Figure 17 illustrates the main

events in this simulation.
Events

A — Arginine pulled from the surface at 1.38ns — 0.292eV — 0.3eV
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B — The rest of the peptide begins to peel off the surface at 2.28ns — 0.16eV —

0.2eV

C — The peptide fully desorbs after 5.52ns — 0.275eV — 0.3eV
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Figure 17: SMD simulation event images for pulling the arginine residue (red) of
native GnRH-1 in low ionic strength. Water solvent not shown for clarity.
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Complete lonic Screening
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Graph 2: Force against time graph for the SMD trajectory pulling the arginine residue of adsorbed
GnRH-I in high ionic strength

After adsorption the arginine residue was pulled by the gamma carbon atom (atom
number 124) in the +z direction at a rate of 0.005A/ps for 10ns as per the previous
SMD simulation. However, this SMD simulation was performed at a high ionic
concentration to investigate the effect of ionicity of the adsorption strength. Figure

18 illustrates the main events in this simulation.
Events
A — Arginine residue pulled from the surface at 0.64ns — 0.37eV — 0.4eV

B — Rest of the peptide peels off to ‘stand’ on the surface at 1.96ns — 0.391eV —
0.4eV

C — Desorbs fully after 6.3ns — 0.17eV —0.2eV
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Figure 18: SMD simulation event images for pulling the arginine residue (red) of

native GnRH-1 in high ionic strength.
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3.4.1.2 Pulling N-terminus (Glutamic acid)

lonic Strength - 0.05M (incomplete screening of the charged silica surface)
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Graph 3: Force against time graph for the SMD trajectory pulling the N-terminus of adsorbed GnRH-
I in 0.05M ionic strength

After adsorption the glutamic acid N-terminal residue was pulled by the terminal
nitrogen atom (atom number 1) in the +z direction at a rate of 0.005A/ps for 10ns as
per previous SMD simulations. There appears to be a lot of ‘noise’ in this result,
which is due to thermal fluctuations in the simulation, possibly due to the collapsed
folded state of the peptide. This measurement was performed at a low ionic strength.

Figure 19 illustrates the main events of this simulation.

Events
A — Glutamic acid desorption at 1.18ns — 0.1eV
B — Peptide begins to peel off surface to ‘stand’ at 2.48ns — 0.065e¢V — 0.1eV

C — Desorption at 6.14ns — 0.059eV — 0.1eV
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Figure 19: SMD simulation event images for pulling the N-terminal residue (purple)

of native GnRH-1 in low ionic strength.

91



Complete screening

Force
800 | B
600 7& | C
400 F ol L ‘”‘ | | mlw L

o

L
”.n'ﬁw YAy bl TV ML
i ﬂ Ul Sk

Force (pN/A)
§

'\"l

N
S o
ISES)

600 -

Time (ns)

Graph 4: Force against time graph for the SMD trajectory pulling the N-terminus of adsorbed native
GnRH-I in high ionic strength

After adsorption the glutamic acid N-terminal residue was pulled by the terminal
nitrogen atom (atom number 1) in the +z direction at a rate of 0.005A/ps for 10ns as
per previous SMD simulations. This measurement was performed at a high ionic
concentration. Distinct features were observed in Graph 4 for the events in this

measurement. Figure 20 illustrates the main events in this simulation.

Events
A — Glutamic acid desorption at 0.88ns — 0.145eV — 0.1eV
B — Peptide begins to peel off to ‘stand’ on surface at 1.32ns — 0.29¢V — 0.3eV

C — Desorption at 5.6ns— 0.18¢V — 0.2eV
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Figure 20 : SMD simulation event images for pulling the N-terminal residue (purple)
of native GnRH-1 in high ionic strength
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3.4.2 Cys-GnRH-1
3.4.2.1 Pulling Arginine Residue

0.05M lonic Strength (Incomplete screening of the charged silica surface)
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Graph 5: Force against time graph for the SMD trajectory pulling the arginine residue of adsorbed
cys-GnRH-1 in 0.05M ionic strength

After adsorption the arginine residue was pulled by the delta carbon atom (atom
number 123) in the +z direction at a rate of 0.005A/ps for 10ns in order to investigate
the desorption profile and binding energies of cys-GnRH-I on a silica substrate. Each
simulation was analysed as per previous simulations. Good features are present on
Graph 5. However, event D is more difficult to identify and quantify. Fluctuations of
the order 0.1 — 0.2eV are expected on a molecular dynamics timescale (see Table 2 in

section 3.2.2). Figure 21 illustrates the main events in this simulation.

Events

A — Arginine desorption at 0.92ns — 0.3eV

B — Peptide begins to desorb at 1.58ns — 0.18eV — 0.2eV

C — Peptide desorbs enough to ‘stand’ on surface at 3.92ns — 0.22eV — 0.2eV

D — Desorption after 6.36ns — 0.115eV — 0.1eV
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Figure 21: SMD simulation event images for pulling the arginine residue (red) of
cys-GnRH-I in low ionic strength
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Graph 6: Force against Time graph for the SMD trajectory pulling the arginine residue of adsorbed
cys-GnRH-I in high ionic strength.

After adsorption the arginine residue was pulled by the delta carbon atom (atom
number 123) in the +z direction at a rate of 0.005A/ps for 10ns as per previous SMD
measurements. This measurement was performed at a high ionic strength. C* and C2
are rather difficult to identify again, but are important events as they comprise of the
final desorption steps of the peptide from the silica substrate. Figure 22 illustrates the

main events in this simulation.

Events
A — Arginine desorption at 0.64ns — 0.25eV — 0.3eV
B — Peptide begins to ‘stand’ on surface at 1.22ns — 0.34eV — 0.3eV

C! + C% — Desorption from 5.16 to 6.4ns — 0.27eV — 0.3eV
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3.4.2.2 Pulling N-terminus (Cysteine)

0.05M lonic Strength (incomplete screening of the charged silica surface)
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Graph 7: Force against time graph for the SMD trajectory pulling the N-terminal residue of adsorbed
cys-GnRH-I in 0.05M ionic strength

After adsorption the glutamic acid N-terminal residue was pulled by the carbon atom
(atom number 12) in the +z direction at a rate of 0.005A/ps for 10ns as per previous
SMD simulations. Event A has been distinguished as two events as it comprises of
two activation energy peaks in Graph 7, probably due to two residues pulling off
from the surface at the beginning of the desorption. Figure 23 illustrates the main

events in this simulation.

Events

Al — Cysteine residue begins to desorb at 0.88ns — 0.24eV — 0.2eV
AZ? — Cysteine desorbs at 1.04ns — 0.33eV — 0.3eV

B — The peptide desorbs to a ‘standing’ conformation at 2.9ns — 0.1eV

C — Desorption at 3.5ns — 0.1eV
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Figure 23: SMD simulation event

images for pulling the N-terminal
residue (green) of cys-GnRH-I in
low ionic strength
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Graph 8: Force against time graph for the SMD trajectory pulling the N-terminal residue of adsorbed
cys-GnRH-I in high ionic strength

After adsorption the glutamic acid N-terminal residue was pulled by the alpha carbon
atom (atom number 5) in the +z direction at a rate of 0.005A/ps for 10ns as per
previous SMD measurements. This measurement was performed at a high ionic

concentration. Figure 24 illustrates the main events in this simulation.

Events
A — Cysteine begins to desorb at 0.64ns— 0.365¢V — 0.4eV
B — Peptide begins to ‘stand’ on the surface at 2.0ns — 0.115e¢V —0.1eV

C — Desorption at 6.36ns —0.088¢V — 0.1eV
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Figure 24: SMD simulation event images for pulling the N-terminal residue (green)

of cys-GnRH-I in high ionic strength.



3.4.3 Summary of SMD Results

SMD Force Curves
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Graph 9: Summary of SMD force curves when pulling the arginine residue.

Graph 9 shows the summary of the force curves for each SMD trajectory when
pulling the arginine residue. In each simulation an initial energy barrier
(approximately at 1 ns) can be observed that corresponds to the pulled residue being
pulled from the surface. Each jump afterwards corresponds to an event in the
desorption mechanism (final desorption barrier is overcome between 4 and 6 ns for

all curves), which is detailed previously.

102



3.5 Discussion

In both low and high salt native GnRH-I peptide adsorption studies, the secondary
structure of the peptide changes very little. However, when a high ionic
concentration is present there is a little unravelling of some of the peptide, but there
is a hairpin loop secondary structure present throughout. This may be due to short
range ionic interactions between ions and the peptide. However, hydrophobic
interactions dictate the peptide structure, not ionic strength. This conclusion can be

reached as the peptide does not permanently bind to ions in the bulk solution.

The presence of arginine appears to drive adsorption in both of these systems
(arginine adsorbs after 3.4ns in high ionic strength; 9.58ns in low ionic strength),
with the entire peptide collapsing on the surface eventually in high ionic strength
conditions after 41.4ns (allowing the dipole moment [defined in VMD as generally
moving from the C-terminus to N-terminus] to constantly point towards the surface)
and staying relatively stable on the surface. Whereas in low ionic strength the leucine
residue acts as an anchor (consequently the dipole moment always points in the
direction of the surface) from 15.48ns onwards and the peptide does not collapse
totally. However, this is not as positionally stable on the surface. Thus it can be
remarked that ionic strength does have an effect on the dynamic behaviour of the
native peptide as there is a screening effect between the surface and the bulk solvent,
which slows down complete adsorption. However, the peptide still adsorbs in a high
ionic strength environment, therefore hydrophobicity must play a part in adsorption.
A high ionic strength slows down the dynamics, but the end adsorbed state is

eventually the same. This ionic screening at the surface is more realistic and
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representative of real experimental systems, which have counter ions that are

attracted to the surface and screen its charge.

Similarly in both low and high salt cys-GnRH-I peptide adsorption studies,
the secondary structure of the peptide is not greatly affected and a hairpin loop is
always present throughout. The adsorption of the cys-peptide differed from the
native GnRH-I as the positively charged N-terminus (cysteine residue) appears to
drive the adsorption (adsorbing at 2.2ns in low ionic strength; 9.87ns in high ionic
strength) rather than the positively charged arginine residue. After the initial
terminus adsorption, the arginine residue is attracted to the surface (12.98ns in low
ionic strength; 11.36ns in high ionic strength) after which the peptide effectively
collapses on the surface becoming relatively stable in both cases with the dipole

moment pointed towards the surface.

In comparison to the native GnRH-1 peptide this peptide adsorbs more readily
(i.e. on a faster timescale). The greatest difference is apparent when there is a high
ionic strength. The screening layer of ions slows down the complete adsorption of
the native peptide considerably (41.4ns), whereas there is not a huge difference with
the cys-peptide. This suggests that electrostatic interactions play a major part in
peptide adsorption on silica surfaces as the cys-peptide is positively charged and thus
can more readily pass through the screening ion and water layer to interact directly
with the oxygen atoms on the surface. The native peptide is neutrally charged overall
and therefore cannot as easily penetrate the ionic screening layer. However, the
native peptide still adsorbs in high ionic strength, which suggests that hydrophobic

interactions contribute to peptide adsorption.
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Overall, these simulations results suggest that the cys-GnRH-1 peptide would
have more favourable adsorption to silica, especially in a biological environment
than its native counterpart. This is not only because it appears to adsorb more readily,
but also because the cys-GnRH-I peptide needs less amino acid ‘anchors’ on the
silica surface, therefore should be more able to interact with the surrounding

environment.

As for the GnRH analogues adsorbing to the silica surface, GnRH-I11 does
spontaneously adsorb to the substrate. This is encouraging as it suggests that the
GnRH-I1 peptide, once bound to a nanoparticle surface, would be presented in such a
manner to the surrounding environment that it could be a candidate for evoking an
immunological response. However, as shown in Figure 14 the peptide adsorbs to the
underside of the surface at the top of the simulation box (due to the periodic
boundary conditions in place). This side of the silica surface has a predominantly o-
positive charge, whereas silica nanoparticles carry a negative charge. As such,
GnRH-II is unlikely to adsorb effectively to silica nanoparticles in experimental
studies, but it could be used as a model antigen in other studies that use positively

charged nanoparticles.

The other GNRH analogue analysed was GnRH-I11l. This peptide did adsorb
to the silica surface, but took longer to do so than the other GnRH analogues studied.
This is probably due to the lack of positively charged arginine in the peptide. There
is a positively charged lysine residue present, but this did not appear to drive the
interaction between the peptide and the negative surface as efficiently as arginine
does on the GnRH-I analogues. As such, the peptide-surface interactions may prove

to be too weak for efficient adsorption to occur.
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The strength of adsorption of native-GnRH-1 and cys-GnRH-I peptides on
silica surfaces was investigated using steered molecular dynamics. At the beginning
of the SMD study, various pulling rates were investigated. However, 0.005A/ps was
chosen as a larger pulling velocity caused the peptide to desorb from the surface too
quickly and to lose its hairpin loop conformation in the process. Thus the pulling rate
of 0.005A/ps was chosen as it made it possible to probe desorption mechanisms on a

nanosecond timescale.

For each peptide the N-terminal residue was pulled and the arginine residue
was separately pulled (in different simulation trajectories) as these residues were
shown to be important in terms of peptide adsorption to the silica surface. In SMD
simulations of the native peptide it was found that in solvent with a high ionic
strength that 0.37eV was necessary in order for the pulled arginine residue to desorb,
whereas only 0.292eV was needed in a low ionic strength environment. The same
was also true when pulling the N-terminal glutamic acid residue as 0.145eV were
necessary for terminal desorption compared to 0.10eV in a low ionic strength,
although the difference is not as pronounced as in the arginine case, most likely
because opposing charges were not being pulled apart during the desorption as

glutamic acid carries a negative charge.

In the SMD trajectory of the cys-peptide desorption, the arginine desorption
energy barrier for differing ionic strengths is closer than that of the native peptide
and is actually a little bit less in high ionic strength (0.25eV in high ionic strength
and 0.30eV in low ionic strength). These values are very similar, which suggests that
the ionicity does not play a large part in the cys-peptide desorption, which could be

down to the fact that the peptide is anchored with a neutral residue in the N-terminus,
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rather than a negatively charged residue which is present in the native peptide.
However, when pulling the N-terminal cysteine residue of the cys-peptide, more
energy is once again required in order for desorption to take place at a higher ionic
strength of solvent (0.365eV at high salt concentration to 0.24eV at lower

concentration).

In all of the SMD simulations, more time is necessary in order to desorb the
pulled residue in trajectories with lower ionic strengths. This could be due to the
screening effect of the ions, which would be present in the higher ionic strength
trajectories. As a result the peptide-surface electrostatic interactions would be
stronger in an environment with a lower ionic strength. Furthermore, the energy
barrier is higher for full peptide surface desorption at higher ionic strengths as more
energy is required to break the ionic screening layer and associated water layer when
pulling the peptide. This full screening high ionic strength is physically realistic and

the low (incomplete screening) is there for comparison.

All of the events which happened during peptide desorption occurred on a
nanosecond timescale, which correlates to the associated Arrhenius rates (Table 2).
All desorption trajectories show that the 0.2eV activation barrier is overcome in 10ns
simulations. However, the 0.4eV barrier, which correlates to microsecond timescales,

cannot be breached spontaneously.

These activation barriers discussed only relate to singular events in the
desorption of peptides, when in reality the desorption is somewhat more complicated.
Cumulatively, the estimated activation energies of peptide desorption can be found in

Table 3. These energies are all above 0.4eV, which explains why spontaneous
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desorption is not observed in nanosecond scale simulations. From these cumulative
desorption energy barriers it can also be noted that the cys-peptide is bound more
strongly than the native peptide, particularly in environments with low ionic strength.
This was to be expected, both from the previous adsorption simulations and due to
the fact that the cys-peptide is positively charged overall, whereas the native is
neutral and therefore will not interact with a negatively charged quite as strongly.
However, in a highly ionic environment the effect of the charge on the surface is less

pronounced.

Thus the conclusion is that in realistic screening conditions, the singly
adsorbed peptides have approximately equal adsorption energies ~0.75 + 0.15eV.
This energy barrier is low enough to correlate with the Arrhenius rate for desorption
at nanosecond timescales (Table 2). This suggests that nanoparticles could release
these on a 1s timescale, rendering them suitable for drug delivery systems rather than
as genuine adjuvants. However, we discuss this further in the following chapters,

examining further whether singly adsorbed peptides provide a suitable model.

Table 3: Table of estimated cumulative event energies

Peptide & Residue Pulled Low lonic Strength High lonic Strength
Native GnRH-1 — Arginine 0.575eV 0.931eV
Native GnRH-I — N-terminus 0.224eV 0.615eV
Cys-GnRH-1 — Arginine 0.815eV 0.86eV
Cys-GnRH-1 — N-terminus 0.678eV 0.568eV
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Chapter 4 - Silica Nanoparticle
Synthesis and Peptide Adsorption
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4.1 Aims

In order for silica to be useful as an adjuvant in vaccine formulations, it needs to
effectively adsorb the associated antigen and in such a way that the antigen is
presented to the surrounding environment. The effective adsorption and surface

coverage can be measured using various analytical techniques.

The aims of this chapter are to:

- Characterise the size, morphology and effective charge of synthesised
Stober silica nanoparticles.

- Determine the effective adsorption of native GnRH-I and cys-GnRH-I on
silica using quartz crystal microbalance and surface plasmon resonance
techniques. These experiments were performed at the Jerzy Haber
Institute in Krakow, Poland, under the supervision of Dr Barbara
Jachimska.

- Investigate how native GnRH-I and cys-GnRH-1 peptides behave in
monolayered clusters using molecular dynamics simulations.

- Investigate how cys-GnRH-I peptides are presented to the surrounding

solvent when bound to BSA using molecular dynamics simulations.
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4.2 Materials and Methods
4.2.1 Silica Nanoparticle Synthesis

Spherical silica nanoparticles were prepared using Stober synthesis. EtOH (Sigma
Aldrich Ltd, UK, anhydrous, >99.5%) was used as the alcohol in the procedure as
higher alcohols have been known to produce larger particle size distributions (Stober
et al. 1968). TEOS (Sigma Aldrich Ltd, UK; 99.999% trace metals basis) and
ammonium hydroxide (Sigma Aldrich Ltd, UK; >99.98%) were also used as the
initial reactants for this synthesis. A peristaltic pump was used to control the addition
rate of the TEOS/EtOH mixture. Various sizes of silica nanoparticles were prepared,
but nanoparticles of ~200nm were used in this study as particles which are smaller
are more likely to have cytotoxic effects (Mody et al. 2013). The size of Stober silica
nanoparticles can be tuned by altering the ratio of TEOS to ammonium hydroxide. In
order to synthesise particles of 200nm, 2.16mL of a 2 molar ammonium hydroxide
solution was added to a 22.3% (v/v) TEOS solution made up with EtOH and the rest

of the Stdber method followed.

The resulting silica nanoparticles were analysed using DLS measurements,
zeta potential measurements and scanning electron microscopy (SEM). All product
was stored in a suspension of 50:50 ethanol:deionised water for 3 months at room
temperature at a silica concentration of 0.2g/L. Product was analysed by DLS to

make sure that aggregation had not occurred.
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4.2.2 Protein-Peptide Conjugation

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma Aldrich Ltd, UK)
enabled the conjugation of GnRH-I and its analogues to carrier proteins BSA
(fraction V, >96%) and OVA (both purchased from Sigma Aldrich Ltd, UK). EDC
linked the peptide to the carrier protein via a hydrolysis reaction between an amine
group and a carboxylic acid group. BSA and OVA complexes were used for

immunisation studies and as coating for ELISA studies respectively.

Each peptide and carrier protein was conjugated in a 1:1 weight ratio using
the EDC reaction (Gebril et al. 2014) and separated using 30K Merck Millipore

centrifugal units.

4.2.3 Dynamic Light Scattering (DLS)

The size of silica nanoparticles were determined by DLS measurements using a
Malvern zetasizer Nano ZS with a measurement range spanning from 0.6nm to 6um.
Non-invasive backscattering optics were used in this instrument. Samples were
measured at silica concentrations varying from 200ppm to 1500ppm (diluted from
sample in section 4.2.1), diluted with NaCl salt solution at ionic strengths ranging
from 1x10M to 1x10M. The effect of pH was also investigated on the dynamic
behaviour of the particles, as a range from pH 2 to pH 10 was used in these studies —
pH levels were altered using hydrochloric acid or sodium hydroxide. Each

measurement was carried out three times and the average result was taken.
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4.2.4 Scanning Electron Microscopy (SEM)

Images of silica nanoparticles were taken by SEM using a JEOL JSM-3700F field
emission SEM at an operating voltage of 15keV. This work was undertaken under
the supervision of Dr Barbara Jachimska at the Jerzy Haber Institute in Krakow,

Poland.

SEM is a characterisation technique that produces images at the nanoscale of
a sample by scanning the sample with a focussed beam of electrons. The secondary
electrons emitted by the atoms excited by the incident electron beam are detected and
combined with the scanned electron beam to produce an image of the topography of

the sample (Atkins, 2006).

In order to take SEM images of the Stober nanoparticles, a small amount of
the silica suspension had to be dried on a support. Upon drying, the silica
nanoparticles were more likely to aggregate. Therefore, this was not the ideal
condition in which to take images of the silica, but a ‘wet” method of SEM was not

available so the investigation proceeded with a dry sample.

4.2.5 Zeta Potential

The zeta potential measurements were performed using a Malvern Zetasizer Nano
ZS. This equipment utilises the laser Doppler velocimetry (LDV) technique. The
sample solution was placed in a standard cell with opposing palladium electrodes and
the velocity of charged particles to their opposing electrodes was measured and
expressed as electrophoretic mobility. Consequently the zeta potential was

calculated.
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The zeta potential was measured at an ionic strength regulated by sodium
chloride salt addition up to 1 x 10°2M over a range of pH values to ascertain the

isoelectric point (the pH at which the particle becomes uncharged) of the silica.

4.2.6 Quartz Crystal Microbalance (QCM)

QCM studies were performed using a silica coated disc and the amount of peptide
(GnRH-1 [Genosphere Biotech, France, >95%] or cys-GnRH-I [Immune Systems
Ltd, UK, >95%]) or peptide-BSA conjugate adsorbed was observed. The QCM
measurements were performed by allowing a peptide (concentration ranged from
5ppm to 50ppm), or peptide-BSA conjugate, solution to flow over the silica disc for
90 min. These measurements were made over a varied pH range and at an ionic
strength 1=1 x 10°3M. The QCM sensor was then rinsed with a NaCl solution (I=1 x

10-3M) for 90 min to investigate the reversibility of adsorption.

The QCM measurements were performed using a Q-sense E4 instrument

(Vastra Frolunda, Sweden).

4.2.7 Surface Plasmon Resonance

A MP-SPR Navi 200 model (BioNavis Ltd, Finland) was used to perform SPR
measurements. This is a prism-coupling based device (Krechmer mode) which uses
two independent channels and a peristaltic pump. The apparatus has a wide angular
scan range (between 40°-78°) at a wavelength of either 670nm or 785nm. A silica
sensor was used to measure the adsorption of each GnRH peptide and the GnRH

peptide-BSA complex on a silica surface. The parameters of this sensor were found
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using the SPR Navi Data Viewer program — Bionavis Winspall 3.02 software. At

wavelengths of 670nm and 785nm the k x d (layer thickness) values were 1.0 x 10

"nmdeg? and 1.9 x 107'nmdeg? respectively. For the peptide solution the %

(refractive index) value was 0.181cm3g™? and the BSA-peptide complex had a %

value of 0.137cm3g™.

Adsorption of the GnRH peptides and GnRH-BSA complexes were
monitored using the measured changes in resonance angle, with the adsorbed surface
mass per cm? (I'spr) calculated as a function of time using the equation given above.
The SPR measurements were performed by allowing a peptide (concentration =
5ppm), or peptide-BSA conjugate (5ppm), solution to flow over the silica disc for 90
min. These measurements were made over a varied pH range and at an ionic strength
I=1 x10°M. The SPR sensor was then rinsed with a NaCl solution (I=1 x 10M) for

90 min to investigate the reversibility of adsorption.

4.2.8 Molecular Dynamics Simulations of Peptide Clusters

For both native and cys-GnRH-1 cluster simulations the same software and
CHARMMZ27 forcefield parameters were used as per previous simulations (section

3.2.1) and were analysed as before using VMD.

Both simulations were prepared by taking the atomic coordinated of each
individual peptide from an adsorbed ‘standing’ state from section 3.3. This peptide
was then copied and transposed in all directions from the original peptide to create a

silica slab with 9 adsorbed peptides (Figure 25). Each peptide was carefully placed in
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order to make sure that the van der Waals boundaries of each peptide did not overlap

with each other.

The systems were neutralised with NaCl atoms and made up to 88 Na and Cl
ions in order to simulate a highly ionic environment. The system was solvated with
TIP3P water molecules. Simulations were run for 50ns at 310K (body temperature)
and contained approximately 50,000 atoms. The systems were then setup with
equilibration and heating steps as per previous simulations (section 3.2). An SMD
simulation was run on the cys-peptide cluster from the end-point of the initial cluster
simulation. One peptide was pulled by the N-terminus (cysteine residue) in the +z

direction (away from the surface) at 0.005A/ps (as per section 3.2.2).
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Figure 25: Top view and side view of the native peptide cluster starting positions
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4.2.9 Molecular Dynamics Simulations of BSA-Peptide Complex

All previous simulations software and parameters were used in the preparation and
running of the simulation with a BSA monomer with two cys-GnRH-I peptides
chemically bonded. The BSA monomer 3VO3.pdb was taken from the protein data

bank (Majorek et al., 2012) and isolated.

The simulation was prepared by running a trajectory with 12 cys-GnRH-I
peptides in various positions around a BSA monomer in a TIP3P water solvent. This
allowed the optimal locations for peptide interaction with BSA. Two locations were
chosen and one peptide was chemically bound in each position as if an EDC
hydrolysis reaction had taken place. The positions of binding were at opposite
termini in order to investigate the effect of binding site. The BSA-peptide complex

was prepared by Dr Karina Kubiak-Ossowska and subsequently used in this study.

The simulation box was neutralised and made up to a concentration of 0.05M
NaCl salt. The system was then solvated as in previous simulations and the final
simulation contained approximately 180,000 atoms and was run at 310K for 5ns. The
system was setup with equilibration and heating steps as per previous simulations

(section 3.2.1).
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4.3 Results
4.3.1 Dynamic Light Scattering
Stober silica nanoparticles were measured using DLS measurements. The average

size was found to be approximately 190nm:

Size Distribution by Velume
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Graph 10: Size distribution of Stober silica at 12000ppm

These DLS measurements were carried out in various conditions to investigate the
effect of silica concentration and ionic strength on the size of the Stober spheres. The
size distribution curve shown in Graph 10 shows that the average size of silica
nanospheres is 195.8nm, with a polydispersity index (PDI) of 0.056. Such a low PDI

indicates that these particles are of a monodisperse nature.
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Graph 11: Size of Stober spheres of varying concentrations of nanoparticles

As can be observed in Graph 11, the concentration of silica used in the DLS
measurements does not seem to affect the size of the nanospheres too greatly. The
size tends to hover around 190nm without a discernible pattern with increasing

concentration.
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Graph 12: Size of Silica Nanospheres with Varying lonic strengths

Graph 12 shows how the sizes of silica nanospheres change with ionic strength. DLS
measurements were performed using 1000ppm of Stober in different concentrations
of NaCl solutions (ionic strength of 0.00 is silica in deionised water). It can be
observed that the size of silica nanospheres decreases with increasing ionic strength.
However, this effect is small (n.b. the scale on the y-axis Graph 12). This may be a
result of swelling effects of silica as ionic strength decreases. However, another
measurement at an ionic strength of 0.15M NaCl was also taken. This gave results of
192.0nm sized silica spheres with a PDI of 0.069. As such, a larger range of ionic

strengths should be investigated to fully understand the effect of ionic strength on the
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size of silica nanoparticles, but it appears that any effects are relatively modest in

size.

It was found that the nanoparticles aggregated when close to the isoelectric
point (~pH 3.0) to sizes of over 1,000nm. This behaviour was not unusual as the
change in charge of the particles would cause aggregation, thus the solution would

become polydisperse.

4.3.2 Zeta Potential
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Graph 13: Comparison of zeta potential of silica at varying ionic strengths of

electrolyte solution (1000ppm silica)
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Zeta potential measurements were carried out on Stober silica nanoparticles in
conjunction with DLS measurements. The zeta potential and mobility of the particles
were measured in varying ionic strengths and pH conditions. It was found that the

isoelectric point of the Stober particles was around pH 3.0 (as seen in Graph 13).

It was found that the ionic strength of the NaCl solution affected the zeta
potential of the silica particles — with a higher ionic strength being associated with a
lower charge on the particles due to counter-ions adsorbing on the particle surface
reducing the zeta-potential. Morga et al. (2016) found a similar trend with zeta

potential of mica in increasing ionic strengths.
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4.3.3 Scanning Electron Microscopy

Figure 26 shows a SEM image of the silica nanoparticles manufactured in this study,
indicating that they are approximately spherical with a diameter ~200nm and good
homogeneity. The DLS measurements confirmed this, finding a mean diameter of
193nm at pH 8.7 (polydispersity index, PDI, of 0.079) to 199nm at pH 4.0 (PDI of
0.09). It was observed in DLS studies that the particles swelled in size with
decreasing pH and below the isoelectric point (approximately pH 3.0) the particle

size greatly increased (to 1210nm at pH 2.9), indicating the formation of aggregates.

L e lum JEOL
15.0kV SEI SEM WD 8.2mm

Figure 26: SEM image of spherical silica nanoparticles
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4.3.4 Peptide Adsorption
4.3.5 Quartz Crystal Microbalance (QCM)

QCM studies were undertaken to investigate how the native and cys-GnRH peptides

adsorbed to a silica surface. BSA-peptide complexes were also included in this study.

4.3.6 Native Peptide

The native GnRH-I peptide has a molecular weight of 1311.42g/mol with an
isoelectric point at pH 8. Overall it has a neutral charge at pH 7, but does include

some charged residues (Arg [+ve], Glu [-ve]).

The adsorption of native GnRH on a silica surface was investigated by using a silica
sensor in the QCM apparatus. All QCM measurements were carried out using a
1x10°3M NaCl solution as an electrolyte medium and with a peptide concentration
ranging from 5 to 25ppm. All measurements were also performed with a 90 min

adsorption period followed by a rinsing period of 90 min.
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Graph 14: Effect of native peptide concentration on silica surface adsorption. A

rinsing step was carried out at 90 min.

Graph 14 shows that a saturated surface coverage of native GnRH peptide is reached
at a concentration of 5ppm (or possibly even less). This is shown as there is no extra
adsorption with an increase in concentration to 25ppm of the peptide. Graph 14 also
suggests that the peptide adsorption is reversible as the mass adsorbed is reduced to a
negligible amount at the rinsing step. Consequently, subsequent native peptide
adsorption QCM studies were all undertaken with a peptide concentration of 5ppm.
This was advantageous as only a small amount of the native peptide was available

due to its high cost.
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Mass (ng/cm?)

The waves that are apparent in the measurement at 25ppm concentration
occur due to the pumping of fluid over the sensor by the peristaltic pump. It was also
observed that after the rinsing step the adsorbed mass dropped below 0 ng/cm?, this

may be down to a change in pH levels between the peptide solution and the rinsing

solution.
Mass V Time
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Graph 15: Effect of pH on native peptide adsorption on a silica sensor

The effect of pH on the adsorption of native GnRH was investigated. Graph 15
shows that at measured pH levels lower than 7, the peptide does not adsorb to the
silica surface. The peptide appears to have maximum adsorption at around neutral pH

(7.4), with reduced adsorption at a higher pH of 8.5. This could be due to changing
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charges on the peptide with varying pH (Voievoda et al., 2015). The adsorbed mass

is calculated using the Sauerbrey equation (Chapter 2, section 2.2.5). These results

are echoed in Graph 16, which shows the thickness of the adsorbed layer. It is also

apparent that the adsorption of native GnRH is reversible regardless of the pH of the

conditions.
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Graph 16: Effect of pH on the thickness of the adsorbed native GnRH layer.
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4.3.7 Cys Peptide

The cys-GnRH-1 peptide has a molecular weight of 1216.39g/mol with an isoelectric
point at pH 9.16. Overall it has a charge of +1 at pH 7. This is due to the presence of
one charged residue (arginine). As such, it may be more likely to be attracted to
negatively charged particles and surfaces — i.e. the Stdber silica surface the zeta

potential of which has been found to be negative.

Adsorption studies of the mutated (cys) GnRH peptide were undertaken using
mainly silica surfaces, but a gold surface was also used for contrast. Each QCM
measurement was completed using an electrolyte solution of 1x10°M NaCl. An
electrolyte solution of 1x10 M NaCl was also used. As with the native peptide, each

measurement was allowed 90 minutes for adsorption and 90 minutes for rinsing.
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Graph 17: Effect of Cys-peptide concentration on silica surface adsorption and the
effect of sensor choice on adsorption. Rinsing step after 90 mins.
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Graph 17 shows that, at neutral pH, a peptide concentration of 25ppm allows
maximum adsorption onto a silica surface and that increasing the concentration to
50ppm does not have a great effect on the adsorption of the peptide. It can also be
observed that there is a higher degree of irreversible adsorption of the cys peptide.
This is advantageous in the synthesis of peptide-functionalised silica nanoparticles as
it suggests that the peptide will stay adhered to the silica surface in-vivo (these

experiments were carried out at pH 7.4 — the same as that of the bloodstream).

From Graph 17 it can also be seen that the mutated peptide adsorbs much
more effectively to the gold surface. From this result it could be argued that gold
could be used as a useful carrier particle for peptides. However, for the purposes of
this work it may prove ineffective as the binding might be too strong to allow the
secondary structure of the adsorbed peptide to interact with the surrounding
environment in-vivo. Also, ‘bare’ gold nanoparticles aggregate in solution, unlike
silica nanoparticles, so would not provide a good vehicle for drug delivery and

vaccines.

A study into the effect of pH levels on the adsorption of the cys-peptide onto

a silica sensor was also carried out:
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Graph 18: Comparison of cys-peptide adsorption levels at various pH levels on a
silica surface

Similar to the results shown for the native peptide (Graph 15), Graph 18 shows that
the peptide adsorbs most effectively at a neutral pH level of 7.4. However,
adsorption of the cys-peptide appears to happen at all pH levels investigated, which
is not apparent with the native peptide. Graph 18 also reiterates that the cys peptide
allows irreversible adsorption on silica to a degree at all pH levels measured. This

suggests that the cys peptide may be better suited for use in in-vivo experiments.
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In some cases the adsorbed mass appears to increase upon rinsing. This is
most likely due to a sudden change in pH over the QCM sensor. This effect was kept
to a minimum by carefully controlling the pH of solutions used, but pH control

proved to be difficult.

4.3.8 Comparison of Peptides

Graph 19 clearly shows that the cys-peptide adsorbs to a much greater degree than
the native GnRH peptide at pH 7.4. At maximum adsorption, the cys peptide has
approximately six times the amount of mass adsorbed that the native peptide has. It
can also be clearly observed that, although there is some desorption of the cys-
peptide, there is a high degree of irreversible adsorption, whereas the native peptide
exhibits completely reversible adsorption to the silica surface. This desorption is also
much more rapid for the native peptide, probably due to the poor electrostatic

interactions between the peptide and the silica sensor.

Mass Vs Time
pH 7.4
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Graph 19: Comparison of peptide adsorption on a silica surface. The y-axis denotes
the mass adsorbed on the silica sensor.
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Graph 20 shows that the cys-peptide is able to bind to the silica surface at all pH
levels, but most effectively at a near-neutral pH of 7.4, whereas at lower pH levels,

the native GnRH-I peptide fails to adsorb.

It can be surmised from this data that a pH level of 7.4 lends itself to the most
effective binding of either peptide on a silica surface. This is advantageous as 7.4 is

physiological pH.

Adsorption of Peptides at
Different pH Levels

20m——m——m——™——™ ™ —m—————— 77—
@ Adsorption Cys peptide
150 | | I Adsorption Native peptide
(\/]'\
& 100
L°
o
=
%)
%)
© 50
=
, _ i 'n
-50 1 1 1 1 1 1
4 5 6 7 8 9
pH

Graph 20: Comparison of reversible peptide adsorption at varying pH levels
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4.3.9 BSA-Peptide Complexes

As the native GnRH peptide does not adsorb well on a silica surface, BSA was used
as a carrier protein for this peptide to improve its adsorption capabilities. These
complexes were synthesised using the EDC reaction, which forms chemical bonds
between the peptide and various sites on the BSA protein. QCM measurements of
these complexes were then undertaken to investigate to what extent they adsorb on a

silica surface.

Graph 21 illustrates how the BSA conjugates adsorb in comparison to the
native GnRH peptide and also BSA alone. It can be seen that each BSA conjugate
exhibits some irreversible adsorption to the silica surface, which is in stark contrast

to the native peptide alone, which does not effectively adsorb at all.
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Graph 21: Adsorption comparison of BSA-peptide complex on a silica sensor
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Graph 22 illustrates the BSA-peptide conjugate results and the experiments where
BSA was adsorbed followed by each peptide. It can be clearly observed that there is
no meaningful adsorption of either peptide after BSA has been adsorbed to the
surface. This is probably due to the adsorbed BSA covering the available silica
surface and the peptides not adhering to the adsorbed BSA. Once again the mass
observed to increase upon rinsing for some of the experiments. This is possibly due

to a sudden change in pH as mentioned previously.
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Graph 22: Adsorption comparison of the BSA-peptide complexes with BSA followed
by peptide adsorption
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It can be seen in Graph 23 that the adsorption levels of the free cys-peptide and the

BSA-cys peptide conjugate are approximately the same. This suggests that either

could be used with Stober silica nanoparticles to be carried into the body. However,

this may be due to a concentration problem associated with the conjugate. A yield of

100% was assumed from the EDC reaction (conjugating peptide and BSA), however

this was likely to be lower. Consequently, the concentration of BSA-peptide

conjugate used was probably lower than 5ppm.

What should be taken from this graph is that the synthesis of a BSA-native

peptide conjugate is an effective method to adsorb native GnRH peptide material

onto a silica nanoparticle.
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Graph 23: Reversible Adsorption comparison of
complexes.
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4.3.10 Surface Plasmon Resonance

Surface plasmon resonance measurements were taken in order to find out how
effectively each peptide and BSA complex adsorbed to a silica surface. SPR can be
more accurate in comparison to QCM as SPR does not include the associated solvent

and ions in the adsorbed material measurements.

4.3.11 Native Peptide

From the SPR measurements undertaken it was found that the amount of native
GnRH-I that absorbed to the silica surface after 90 min was 9.86ng/cm?. It was also
noted that the adsorption appeared to increase during the rinsing step with NaCl salt
solution and followed a linear trajectory for a further 90 min (Graph 24). This was
unexpected as it shows a similar rate of adsorption to the 5ppm peptide solution.
However, the adsorption of the native peptide is rather ineffective on the silica
surface and the adsorbed material could be a build up of peptide and positively

charged sodium ions.
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Graph 24: SPR Measurement of Native GnRH-I on a silica surface
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4.3.12 Cys-GnRH-I Peptide

It was found that the amount of cys-GnRH-1 peptide that adsorbed to the silica sensor

after 90 min was 85.1ng/cm?. The bulk of this adsorption occurred within the initial

20 min of the adsorption, suggesting that the sensor nears an adsorption saturation

point for this peptide. In a similar vein to the native GnRH-1 peptide SPR

measurement the adsorption appears to increase during the rinsing step with NaCl

solution (Graph 25). This could be a build up of positively charged sodium ions on

the surface from the rinsing solution. This is less than the adsorbed amount observed

via QCM measurements (~150ng/cm?). This is most likely due to the inclusion of

solvent and ions in the QCM measurement.
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Graph 25: SPR Measurement of Native GnRH-1 on a silica surface
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4.3.13 Molecular Dynamics Simulations of Peptide Clusters

Peptide clusters on a silica surface were simulated in order to investigate the
dynamics of how adsorbed clusters of peptides behaved and to show how
monolayers may be formed. In the simulation of both the native and cys-GnRH-I
peptide clusters on the silica surface it could be observed that all peptides remained
adsorbed to the surface through the 50ns trajectory. However, there were differences

in the two peptide cluster simulations.

It was observed in the native GnRH-I cluster simulation that the peptides
tended to spread out over the surface away from each other. Upon doing this the
native peptides then adopted a more ‘collapsed’ conformation on the silica surface,
thus covering a greater surface area than if they remained upright (~25% of the

available surface area) (Figure 27).

Figure 27: Top and side view of native GnRH-I peptide cluster adsorbed to silica
surface

In the cys-GnRH-1 cluster simulation it was apparent that most of the peptides tended

to stay in a close-packed cluster formation on the silica slab, except one peptide,
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which moved away from the cluster. In the main cluster, the peptides on the outside
of the formation tended to collapse more onto the surface. Whereas the cys-GnRH-I
peptides on the inside of the cluster tended to remain in a ‘standing’ position on the
silica slab (Figure 28). If there were enough peptides present to cover the majority of

the silica surface, then this may have been the case for all of the inner-cluster

peptides.

If the peptide cluster occupies approximately 25% of the silica substrate then
a quarter of the 88 Na* screening ions are excluded from interacting with the surface.
The cys-peptide competes for 9 of these positions due to its positive charge, but the
native peptide will not directly compete for any of these adsorption sites.
Electrostatics could be a stronger driving force for the cys-peptide due to its charge,
than it would be for the native peptide, thus explaining why the cys-peptide forms a

more closely-packed cluster than the native peptide.

IV YA Y ARG A A

) h»_\»a.‘_ﬂ,\‘,‘h‘_ \u_.,:u;,.‘\-u...‘u;,..‘hh..‘hgnh\..ﬂ q,..‘h

"y . . . "

. F".‘.n."":.nﬁ“:lu"‘;_tu“‘i_t-*'l.l-"'u-“1_:-.“'1,‘&""1;-."'1,0-""5)‘;
M

:';‘ik_'lf—\#"F5&"&"&‘&'5&\*?"?'\“ﬁ"ﬁ'\“&“&\‘\"‘?“ﬁ%'&"\"&"&"ﬁ"&’ e

-.'-:.f

Figure 28: Top and side view of cys-GnRH-1 peptide cluster adsorbed to silica
surface.
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4.3.14 Cys-Peptide Cluster SMD
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Graph 26: Force against time graph for the SMD trajectory pulling the N-terminus (cysteine residue)
of an absorbed cys-GnRH-I peptide in a cluster of adsorbed peptides at high ionic strength.

After the adsorbed cluster simulation had completed, a peptide from the middle of
the cluster was pulled by the N-terminus (cysteine residue) in the +z direction away
from the surface at a rate of 0.005A/ps for 10ns in order to investigate how peptides
desorb from peptide clusters and the relative binding energy of an adsorbed peptide
in a cluster. Each jump in force correlates with an event in the desorption process.
The energy of these events was calculated and the strength of the adsorbed peptide
was compared to previous SMD studies (section 3.4). Figure 29 illustrates the main

events in this simulation.

Events

A — The peptide pulled from the surface at 2.6ns (0.2eV) (with adsorbed cysteine
desorption at approximately 0.8ns (0.3eV)) — 0.3eV + 0.2eV = 0.5¢eV

B — Peptide begins to move away from cluster — 0.14eV

C — Peptide fully desorbs from cluster — 0.1eV
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Figure 29: SMD simulation event images for pulling the N-terminus of an adsorbed cys-GnRH-I
peptide from an adsorbed cys-peptide cluster in high ionic strength. The pulled residue is highlighted

in green (water not shown for clarity).
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4.3.15 Molecular Dynamics Simulations of BSA-Peptide Complex

Two cys-GnRH-I peptides were chemically bonded to a BSA monomer in regions
where peptide-BSA interactions seemed to be strong in previous simulations. These
peptides were placed between residues 113 (proline) and 114 (leucine) [blue peptide]
and also residues 306 (alanine) and 307 (phenylalanine) [red peptide]. In this
simulation it was observed that one cys-GnRH-1 peptide [red] interacts heavily with
the BSA molecule staying largely ‘adsorbed’ to the protein structure. Whereas the
other linked peptide [blue] was observed to be pointed outwards from the main BSA
structure, thus presented to the surrounding environment consistently for the entire
50ns simulation (Figure 30). Both peptides were bound by different termini: blue —

bound by N-terminal; red — bound by C-terminal.

Figure 30: Image of two cys-GnRH-I peptides chemically linked to a BSA monomer.
The secondary structure of BSA is shown for clarity.
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4.4 Discussion

The aim of this chapter was to synthesise and characterise spherical silica
nanoparticles and to investigate how native GnRH-l1 and cys-GnRH-I peptides

adsorbed on silica surfaces using complementary analytical techniques.

Established characterisation methods were used to find the size, shape and
zeta-potential of the silica nanoparticles produced. From DLS measurements it was
found that the size of nanoparticles produced was approximately 200nm as expected.
However, a little particle swelling was observed with decreasing pH, until the
isoelectric point was reached (at approximately pH 3.0) where the particles
agglomerated. This effect was expected as at the isoelectric point there would be a
lack of significant electrostatic repulsion preventing agglomeration. This observation
is significant as it helps determine through what route silica systems can be
administered — for example oral delivery of silica systems may not be practical as the
silica particles would likely agglomerate in the stomach due to low pH levels. SEM
used in this study confirmed the spherical shape and monodispersity of the silica
nanoparticles produced, as expected by the Stdber synthesis method and DLS results
(Stober et al. 1968; Nozawa et al. 2005). Zeta potential measurements showed that
the surface charge of silica nanoparticles was negative (-57.2mV at pH 7.1). This
suggests that adsorption of positively charged peptides (i.e. cys-GnRH-I) would be

more favourable than negatively charged or neutral peptides.

In order to examine surface adsorption of peptides in more detail, QCM
measurements were taken of each peptide on a silica substrate. From the results
shown in Graph 19 it is clear that the cys-GnRH-I peptide adsorbs much more

readily than the native GnRH-I peptide. This corresponds well with the zeta potential
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results as the positively charged cys-peptide should adsorb more readily to the

negative silica surface than the overall uncharged native peptide.

Graph 20 shows that the cys-peptide is able to bind to the silica surface at all
pH levels, but most effectively at a near-neutral pH of 7.4, whereas at lower pH
levels, the native GnRH-I peptide fails to adsorb effectively whatsoever. The reason
for the change at lower pH levels may be due to the protonation of the histidine
residue in acidic conditions, which would change the overall charge of the peptide
and thus its dynamic behaviour. However, this is not fully confirmed by this study
and would have to be looked into further. In both peptides, the adsorption is greatest
at a pH of 7.4, which is advantageous as 7.4 is physiological pH, suggesting that the
peptides are more likely to remain adsorbed to the silica adjuvant in vivo. The exact
reason for this is unknown, but it could be due to the isoelectric points of both
peptides being at basic pH levels (pH 8 for native GnRH-I; pH 9.16 for cys-GnRH-
I). Above this isoelectric point peptide aggregation may occur and the secondary
structure of each peptide is likely to alter, thus affecting the dynamic ability in

solvent of the peptide in question.

From QCM measurements the BSA-native GnRH-1 complex exhibits
irreversible adsorption to the silica surface. This is in stark contrast to the unbound
native GnRH-I peptide which does not exhibit effective permanent adsorption on a
silica surface. As such, the BSA-peptide complex may be a suitable candidate for
delivery of native GnRH-I into the bloodstream. However, QCM does not provide
information on how the peptide molecules are presented on the BSA surface to the

surrounding environment.
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Graph 23 also clearly shows that BSA appears to bind more readily than
either of the BSA complexes. However, this may be down to a concentration issue.
BSA was used at a concentration of 5ppm for this experiment, whereas the
complexes were assumed to be at a concentration of 5ppm. However, this was
impossible to know for sure as it was unclear how much of each pure BSA-complex
was produced through the EDC reaction. It was assumed to have a yield of 100%, but
in reality this is likely to be lower. It may have been useful to repeat these

experiments at a higher concentration.

However, QCM can only measure the mass adsorbed on the surface, which
includes associated solvent and ions. As such, it is not clear whether a peptide
monolayer or multilayer is formed on the silica surface and how these peptides are
presented on the surface to the surrounding environment. SPR measurements were
used to measure the contact angle of peptide adsorption, thus providing a more

accurate adsorption level for each peptide.

From SPR measurements of the native GnRH-I peptide it was found that at a
wavelength of 670nm that 9.86ng/cm? of peptide adsorbed on a silica surface. From
Graph 24, it was also observed that the amount of adsorbed material on the sensor
increased during the rinsing step at around the same rate as the peptide adsorption
step. This may be due to positively charged sodium ions (1x10-*M NaCl solution was
used for the rinsing process) becoming trapped between adsorbed peptides, or it
could also be the same positively charged sodium ions adsorbing on the silica
surface. In any case, these SPR measurements show that the adsorption of the native
GnRH-1 peptide on silica is not very effective. However, the SPR measurement of

the cys-GnRH-1 peptide on the silica surface shows a much more effective
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adsorption. During the adsorption step 85.1ng/cm? of cys-GnRH-I peptide adsorbed
onto the silica surface relatively quickly, as the sensor appears to show saturation
after approximately 20 min for this peptide. This illustrates that the cys-GnRH-I
peptide adsorbs much more effectively than the native peptide, which correlates with
data acquired from QCM measurements. It should be noted that during the rinsing
step with the NaCl solution that the adsorbed mass on the silica sensor increases at
roughly the same rate as that of the native peptide adsorption. This suggests that
there was some adsorption of positively charged sodium ions on the silica sensor

during the rinsing step of both peptide adsorptions.

In order to further investigate how peptide monolayers would behave on a
silica surface molecular dynamics simulations were performed. These simulations
were prepared with clusters of native GnRH-I and cys-GnRH-I peptides adsorbed in
a ‘standing’ conformation to a silica slab. From these simulations it was observed
that from an already adsorbed state that both peptides didn’t desorb from the surface.
However, the native GnRH-1 cluster appeared to spread out more (Figures 27 and 28)
than its cys-GnRH-I counterpart, which generally remained in a close-packed form.
It was also noted that the peptides in the native GnRH-I cluster had a tendency to
collapse on the surface, whereas it was only the peptides on the fringes of the cys-
GnRH-1 cluster that collapsed. This correlated with earlier simulations, which
suggested that once adsorbed, the cys-GnRH-1 peptide requires less amino acid
‘anchors’ to remain attached to the silica surface. The tightly packed nature of the
cys-GnRH-I cluster also correlated somewhat with the QCM and SPR measurements,

as it would suggest that a greater mass of peptide would adsorb per unit area on a
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silica surface. However, it must be noted that this result is not as prominent in these

cluster simulations as it was in physical experiments.

An SMD study of the cys-peptide cluster was also performed. This showed
that all of the events which happened during the cys-peptide desorption occurred on a
nanosecond timescale, agreeing with the Arrhenius rates of previously studied
desorption simulations (section 3.4). However, the 0.4eV barrier, which corresponds
to microsecond timescales (section 3.2.2, Table 2) was not breached spontaneously
in this simulation. The cumulative estimated activation energy of desorption is above
0.4eV, which explains why there is no spontaneous adsorption in the cys-peptide
cluster simulation as the simulation is on a nanosecond timescale. An SMD
comparison between the native and cys-peptide clusters would likely see the
activation energy for desorption lower for the native cluster. This would mainly be
due to the lack of a charge interaction between the peptides and the surface in the

native cluster.

A molecular dynamics simulation was also carried out to investigate the
dynamic behaviour of cys-GnRH-I peptides chemically linked to a BSA monomer.
In a simulation with two peptides attached to a BSA molecule it was observed that
one peptide (bound by N-terminus) was presented effectively to the surrounding
solvent, whereas the other (bound by C-terminus) adsorbed fully onto the large BSA
protein. The result from this simulation is encouraging as it suggests that with only
two cys-GnRH-I peptides conjugated to BSA, one of these peptides will be free to
interact with the surrounding environment. In a 1:1 weight ratio of BSA to peptide
there would actually be approximately 20 peptides free to conjugate to each BSA

monomer. Therefore it could be suggested that there would be various points on the
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peptide-BSA conjugate that would have cys-GnRH-I epitopes for the immune system
to interact with. However, further simulations would need to be carried out in order
to investigate how a greater amount of peptides bound to BSA would appear and also

how native GnRH-1 would behave in a similar system.
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Chapter 5 - Immunological Study
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5.1 Aims

The application of GnRH-I peptides has previously been studied in the formulation
and development of vaccines for hormonal and fertility treatments (Levy et al., 2004;
Levy et al., 2011; Khan et al., 2007). However, as GnRH-I is a peptide produced
naturally in vivo (ie a self peptide), it requires the addition of a carrier protein and
adjuvant to improve its immunogenic properties in order for the body to recognise
the antigen as “foreign”. Silica nanoparticles have been used in order to transport and
increase the immunogenicity of biomolecules in previous studies (Mody et al.,
2013), however the morphology of these nanoparticles dictates the inherent cytotoxic
properties. Mesoporous silica nanoparticles can cause oxidative stress on cells,
whereas non-porous Stober silica show low cytotoxicity and have a reduced
inflammatory response (Han et al., 2011; Blumen et al., 2007). The aim of this

chapter is to:

- Mlustrate the effectiveness of Stober silica nanoparticles as a carrier for
GnRH-I and its modified analogue cys-GnRH-I.

- Compare the use of Stober silica as an adjuvant with that of BSA and in
conjunction with BSA by measuring the GnRH-I specific I1gG antibody
response of immunised male BALB/c mice.

- Investigate the effect of these GnRH treatments on the associated GnRH
hormonal pathways by measuring the effect on testosterone production of

treated male BALB/c mice.
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5.2 Materials and Methods
5.2.1 Cytotoxicity Study

In order for the silica nanoparticles to be useful as a carrier/delivery system they
need to be safe to use in vivo. As such, a cytotoxicity study of Stéber silica was
performed on a normal cell line (human prostate epithelial cells — PNT2A), kindly
supplied by Mrs Louise Young, SIPBS, University of Strathclyde. Human prostate
cells were preferred over mouse leukocytes as prostate cells are homogenous cell
type, thus providing a more definitive experiment. Prostate cells are also able to be
grown easily compared to some other cell types. The cells were prepared and
exposed to varying concentrations of Stober silica as follows, under sterile conditions

in a tissue culture laminar hood:

A 1mL aliquot of cells was removed from frozen liquid nitrogen storage and
placed into complete Roswell Park Memorial Institute (RPMI) 1640 medium (10%
v/v foetal bovine serum (FBS), 1% v/v penicillin/streptomycin, 2mM glutamine) and
incubated at 37°C, 100% humidity and 5% CO». The cells were monitored daily by
looking at morphology and confluency under a light microscope and checking for
microbial contamination. The cell medium was replaced every 2-3 days to replenish
nutrients. When the cells were 70-80% confluent, they were trypsinised with 5mi
0.25% (v/v) ethylenediaminetetraacetic acid (EDTA)-trypsin and incubated for 10
min (37°C, 5% COy). The cells were then centrifuged at 1000g for 4 minutes. The
supernatant was disposed of and the cells were resuspended in 10ml complete RPMI
medium. The cells were then counted with the aid of a haemocytometer (Figure 31).
This was facilitated by mixing 100uL of cell suspension with 100uL trypan blue. A

glass coverslip was then fixed to the haemocytometer and 10uL of the trypan blue-
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cell suspension was added to each chamber. The live cells (clear as opposed to blue)
in the centre and in each corner of the grid were then counted and an average was
taken and multiplied by the dilution factor and 100 to obtain the total number of cells

per mL.

Figure 31 — Haemocytometer Grid

A Newbauer haemocytometer was used to count the cells (Figure 31). The desired
volume of cell stock solution to be diluted for the cytotoxicity study was then
calculated; 1 x 10° cells/ml were required for the study. One hundred pL of cell
suspension was added into individual wells on a 96 well plate in rows A to F, with
medium only added to rows G and H. The plate was then tapped to ensure an even
spread of cells and the plate was incubated at 37°C, 100% humidity, 5% CO- for 24

h.

A resazurin reduction assay was used as an indicator to measure the
metabolically active cells in this cytotoxicity study. Resazurin is a deep blue
coloured solution which turns pink when cells with functioning metabolic processes
reduce resazurin to resorufin, a pink fluorescent product (Riss et al. 2013). The
quantity of reduced resazurin can then be measured using a microplate fluorometer

with an excitation/emission filter set of 560nm/590nm respectively.
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Five mg resazurin salt was dissolved in 50mL deionised water. This was then
filter sterilised (using a 0.22um pore size filter unit) and aliquoted into 5ml bijoux,
wrapped in foil to occlude light and stored at 4°C until used. The resazurin stock
solution was then diluted by adding 1.2ml of the resazurin to 10.8ml RPMI complete
medium. One hundred pL of this solution was added to each well of the 96 well
plate, covered with foil and incubated at 37°C for 24 h. The excitation/emission was

then read at 560nm/590nm.

Sterilised Silica Nanoparticles

The effect of thermo-sterilisation of the Stober silica nanoparticles was also
investigated. A sample (5ml) of Stdber silica was dried in a vacuum oven at 180°C
for 5 h and then left under vacuum overnight. The resulting powder was weighed
(1.02g) and suspended in 5ml of complete RPMI medium. The resulting mixture was
sonicated until complete dissolution had taken place — producing a milky pink
solution. A non-sterilised silica sample was also prepared to the same concentration

as the sterilised silica (0.2g/ml).

Two hundred pL of both nanoparticle samples were added in triplicate to
column 1 (see Table 4) and 100pL of complete RPMI media was added to the
remaining columns up to column 11. A 1 in 2 serial dilution of the nanoparticles was
then carried out across the plate by transferring 100uL of the nanoparticles in column
1 to the adjacent column. This dilution was repeated until column 11, where the last

100uL was discarded (see Table 4 for plate template).

In column 12 positive and negative controls were added to the well plate. The

positive control was performed in triplicate and contained cells only, whereas the
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negative control was performed in triplicate and was spiked with 0.22um filter-

sterilised dimethyl sulphoxide (DMSO), in order to trigger cell death. Further

controls were also prepared in rows G and H. These rows contained nanoparticles

only (see Table 4 for plate template).

The plate was tapped gently to ensure the nanoparticles were spread evenly.

The plate was then placed in an incubator at 37°C, 5% CO- and 100% humidity for

24 h.
Conc. 0.02 | 0.01| 000 | 3.125| 1.563 | 7.81x | 3.91x | 1.95x
(g/ml) 0.2 0.1 | 0.05 5 25 625 X103 X108 104 104 104
2 3 4 5 6 7 8 9 10 11 12
Cells
A Only
Cells
B Only
Cells
C Only
DMS
D O
DMS
E o]
DMS
No No No No No No No No No No No
Cells | Cells | Cells | Cells | Cells | Cells Cells Cells Cells Cells Cells
No No No No No No No No No No No
Cells | Cells | Cells | Cells | Cells | Cells Cells Cells Cells Cells Cells
Table 4 — Make-up of Well Plate Used in Cytotoxicity Study
Unsterilised
Key particles
Sterilised
particles
Cells only
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5.2.2 Animal Study

All animal experiments were conducted in accordance with UK Home Office
Legislation and were approved by the University of Strathclyde Animal Welfare and
Ethical Review Committee. In-house bred male BALB/c mice, aged 8 weeks at the
start of the study, were kept in a controlled environment: room temperature 22°C;
50-70% humidity; summertime light cycle of 14 hours light per day; 5 animals per
cage. All mice were ear coded; food and water were supplied ad libitum. Unless
stated otherwise, subcutaneous injections were administered fortnightly as detailed
below and blood samples were taken in alternate weeks. The mice were sacrificed

after 13 weeks. The immunisation regime for each group is given in Table 5.

Table 5: The immunisation regime used in this study. For clarity, the results identify
the groups with the treatment received, rather than group number.

Group Immunogen Adminstration Route Peptide Dosage
I Untreated Control N/A N/A

I GnRH-I-Silica s.C 50pg in 100pL

I Cys-GnRH-I-Silica s.C 50pg in 100pL

v Cys-GnRH-1-BSA s.C 50ug in 100pL

\Y/ Cys-GnRH-1-BSA-Silica s.C 50ug in 100pL

VIl GnRH-I i.n 50ug in 20pL

IX GnRH-I-BSA i.n 50ug in 20pL
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In all immunisation treatment groups, each mouse was administered a dose of 0.1mL
subcutaneously, s.c (except in groups VIII and IX in which 20pL were administered
nasally, i.n) containing the equivalent of 50ug of peptide per dose fortnightly. Tail
bleeds were collected 7 days after each immunisation. Serum was prepared by
centrifuging each blood sample at 1000g for 20 min. The serum was then collected in
fresh 0.5mL microfuge tubes and frozen at -20°C until analysed by ELISA. At the

end of the study, blood was collected via cardiac puncture and serum prepared.

One control group was deemed satisfactory for this study as only one strain of
inbred BALB/c mice from the same animal house was used over a short period of

time.

5.2.3 Immunogen Preparation

The Group Il treatment was formulated by mixing 100uL silica (0.2g/ml) and 900uL
water. One mg native-GnRH (Genosphere Biotech, France, >95%) was dissolved in
ImL water and added to this solution. The resulting mixture was stirred at room

temperature for 1 h and then frozen until further use.

The Group 111 treatment was prepared by mixing 100uL silica (0.2g/ml) and
900uL water. One mg cys-GnRH (Immune Systems Ltd, UK, >95%) was dissolved
in ImL water and added to this solution. The resulting mixture was left to stir

magnetically for 1 h and then frozen until further use.

The treatment for Group IV was prepared by conjugating cys-GnRH-I and
BSA using the EDC reaction (section 4.2.2) with the final sample containing 2.5mg

peptide. The resulting solution was then frozen until further use.
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Group V treatment was prepared via the same steps used in that of Group IV
with the resulting mixture being mixed with 100pL silica (0.2g/ml) + 900uL water

and then frozen to await further use.

Similarly, treatments for Groups VI and VII were prepared using the same
steps as Group 1V and V respectively, but the cys-GnRH-I peptide was substituted
for the native GnRH-I peptide. The treatment for Groups VIII and IX were also
prepared in the same way, but with water in order to provide a concentration of 50ug

per dose of 20pL.
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5.2.4 Measurement of Specific Antibody Levels

The specific antibody levels were measured using an ELISA as follows:

OVA-peptide conjugate (equivalent to 1.25ug per well in 100pL phosphate
buffer saline solution (PBS [137mM NaCl, 2.7mM KCI, 4.3mM Na;HPOs, 1.47mM
KH2POq4], pH 7.4) was coated onto tissue culture grade 96-well plates overnight in a
fridge. The plates were washed twice with washing buffer (PBS, containing 0.05%
Tween 20) and blocked with 3% (w/v) non-fat milk protein (Marvel, Premier Foods,
UK) in PBS for 2h at 37°C. The plates were then washed 3 times with washing
buffer. Mouse sera (1.2uL in ImL PBS, prepared from tail bleeds) was incubated per
well for 1h at 37°C (carried out in triplicate for each sample). The plates were then
washed 3 times with washing buffer. Anti-mouse 1gG horseradish peroxidase (HRP)
was diluted 1:5000 in PBS and 100pL per well was incubated for 45 min at 37°C.
The wells were then washed three times with washing buffer and twice with PBS
alone and developed with 100uL Ultra-TMB (3,3',5,5'-tetramethylbenzidine)
substrate per well. This elicits a blue colour when mixed with antibody bound-HRP
conjugate. The antibody used was goat anti-mouse 1gG (heavy and light chain; Pierce
Antibody, Thermo Fisher Scientific, UK). The reaction was stopped with 100uL per
well 10% (v/v) sulphuric acid after 15 min which turned the blue colour to yellow
and the Auso read on a SpectraMax M5 plate reader. The intensity of this yellow
colour is inversely proportional to the concentration of antibody present in the test
sera (i.e. the Asso value [blue in spectrum] is higher for a higher antibody
concentration). The mean and standard deviations of the triplicate results were

calculated and plotted against the study week number.
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5.2.5 Testosterone Study

Testosterone levels in the serum of the immunised mice were measured using a
testosterone ELISA kit (Alpha Diagnostic Internations, USA) which is a competitive
solid phase ELISA. Any testosterone in the serum competitively binds to antibody
sites (in competition with enzyme-linked testosterone). When performing the assay
the serum was incubated with anti-testosterone and testosterone-HRP (horseradish
peroxidase) conjugate. Any testosterone which was unbound to the antibody sites
was washed away with washing buffer (as in section 5.2.4). After antibody binding,
TMB was added and after 15 min, the reaction was halted. The intensity of colour is
inversely proportional to the concentration of testosterone in the serum and was read

by plate reader (SpectraMax M5 — Absorbance 450nm).

All mouse sera samples were assayed in duplicate and low and high

testosterone control samples were included in all runs.
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5.3 Results

5.3.1 Cytotoxicity Results

sonn VAN 5 MM

8 v

Figure 32 — A typical 96 well plate after incubation with resazurin

The make-up of the plate in figure 32 is as follows:

- Cells A1 to A1l contain cells which have been incubated with
unsterilised Stober silica nanoparticles, in decreasing concentration along
the row.

- Cell Al12 contains only living cells that have not been in contact with
silica as a positive control.

- Rows B and C are duplicates of row A.

- Cells D1 to D11 contain cells which have been incubated with
temperature-sterilised ~ Stéber silica nanoparticles, in decreasing

concentration along the row.
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- Cell D12 contains cells that have been killed using DMSO as a negative
control.

- Rows E and F are duplicates of row D.

- Rows G and H contain Stober silica in decreasing concentration across

the row, but with no cells present as a negative control.

For a more detailed description refer to section 5.2.1, Table 4.

In figure 32 above, the negative controls have all remained blue, while the sterilised
StOber nanoparticles do not appear to exhibit cytotoxic effects, with all of the wells
showing a bright pink colour. The majority of the unsterilised Stober also appear to
be non-toxic to these cells. However, the highest concentration of these particles
exhibited toxic properties (indicated by the blue colour). The reason for this is
unknown, as they are at the same concentration as the sterilised Stober particles and

do not exhibit cytotoxic properties at lower concentrations.
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Graph 27: Toxicity measurements of silica nanoparticles at varying concentrations. Each bar is the
mean of triplicate readings with £SD (n=3).
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Graph 27 shows that the cells exposed to sterilised silica are largely viable, however
there is increased toxicity at a sterilised silica concentration 0.0125g/mL. However,
there is a large standard deviation at this concentration, suggesting that there may
have been some contamination in the cells. It is not clear whether the same result

would be obtained with a repeat measurement.

5.3.2 Antibody

Specific anti-GnRH-1 antibody levels varied in the sera of the different groups of
immunised mice. Two animal studies were run separately, with Groups I1-V run first
and Groups VI-1X (plus control group) performed after this study. Graphs 28 and 29
show that a specific 1gG response to GnRH-I was seen in groups immunised with
native GnRH-I-silica (0.53 = 0.01), cys-GnRH-I-silica (0.61 £ 0.02), cys-GnRH-I-
BSA-silica (1.07 + 0.01) and cys-GnRH-1-BSA (0.82 + 0.01) by week 5 of treatment
with Asso above 0.5, indicating a specific immune response. After week 7 the
animals were not immunised for a period of 4 weeks to investigate the effect on
antibody levels during this period. The group treated with silica-BSA-cys-GnRH-I
conjugate mean antibody titre continued to increase (1.23 + 0.01 to 1.59 £ 0.41) in
this period, with the response for all other groups decreasing; in fact groups
immunised with native GnRH-I-silica and cys-GnRH-I-silica decreased to a
negligible level. After the final vaccination at week 13 all treatment groups showed

an increased specific 1gG response once again.

The group treated with the silica-BSA-cys-GnRH-1 conjugate showed a
GnRH-1 specific 1gG level increase throughout the study. The final antibody
response in this group (Asso of ~2.60 + 0.26) was much higher than any other group.

The group treated with BSA-cys-GnRH-I also exhibited a response (a final Aassg of
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~0.90 £ 0.33), but the inclusion of silica elicited a much higher immune response

from the animals.
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Graph 28: GnRH-I specific 1gG response for animals immunised against native GnRH-1 and the
modified analogue (Cys-GnRH-I) adsorption to silica nanoparticles. The absorbance results were
measured from ELISAs undertaken on OVA-GnRH-1 coated plates. Each data point is the average of
triplicate A450 readings with £SD (n=5). Immunisations were administered subcutaneously in weeks
0, 2,4, 6,10 and 12 (marked with arrows) with bloods taken a week after each injection.
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Graph 29: GnRH-I specific 1gG response for animals immunised against the modified GnRH-I
analogue (Cys-GnRH-1), conjugated to BSA and with/without adsorption to silica. The absorbance
results were measured from ELISAs undertaken on OVA-GnRH-I coated plates. Each data point is the
average of triplicate A450 readings with £SD (n=5). Immunisations were administered
subcutaneously in weeks 0, 2, 4, 6, 10 and 12 (marked with arrows) with bloods taken a week after
each injection.
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Graph 30 shows that after 5 weeks of treatment, mice immunised with silica-
BSA-GnRH-1 exhibited a specific IgG antibody response with Asso above 0.5 (0.84 +
0.018). The antibody response in this group appeared to increase with subsequent
booster immunisations. At the conclusion of the study the antibody response reached
a peak Auso reading of 2.10 £ 0.022. However, mice immunised with native GnRH-I-
BSA conjugate and the control group did not show a high specific antibody response
in the first 5 weeks of treatment. A significant change in immune response was noted
after a period of 11 weeks of treatment for the group immunised with BSA-Native
GnRH-1 (Asso reading of 0.69 + 0.01), which continued to increase to the conclusion
of the study to an Auso reading of 2.11+0.03. As expected, the antibody response of
the control group never reaches an Asso reading of 0.5, peaking at 0.29 (= 0.01)

before tailing off at the end of the study to 0.07 (+ 0.004).

Both groups that were treated i.n showed relatively poor specific
antibody responses in the first 7 weeks of the study. Mice treated i.n with silica-
native GnRH-1 displayed poor antibody responses throughout the study, with a peak
Auso reading of 0.08 after 9 weeks. Whereas mice treated i.n with silica-BSA-native-
GnRH-I displayed a small increase in specific antibody production after 9 weeks,
with an Asso reading peaking at 0.49 (SD £ 0.03), which is still a relatively poor

immune response.
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Graph 30: GnRH-I specific 1gG response for animals immunised against native GnRH-I conjugated to
BSA and with/without adsorption to silica. Immunisations were performed subcutaneously. The
absorbance results were measured from ELISAs undertaken on OVA-GnRH-I coated plates. Each
data point is the average of triplicate A450 readings with £SD (n=5). Immunisations were
administered subcutaneously in weeks 0, 2, 4, 6, 8, 10 and 12 (marked with arrows) with bloods taken

a week after each injection.
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Graph 31: GnRH-I specific 1gG response for animals immunised against native GnRH- with/without
conjugation to BSA and adsorbed to silica. Immunisations were performed intranasally. The
absorbance results were measured from ELISAs undertaken on OVA-GnRH-I coated plates. Each
data point is the average of triplicate A450 readings with +SD (n=5). Immunisations were
administered i.n in weeks 0, 2, 4, 6, 8, 10 and 12 (marked with arrows) with bloods taken a week after

each injection.
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From Graph 32 it can be seen that those groups immunised with vaccine
formulations including silica, BSA and either peptide exhibit the greatest specific
IgG antibody response at the end of the study, with the silica-BSA-cys-GnRH-I
conjugate showing the highest response (Asso reading of 2.59+0.26). Graph 32 also
illustrates that vaccines formulations which consist of just peptides adsorbed on a

silica surface alone show poor immunogenicity after a treatment period of 13 weeks.
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Graph 32: GnRH-1 specific 1gG response for male BALB/c mice immunised against native GnRH-I
and the modified analogue (Cys-GnRH-I), with/without conjugation to BSA and with/without
adsorption to silica. Immunisations were performed subcutaneously. The absorbance results were
measured from ELISAs undertaken on OVA-GnRH-I coated plates. Each column is the average of
triplicate A450 readings with £SD (n=5). These are the final specific 1gG antibody levels at the end of
the study after 13 weeks and are ordered in a manner which gives direct comparisons between each
peptide. ***P < 0.001; *P < 0.25.

Graph 33 further illustrates that silica-peptide vaccine formulations exhibit
poor immunogenicity, with the cys-GnRH-I-silica variation proving to be slightly

more effective at provoking an immune response in comparison to its native GnRH-I
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counterpart. It can also be observed that the conjugation of GnRH peptide to BSA
increases the effectiveness of the vaccine formulation, which can be enhanced further

with the addition of silica as an adjuvant.
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Graph 33: GnRH-I specific 1gG response for male BALC/C mice immunised against native GnRH-I
and the modified analogue (Cys-GnRH-I), with/without conjugation to BSA and with/without
adsorption to silica. Immunisations were performed subcutaneously. The absorbance results were
measured from ELISAs undertaken on OVA-GnRH-1 coated plates. Presented are boxplots of
triplicate A450 readings for each group. These are the final specific IgG antibody levels at the end of
the study after 13 weeks. ***P < 0.001; *P < 0.25.

167



5.3.3 Testosterone

Two animal studies were run separately, with Groups 11-V run first and Groups VI-
IX (plus control group) performed after this study. All treatments administered
produced a reduction in testosterone levels after 13 weeks as shown in Graph 34. In
particular, immunisation with the native GnRH peptide directly adsorbed to the silica
nanoparticle surface showed the greatest effect on reducing the average testosterone
levels, with a decrease of ~9.5ng/ml (>95%) from that of the control group.
Treatment with cys-GnRH-BSA exhibited the lowest reduction in testosterone levels
after 13 weeks, but 7 weeks into the study, the testosterone reduction was greatest in
this group. It could also be observed that mice treated with cys-GnRH-I-silica
exhibited a dramatic reduction in testosterone between 7 and 13 weeks, with a

reduction of 8.7ng/mL in this time period.

Testosterone Level in serum
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Graph 34: Testosterone levels in blood serum from animals immunised against GnRH-1 and its
modified analogue (cys-GnRH-I), with/without conjugation to BSA and with/without adsorption to
silica. The testosterone levels were determined using a testosterone assay kits 7 and 13 weeks post
treatment. Each point represents the mean of duplicate readings with £SD (n=5).
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Graph 35 clearly displays that there is a variation in the testosterone levels of
all groups after 13 weeks of treatment. These boxplots show that there is a mean
reduction in the testosterone levels of all groups except those mice treated with
silica-cys-GnRH-I, which has a slightly higher level of testosterone than that of the
control group. It is clear that groups treated with native GnRH-1 (silica-native GnRH-
I, BSA-native GnRH-I and silica-BSA-native GnRH-1) show a significant decline in
testosterone production. Whereas those treated with formulations including the cys-
GnRH-I peptide show a less dramatic effect on testosterone production. Graph 35
shows that treatments of BSA-cys-GnRH-I and silica-BSA-cys-GnRH-I show a
mean reduction in testosterone from the control group. Mice treated with silica-cys-

GnRH-I does not show a great change in testosterone levels from the control after 13

weeks.
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Graph 35: Testosterone levels in blood serum from animals immunised against GnRH-1 and its
modified analogue (cys-GnRH-I), with/without conjugation to BSA and with/without adsorption to
silica as specified. The testosterone levels were determined using a testosterone assay kits at the end
of the study after 13 weeks. Presented are boxplots of duplicate readings. ***P < 0.001; *P < 0.25;
**P < 0.6; ****P < 0.75.
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5.4 Discussion

It has already been found that GnRH-based vaccines can be formulated for both
humans and animals. Examples include GnRH conjugated to keyhole limpet
haemocyanin (KLH), which can induce infertility in female deer and GnRH vaccines
using Alum as an adjuvant for use as an immunotherapy for fertility control and
tumour growth (Miller et al., 2008; Talwar et al., 1997). Consequently, this study
was undertaken in order to investigate the effects of silica as an adjuvant and if it
could be used in such a way that it could cause the immune system to generate

antibodies against ‘self-peptides’.

In order for silica nanoparticles to be useful in a novel vaccine formulation,
they need to display minimal cytotoxic effects in vivo. Figure 32 and Graph 27 shows
that temperature sterilised Stober silica nanoparticles is consistently non-toxic at
concentrations up to at least 0.2g/mL silica. Stober nanoparticles that were not
temperature sterilised are consistently non-toxic up to, and including, a concentration
of 0.1g/mL. Concentrations of 0.01g/mL were used in each dose used for animal
immunisation. As such, the use of Stober silica was likely to have minimal cytotoxic

effects in this study.

Silica nanoparticles smaller than 200nm have been shown to display
increased cytotoxic properties, with detrimental effects on the respiratory system
reported and other associated issues (Han et al., 2011). This is due to their increased
surface area which would have a greater weight ratio of surface silanol groups. These
exposed silanol groups generate reactive oxygen species, which promote cytotoxic
effects. The silica nanoparticles in this work were approximately 200nm in size

(chapter 4, Figure 11). These particles would be excreted from the body through the
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waste system, however, smaller silica nanoparticles (<45nm) are renally filtered and
would therefore have associated toxic effects (Mody et al., 2013). The negative
surface charge of the StOber nanoparticles used also adds to the improved
biocompatibility of Stéber silica as these particles are less likely to aggregate, thus
reducing the likelihood of large aggregates forming, which can have cytotoxic effects

on biosystems (Chen et al., 2015).

Native GnRH-1 and cys-GnRH-I peptides adsorbed straight onto silica
nanoparticles were generally poor at eliciting an effective immune response with
peak mean Auso values of ~0.64 for each during 13 weeks of treatment by
subcutaneous vaccination. From the QCM results previously undertaken (chapter 4,
Figure 14) it can be seen that the native GnRH-I peptide does not effectively adsorb
onto the silica surface, which could explain why this formulation is not useful in
immunisation studies. From simulation studies and QCM measurement (section
3.3.4; section 4.3.7), it was observed that the cys-GnRH-1 peptide managed to
effectively bind to the silica surface. However, the formation of a monolayer of this
peptide on the surface may not be conducive to efficient peptide presentation to the
surrounding environment. Whereas, a BSA-cys-GnRH-I conjugate does effectively
present the peptide to the surrounding solvent (chapter 4, figure 30). QCM
measurements clearly show that BSA-peptide conjugates adhere to silica surfaces
effectively (section 4.3.9). This could be due to the protein ‘depot’ effect, which
prevents large proteins from being released as easily from the silica nanoparticle. In
turn, this would allow ample time for antigen presentation to the immune system

with the inclusion of silica as an adjuvant (Wang et al., 2012).
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Conjugation to BSA was used as previous studies show that conjugation of
‘self-peptides’ to large carrier proteins can significantly reduce testosterone
production and spermatogenesis in male mice (Khan et al., 2007). However,
treatment using GnRH-I-carrier protein conjugates without the presence of an
adjuvant have not been successful in eliciting a significant specific antibody response
(Mann et al., 2006; Ferro et al., 1998). In this study treatment with both GnRH-I
analogues adsorbed on the silica adjuvant alone show a similar specific GhnRH-I 1gG
response, with antibody concentrations peaking at approximately 0.6 (Aaso).
However, groups treated with cys-GnRH-1 conjugated to BSA appeared to show a
higher specific 1gG response than those groups that received treatment without the
peptide-carrier protein conjugate (peak Asso of ~1.47 — native GnRH-I-BSA
conjugate after 13 weeks). The addition of the silica adjuvant to this cys-GnRH-I
conjugate showed a significant increase of specific IgG antibody levels, resulting in a
final Asso of ~2.6 — over 250% higher than any other treatment group. As such, these
results show that peptide conjugation to BSA along with adsorption to silica induces
a high antigen-specific immune response. This suggests that the use of silica as an
adjuvant may enhance the immunogenicity of ‘self-peptides’ and combination with a
carrier protein shows a marked increase in specific IgG antibody response as this
may invoke an increased T-cell response (Skrastina et al., 2014). This may be due to
the increased surface interactions between the BSA molecule and the silica surface
allowing more efficient adsorption and thus allowing the conjugated GnRH-I
peptides more freedom to present themselves to the surrounding environment to be

targeted by T-cells.
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From the results presented in Graph 31 it can be clearly observed that
treatments administered nasally are ineffective in provoking a specific antibody
response. In each dose 50ug of peptide was used, which was effective in previous
studies by Gebril et al (2014). However, in their study xanthan gum and non-ionic
surfactant vesicles (NISV) were deployed as delivery systems. The results from
Graph 31 suggests that silica and BSA may not be effective in delivery systems that

are administered via nasal route.

Graphs 34 and 35 illustrate that the hormonal response from treated groups
do not correlate well with the antibody response. All groups displayed an overall
mean reduction in testosterone levels after 13 weeks, except from mice treated with
silica-cys-GnRH-I, which had a slightly greater level of testosterone than the control
group. This may be due to the pulsatile nature of testosterone release, which would
result in variations of physiological hormone levels (Khan et al., 2007). The most
striking feature of the final hormone analysis is that all groups that were treated with
a formulation that included the native GnRH-I peptide displayed a mass decrease in
testosterone levels, whereas those groups treated using the cys-GnRH-1 peptide
showed a less marked variation in hormone levels. The exact cause of this is
unknown, but it could be down to the native peptide binding with the GnRH receptor
and then being blocked with the associated silica nanoparticle or attached BSA
protein, thus preventing further GnRH binding to the receptor and stopping the

hormonal cascade which results from this.

However, the cys-GnRH-I peptide may not bind to the GnRH receptor as
efficiently, or this binding may be reversible, hence the reduced effect of cys-GnRH-

I immunisation on testosterone levels. The cause of this receptor binding inefficiency
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may be due to the substitution of the charged glutamic acid residue for a neutral
cysteine residue, which could slightly alter the secondary structure of the peptide,
thus affect its receptor binding efficacy. There was a flare in the testosterone levels
after 7 weeks of treatment with cys-GnRH-silica, but this was resolved after 13
weeks of treatment back to control levels (section 5.3.3, Graph 34). Similar flares
have been observed in treatment with other GnRH analogues, but these peptides
retained the native terminal residues and overall charge of the native peptide and
ultimately reduced testosterone production (Parmar et al., 1987). The difference in
the native and cys-GnRH-I peptides is clear to see in the adsorption simulations of
each peptide and their adsorbed conformations (sections 3.3.1, 3.3.4 and Figure 33
below). From Figure 33 it can clearly be observed that the native GnRH-I is
collapsed on the silica surface, whereas the cys-GnRH-I is ‘standing’, with the C-
terminus exposed to solution. However, the presentation of these peptides on the
silica surface may influence the efficiency of receptor blocking. The native GnRH-I
peptide is anchored by the positively charged arginine residue, and as such the
termini may have more freedom to interact with the surrounding environment and
participate in receptor binding. Whereas, the cys-GnRH-I peptide is adsorbed to the
silica surface via the N-terminal, with the C-terminal exposed to solution. As a result,
the N-terminus is unlikely to be able to be involved in receptor binding, thus the

GnRH receptor is less likely to be blocked by a formulation using silica-cys-GnRH-1.
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Figure 33: GnRH-I (left) and cys-GnRH-1 (right) adsorbed to a silica surface with charged residues
highlighted (red = negative; blue = positive). Native GnRH-I is collapsed on the surface, whereas

cys-GnRH-1 is ‘standing’ exposed to the solution.
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Chapter 6 - Conclusion
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In the past 200 years, billions of vaccinations have been administered, leading to the
prevention, and in some cases the eradication, of various debilitating infectious
diseases in many parts of the world (Zhu et al., 2014). Many vaccines have been
formulated by attenuating a pathogen and exposing a subject to the attenuated virus
(or bacterium), thus allowing the host to build an immune response against the
pathogenic antigen without contracting the associated disease (The National Institute
of Allergy and Infectious Diseases, 2013). However, vaccines can also be
synthesised using non-pathogenic vectors. Non-pathogenic vectors are advantageous
as they mimic the natural course of infection and therefore may be able to produce a
similar immune response to live vaccines. However, live vaccines can occasionally
revert back to a harmful state once inside a host cell. Non-pathogenic vectors are
unable to replicate inside target cells and are removed from the body after only a few
days, thus making non-pathogenic vaccines safer than live vaccines (Bolhassani, A et
al., 2012). Other types of non-pathogenic vaccines involve immunising against self-
peptides, which can be utilised to treat many conditions, such as prostate cancer or to

induce a contraceptive effect (Pham et al., 2016; Herbert et al., 2005).

In this work, vaccines against GnRH-1 were produced using native GnRH-I
and cys-GnRH-I as model antigens. GnRH-I is a decapeptide produced in the
hypothalamus that effectively regulates fertility in mammals (see section 1.2.1)
(Roch et al., 2011). However, as GnRH-I is a self-peptide it needs to be attached to a
large carrier molecule or adjuvant in order to elicit an immune response (Herbert et
al., 2005). One of the main adjuvants used in current vaccinations is aluminium
oxyhydroxide (alum). Using alum as an adjuvant can help induce a strong antibody

response against an antigen as it remains at the site of injection, allowing DCs more
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time for antigen uptake and thus subsequent production of specific antibodies (Mody
et al., 2013). However, alum is known to cause pain and inflammation at the site of
administration and has even been shown to accumulate in the brain (Skrastina et al.,
2014; Gherardi et al., 2015). In this study nanoparticulate silica has been used as an
adjuvant for GnRH-I. Silica nanoparticles show good biocompatibility and are
chemically stable (Du et al, 2010; Nozawa et al, 2005). Silica nanoparticles greater

than 200nm in diameter also show particularly low cytotoxicity (Han et al, 2011).

Male BALB/c mice were immunised subcutaneously with native GnRH-I and
cys-GnRH-I using Stober silica nanoparticles as an adjuvant. Over a study period of
13 weeks it was found that mice treated with GnRH-I peptide adsorbed directly onto
a silica nanoparticle did not exhibit a strong specific 1gG antibody response against
the GnRH-1 antigen (chapter 5, Graph 28), although both were slightly higher than
that of the control group. From QCM surface adsorption experiments it was apparent
that the native GnRH-I peptide does not adsorb directly onto silica very effectively,
however the cys-GnRH-I peptide did (Section 4.3.8). This was most likely due to the
charged residues present on each peptide. The native peptide overall carried a neutral
charge, however the cys-GnRH-I peptide was positively charged overall as the
negative glutamic acid residue had been replaced with the neutral cysteine. As such,
the cys-GnRH-1 peptide was more likely to adsorb effectively on the negative silica
surface (surface charge of approximately -50mV as found by zeta potential
measurements [chapter 4, Graph 13]. From these results it could be surmised that the
cys-GnRH-I peptide on silica should be more effective at interacting with the
surrounding physiological environment, thus eliciting an immune response.

However, the manner in which the peptide is presented to the immune cells is crucial
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in eliciting a specific antibody response (Mody et al., 2013). From molecular
dynamics simulations it can be noted that the native GnRH-I peptide effectively
collapses on the silica surface (Chapter 3, Figure 13), whereas the cys-GnRH-I
peptide is able to ’stand’ on the surface, anchored by the terminal cysteine residue.
From the outset, the cys-GnRH-I peptide looks as though it is presented to the
surrounding environment more effectively than the native peptide. However, the
secondary structure of the peptide is of great importance to its associated biological
behaviour (Millar, 2005). GnRH-I should be in a hairpin loop conformation, this is
not apparent in the adsorption simulation of cys-GnRH-I peptide on the silica surface
as they peptide has somewhat straightened out. This could be due to the inherent
electric field present at the silica surface, causing the dipole moment of the cys-

peptide to align and lose its hairpin loop conformation.

However, the native peptide retains its hairpin loop conformation once
adhered to the silica surface. This may help explain the change in testosterone levels
of treated mice after 13 weeks. It was observed that mice treated with silica-native
GnRH-I showed a significant decline in testosterone production, whereas mice
treated with silica-cys-GnRH-I did not display a great change in testosterone levels
from the control group (Chapter 5, Graph 35). On binding to the GnRH receptor, the
GnRH peptide adopts a hairpin loop conformation with both termini heavily involved
with receptor binding (Millar, 2005). The native GnRH-I peptide not only retains a
hairpin loop conformation, but both termini may be available to bind to the receptor
as C-terminal is negatively charged, therefore will not be strongly bound to the silica
surface and although the N-terminal is positively charged, the terminal residue

(glutamic acid) carries a negative charge, allowing the N-terminal some freedom
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from the surface. Once bound to the GnRH receptor the silica nanoparticle attached
to the peptide may block the receptor from further binding to free GnRH peptides,
thus effecting a drop in testosterone production as the hormonal cascade would be
halted (Chapter 1, section 1.2.1). The cys-GnRH-I-silica formulation would not be
able to effectively interact with the GnRH receptor due to the loss of the hairpin loop
conformation and also because the N-terminal would be unavailable to interact with
the receptor, due to being adsorbed on the silica surface. Consequently the silica
would be unable to block the receptor and testosterone production would continue as

normal.

Another method to increase the immunogenicity of a self-peptide is to attach
it to a large biomolecule as a carrier protein, such as BSA or ovalbumin (Saenz et al.,
2009; Geary et al., 2006). The addition of BSA to silica also increases the
biocompatibility of the silica adjuvant (Lim et al., 2012). In order to evoke an
effective specific antibody response to GnRH-I, the native and cys-GnRH-I peptides
were conjugated to BSA carrier molecules via the EDC reaction (section 4.2.2). Male
BALB/c mice were immunised with these conjugates over a period of 13 weeks and
a much higher specific IgG antibody response was observed for both peptide
conjugates than those of the peptides adsorbed directly onto silica (native — 1.48 to
0.34; cys — 0.90 to 0.42 Auso levels) (chapter 5, Graph 32). The increased antibody
levels may be due to both peptides being free to interact with the physiological
environment, whilst also retaining their hairpin loop secondary protein structure.
Molecular dynamics simulations illustrated that bound cys-GnRH-I peptides to a
BSA monomer could be exposed to the surrounding solution in such a way that their

secondary structure is retained (Chapter 4, figure 30). However, from the same
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simulation it was also apparent that not all conjugated peptides are available to
interact with the surrounding solvent. There is also no great associated electric field
on the surface of the BSA protein, thus the bound GnRH peptides would be able to

retain their hairpin loop conformation more easily.

Mice treated with the native GnRH-I-BSA conjugate also showed a dramatic
decrease in testosterone production in comparison to the control group (Chapter 5,
Graph 35). In comparison, those mice treated with the cys-GnRH-1- BSA conjugate
showed a much smaller decline in testosterone production. As per the native peptide
adsorbed directly onto the silica nanoparticle, this could be down to the BSA
blocking the GnRH receptor once the native peptide binds, halting testosterone
production. Whereas the cys-GnRH-I-BSA conjugate is unable to effectively block
the GnRH receptor as the cys-peptide may not be able to bind properly to the
receptor due to the substituted cysteine N-terminal residue. This substitution alters
the charge at the terminal, which may greatly affect its GnRH receptor binding

ability.

As BSA increases the biocompatibility of silica, male BALB/c mice were
also treated with native and cys-GnRH-I-BSA conjugates adsorbed on silica
nanoparticles as an adjuvant (Lim et al., 2012). Both of these groups saw an increase
in the specific antibody levels after 13 weeks (Chapter 5, Graphs 29 and 30) over
other groups (Asso readings of 2.11 and 2.59 for native and cys peptides
respectively). This clearly shows that the addition of silica to the vaccine
formulations has increased the immunogenicity of the self-peptide, thus eliciting a
greater specific 1gG antibody response. The addition of silica has possibly increased

the half-life of the peptide in vivo, allowing more efficient uptake of the GnRH
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antigen to DCs and antigen presenting cells (Penchala et al., 2015). As such, an
effective T-cell response was elicited, rather than an inflammatory response, thus
allowing effective immunisation to occur. However, once again mice treated with the
native peptide vaccine formulation showed a mass decline in testosterone production,
whereas those mice treated with cys-GnRH-BSA-silica displayed a smaller decrease
in testosterone production. These hormonal responses are probably due to peptide

termini presentation and residue substitution as described previously.

To increase the knowledge of this study further molecular dynamics
simulations could be performed with an increased amount of peptides conjugated to
the BSA monomer and also with the native GnRH-I peptide conjugated to the
monomer. This would provide further insight into how each peptide is presented to
the surrounding environment when bound to BSA and the likelihood of peptides
retaining their hairpin loop secondary structure. This would be beneficial for further
studies as the secondary structure of proteins is crucial to their in vivo behaviour and
can determine whether they can interact with their associated receptors. Similar work
using MD simulations has been undertaken by Pal et al. (2016) to investigate the
thermodynamic binding of the neurotransmitter gamma-aminobutyric acid with BSA.
Histological analysis of the mice used in the study could also be carried out. In
particular, analysis of the testes would provide information on the effects of the
various treatments on testosterone production by analysing how many sperm cells are
produced. Furthermore, GnRH receptor studies could also be undertaken in order to
further understand how the various treatments used interact with, and affect, receptor

activation (Naor, 2009).
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Steering protein adsorption at charged surfaces:
electric fields and ionic screeningt

Faul A. Mulheran,” David J. Connell and Karina Kubiak-Ossonska

Protein adsception st charged surfaces = 2 common process i fhe development of funconad
technodogical desices. Acoumtely reproducing the snvionment sbove fhe surace in Smulstions =
exental for understanding how fhe adsorpiion prooess can be influenced and uilised Here we present
a smulstion sraeqy that indudes the slactric fizld ahove the charged surface ax well & the soresning
ons in solufon, using standard molecular dynamics tools. With this approach we vestgaie the
adscaption of Han Egg White Lyscoyme (HEWL) onto a model dharged slica surface. 'We find that fhe
soreening effects of the ions show down the adsoption process, gihing the protein more time to find its
optimal crentation & it adsorts. Furfermors, we find fhat the concentrated Dnic region direcly abowe
fthe surace helps to stabillse fue peotein stuctune in its adsodved state. Together fhese effects imply that
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the ad=crbed HEWL might retan is biclogical activity, with s active site exposed to sdution rather than

o the surface. Furthenmore, this work shows how the stesning effects of the dlectic field, coupled to
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1 Introduction

Protein adeorption at materials surfaces is a crucial feature of
many new biotechnokgical applications, and has been the
foeus of musch recent research.™ Key questionsthat still need to
be add ressed comncem mit only the extent of protein adeorption,
Le. whether complete surface coverage or even multilayer
coverage iz achieved, but alo the strength of the adhegion to
the surface and the functionality of the adsorbed protein™"
These factors dimety the affect the utility of the adsorbed
proteins for functonalation of surfaces o induce bioeom-
patibility, create antibacterial coatings, or yviekd novel mane-

particulate dnsg delivery systems."
Maosde lling has plaved a major roke in advancing our under-
standing of the a since in principle it can

reveal molecular-scale insight that is not available experimen-
tally. Well-designed simultions can show not only how
proteing adsorb to different surfaces, but also provide under-
standing of what the driving forees are and how they can be
contmlled through sufface chemistry, and how bicactivity can
be preserved by mtaining the protein secondary and tertary
structures. There is growing consensus that the arientation of
the protein at the surface is pammaount, and that this depends
on the surface chemistry ' Of particular note is the idea that

Departmed o havideal and Process Ergivacring Unberalty af Srathelyde, [avies
Wielr Building, 75 Mowteie @oe, Glisgoe G1 15 UE Bl sl ey
saraekac sk
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fhe Dnic soresning, might be mad to develop general stovtegies for surfsce functionalization fwough

electrie fields above charged surfaces will phy a crucial role in
steering the prstein durng adsorpton, and so determine
protein orientation onee adsotbed ™™ Prowvided that amy
unfolding indweced by intemctions with the surface are of
limited extent, this provides the means to engineer surface
functionalation through controlled protein ad sorption™=
Fully atomistic Molecular Dynamies (MD) has proven to be
a valuable modelling strategy, snce it can address the 100 ns
timeseale necessary for the initial protein adsorption process
with the necessary system size of ~10° atoms reguired to
represent the asface, water, ions and protein."™"™ Varkus open
source simulation packages exist for this type of simulation,
where use can be made of potential sets refined for protein
systems, and many insightful sudies have been completed.
Hen Bjg White Lisoayine (HEWL ) has exensively been ied as
a madel protein, ™™ ginoee it has anti-bacte dal properties which
miight be prserved when adootbed o a sutface in the eormect
orentation. HEWL is a hard globulr protein of modest size,
makifg it ideal for simulation stsdies ™ Previous work has
comnsidered how it is adsorbed at various surfaces, with the
conclution that megatively charped surfaces, such ag mica of
silica at physiclogical conditions, will be best at orenting the
protein eo that is active site i presented to soluton ™=
Given the imponance of the electric felds at the charged
surfaces, it is peces@y to consider how the MD simu ltons can
best replicate the environment experienced by the protein as it
adearbe. In recent wirk we have inchided electrie felds in
standard smulation methodoogy by em ploying silica surface
ivinibels with intrinsie dipole moments '™ However, we had not
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until now fully inchsded the effects of ionie screening at the
gurface. It i the purpose of this paper to do this, and to explone
the impact this has on the HEWL adsorption at the maodel
surface. OF crueial importance, we aim to undersctand whether

* lonie screening of the charged sudface chamges the
adeorption of the protein or ite adeorption pathway;

» the high concentration of ions above a charged surface
impacts the structune of the protein in its adeorbed state;

» the electrie field and sereening effects can be used to
enhance our ability to create stable, functional prteins adeor-
bed to materials with technological poterntial.

In the following section we will describe how we st up the
simulations to capture the efects of electric field and ionie
sereening, and the simulation methodology we then employ. In
Section 3 we present results from our HEWL adsorption simu-
lations, and the discussion will dmw out the comparisons to
simulations withowt full ionic sereening. In the final section, we
will draw general conchusions that are relevant tothe maode ling

of protein adsorption at charged surfaces.

2 Methodology

Oxide surfaces such as silica are known to possess a net negative
charge at physiological pH. Whilst the detailed stnscture at the
surface might be difficult to characterige, it is believed that the
surface will expose hydroxyl and undercoondinated, terminal
onygen species to the sehation,™ which are esponsible fir the
net negative charge. Simulations of protein adsorption to these
surfaces meeds to capture not only the chemistry of these
species at the surface, but also the lng-range electre field they
create in the solation above the surface, which as we have dis-
cussed above can play a key mle in determining protein orien-
tation as it adsorbs. A key challenge for us is to capture these
physical effects in our protein ad sorption simulations

The apprach we adopt isilstrated in Fig. 1, where we show
schematically the electric field sumounding a negatively
charged mamopartick in aluton These manoparticks ane
uisally ~2060 i dze mge (. sllies anopanicles used for
drug delivery™), and often much larger than the protein under
condderation, so it & reasmhable to moedel adsorption oo
a flat surface. This surface needs to expose the relevant species
b eolution whilst ereating the elketre Beld mguind. In
previous work with silica,™™ we have employed an alpha-
erystabolite {11-1} mwdel employed by other groups™
However, we consider a stoichiometric slab of the material
which has been et bb emate a dipok monernt in the diretion
perpendicular to the laggest shb surfse, with wnder
eoonlinated negatively charped agygen [@ilodde grosps) at the
top surface and wder-coondina ted pogitively charged silicon on
the bottodn. When used in dnlations with thiee-dimension al
pedodicity and the Ewald summation for electmstatic caleuls-
tione, as we do bere, this crestes the desiped clectrie field ac mes
the water space of the simulation cell as ilhastrated in Fig. 1 We
fote that wsing a feed bounding petential without pedodicity
in the direction normal tothe shalb would mot create the requined
electric feld. In our simulations, the silica ions are frasen in

TEM0 | B ade, 2006, 6 TENE-7308

Fig 1 Bustration of the simul fon conoept. On fhe l=ft, a negatvely
charged nanoparticde i solution has an assooated slectnic field
screened by fhe counder ions of the solufion. nthe middle, we model

a portion of the nanopartide surface ax a fiat charged surfsce with
a perperdicular e bectric fisld. Omnithe rghd, wee ceate a suitable slecinic
field n a standard motenal slab model with pesodic boundary
oonaditions. Bebow, we smulate protein adsomtion in this system.

place tomaintain the electric feld above the surface; using dyid
surface e ] isa common simulation strabegy ™

This allows us to simulate the adeomption of a prstein ente
the msdel negatively charged siliea surface. We fte that the
opposite silicon-rich surface is an antificial construction which
does not represent a plveically acceptable model suface, @0
that we are only interested in adsorption to the siloxide-rch
surface nvdel The stiength of the electrie Geld is determined
by the net dipole moment across the slab and the relative siee of
the water space to the glab thickness. In the systems used hepe
and in other work, the e lectric feld is measured tobe 0.2V A,
which is masemable ghen the expeimen tally observed charge
denzity on large silica nanoparticles at pH 7.~

As Fig. 1 aleo illustmtes, in this work we ane inberested in the
effects of ionic screening on the prtein adsorption process,
When iohe are nteduced b the simubtion cell, the positive
ones ar drawn o the negative O-rich surface and the negative
ones to the Sirch audace. In the simulations presented here,
the dabeize (86 £ x 804 x 13 &) issuch that 88 jons of each
type will perfectly screen the electrie field by memoving the
dipole moment in the system. If fewer ione are woed, we will
have ineomplete sereening, and if mome are weed we will ereate
a bulk ionie emimnment in the middle of the water space,
which i then mpresmative of the emvimnment above the
surface in experments.

In this paper we consider adoomp tion simubitions with N1 =
1, M2 =49, and N3 = 182 Ma’ jons in the smulation, with the

eompengating mamber of CI™ jons (eg N1 + 8, ate) and a single
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HEWL protein that has charge +8¢ at pH 7. These simulations
are labelled 5i0, Nia, Si0, Nib (2 separate version with the
same mumber of Na® jons), S0, N2 and Si0y_ M3, Full details of
our gimu bition protocs] can be found in recent publications ==
mhﬁﬂ,mmnmzﬂ-ﬁmpedﬂkmhymﬁﬂm%
the TIPAP water madel, the CHARMM2? fome-field with a 12 4
cut-off for hort-range potentials and the smooth particle mesh
Ewald summation for the electmstatics. ™ Due to the sereening
effect of the lons, we do not apply any dipole cormeton to the
Ewald summation. There is some debate about the accuracy of
CHARMMB2T for surface layer effects, however it is a good choloe
for protein systems.™

VM was employed to analyse results.™ The HEWL strscture
was downloaded from lieepdb™ and the four disulphide
bridges were retined. The jons were introdoced to the simula
tion box with a single HEWL followed by the 5i0; surface and
then the water. The system minimisation was performed in two
steps: firgt water and ions only are allowed to move, and then
water, ions and the protein can relae. The next step was 30 ps
heating of the entire system to the desired 300 K tempe mture,
followed by 270 ps equilibration at congant temperature. Fimally
the production simulations were pedformed for 100 ns with
a time-step of 1 fs, employing the SHAKE algorithm and periodic
boundary conditions. The electmstatic field drove the Na® and
CI™ ions towards the negative and positive surfaces during the
eary stages of the smulations, being apparent during the min-
imisation perod. The lonic screening of the suface was
completed within the first few ns of the produdion tmjectotes.
In the case of the 5i0. N2 and 5§02 N3 simub tion s some jons
remained in the bulk water, o that ion exchange was possible.

2 Results and discussion

Adsorption tmjectories

In Fig. 2 we show protein groctures from HEWL
trajectores with the various ion mnumbers in the simulbtons In
each cage, the protein starts above the negatively charged
siloxide-rich S0, surface with a minimum sepamtion of 28 &
During the trajectories the protein adsorbs to the surface
adopting cominan  observed ofen tations described e leewhere,
namely “sde on” and “between” which mefer to the lomg-axis
ofentation of the protein in relation to the surface plane. In
low jonie strength systems, 560, Nia and S0, Nib, whemr
there is vitually no seresning of the electrie feld, we have
previously reported that the protein adeorbs within ~4 ne
Distirgg the it 1 fe of the tmjectory, the proteln otates and
moves towands the surface. This aligns the HEWL dipole
miient afd presents the N C-temiinal faee to the suface. The
first contacts with the surface are usually made by the paitively
charged regidoes Arg1248 (elose to the N-termimas) and Lys1, and
subsequently further anchoring intemctions with the surface
ame made by available Arg and Lys msidoes amongst othes. ™
We fird two possible adeorption oriemtations due to the fexi-
bility of the prdein surface. However, as we explain below,
much of the secondary and all the tertary srocture of the
HEWL is prese fved i these interactions with the model silica

s poumal & & The Royal Sooety of Chemisin: 2018
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surface, and the active cleft of the enzyme iz left exposed to
solution.

During the prepamtion stage (potential energy mini-
migation, heating and equilibmtion ) of the trajectory Si0, N2,
the Ma® jons migrate to towards the model negatively charged
gilica surface whilst the CI7 migrate to the image siface,
creating ion lavers -6 A sway from the surfaces with thicknes
mtﬁ_TheJmmmmydm:Mdanat#uﬂydjxmpt
the surface water layers. The protein also transhtes m-fnis the
surface, reducing the Arg128 - surface distance 017 AL

During the production tmjectory of 5i0: M2 (see Movie
S0 N2avi), the initial configumtion i maintained for ~5.2 ns
afterwhich the protein then starts to move towands the surface;
the Argl28 and Argid side chaing are noticeably odernted
towanis the surface. After a further 0.8 ns (eg 6 e of the
trajecton) the Argi2e - asrface distance maches the valse ~9 A
(&g top efthe ion layer) and it remaing be e for another 2ns. At
~f N8, Ar128 starts to penetrate thasgh the ion layer and at
~8.% ns reaches the bottom of the ion layer with a distance to
the surface of 6 A. Subsequently, the entire protein is attracted
to the surface, and by ~4% ns the protein can be considered o be
in its initial adeorption sage. Then, withost desorbing, the
Argi 28 side chain changesits erentation from perpendicular to
parallel with respect to the surface plane, and the entire protein
moves towands the surface. This movement appears to be easier
becamsse the jon layer (and the electric field) is already per-
turbed. The next residues which almost pass the jon layer,
without success, at ~10.4 ne ame Lysl and Glu?. However at
~126 ns Argl2% does adsorh with its side chain odented
pamllel to the surface. A third anchor adsorption (AmgS) at
18.5 ns does not yet complete the initial adsorption stage; the
protein slowly mtates on the surface to facilitate Lys33 and
Argiidadeorption (both at 23.7 ns and with side chains initally
perpendicular to the surface). The HEWL reaches its stable
adsorption stage at 24 ns. The protein oriemtation on the surface
is “between” (the lomg probein axis angle is 307 to the surface
plane while the dipole moment angle is §0°) and this does not
change in the remainder of the tmjectory. The only notable
events after this time are the side chain motentations to be
parallel with the surface, which are completed by ~497 ns.

Dudifg the prepamtion stage of the highest ionie stremgth
trjectory Si0, N3, we again see the creation of the 4 A thick
jonie hyers close to the model silica surface and the image.
However, as is apparent in Fig. 2, in this case there are also
fany o in the bulk waterprotein gpace. This impacts the
sereening of the electrie field, allvwing ion exchanges into and
ot of the lon byersat a mite of ~75 lons per i in this ta ecory.
The ion exchanges do not disnapt the surface water layers, but
provide flichstions inthe semeniig of the electre Beld across
the simulation eell.

Dusifg the pooduction tmajectory (see Movie Si0; N3.ad),
the protein does not feel the surface at first and so diffuses
freely in the bulk, reaching a “slde-on® orientation with proteln
long axis and dipole moment paralle]l to the surface plane.
However, due to the local feld luctsations caused by the ionie
maotion, at ~7.8 ns the protein moves wwand s the surface arsd
the minimal distanes to the aiface stans to Juechuate at ~20A.

BT Ade, 2006, 8, TEXS-735E | TEML
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Fig. 2 Adsomtion simulations of HEWL onto model siica: () starting configuration; (b) “betwesn” without screening ons (S0, _Nia): (o) “side-
on” without screening ions (S0, _N1b): (d) “between” at lower jonic screening (SO, _N2): (&) “sde-on” at highest ionic screening (S0, _N3). The

neade in each figure shows e dipole moment of the proten.

From ~14 ns the Arg128 side chain is exposed to the solventand
oriented towards the surface. At ~24 ns the minimal distance
between protein and surface is 15 A and Arg128 clearly starts to
actas an anchor, and 2 ns later its side chain reaches the top of
the ion layer (distance to the surface 10 A) for the first time.
However, due to its adverse orientation, the electric field repels
the protein away from the surface at this stage.

Further local fluctuations again facilitate protein transhtion
and at ~30.9 ns the Arg128 side chain again reaches the top of
the ion layer, this time starting to pass through it Simulta-
neously the entire protein is attracted to the surface and it also
rotates and by 31 ns the dipole moment is directed towards the

T3N2 | RSC Adv, 2016, 6 73009-13716

surface. At ~34.1 ns the Arg128 successfully adsorbs with its
side chain perpendicular to the surface. The protein body
continues to move closer to the surface and to rotate, resulting
in a *side-on” orientation (the long protein axis parallel to the
silica surface) by ~70 ns with further residue adsomption
completing the adsorption by ~75 ns.

In comparison with the adsorption trajectories Si0, Nia
and Si0;_Nib, where adsorption is complete by ~4 ns, we see
that the higher ionic concentmtion slows down the adsorption
process without substantially changing the key aspects of the
process, namely the prefermed orentations of *between™ and
*side-on” (mther than “end-on®) and the key role played by

Irs pumat & @ The Ro@l Socety of Chamsyy 2006
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Argi2i in dictating the adsorption process. In the following we
will quantify this lower kinetics whilt considering in maone
detail the belaviour of the sereening jons,

Protein mibility

We monitor the protein mobility on the surface through it
centre-of-mass (OOM) position over time. Fig. 3 shows the COM
mation in the low-smeening adeorption tmjectories $i0;_Nia
and 5i0: Nib at the model negatively charged silica surface
togrether with trajectories Si0,_N2 and $i0,_N3 in higher ionic
strength. In these plots, the red lines indicate the period whene
the protein moves through the solution without contacting the
gurface. It i clear that the dumtion of this motion is extended in
higher ionic srength smening, lasting 10-30 times lomger than
the cases without substantial sereening of the surface electric
field. This means that the protein diffuses more freely in a bulk-
solvent emdmnment in these latter simulations, and the lomger

adeorption timeseale provides more op pertunity for the protein

i 'ﬁf::{-e-w i

R — LI

Fig I HEWL cente of mass COM) diffuson fb) Low omoty
“between” (S0, _NLa) and (b bow ionicity Sside-on” (S0 _MNib) i) bw
150 N3 and {d) high onic sore=ming {50y _N3) adscrpfon frajec-
tores. The top plots show plan views of the: diffusion aonoss the plans
of thee surface and the bottom plots show changes i me of the O0M
distance perpendicular to the surisce The red part of e plot indicates
diffusion before adscrption {stage 1), the blue part indicates diffuson
diuring the initial adsception state {stage 2) and the biack part indicates
the diffusicn during the stable adsonption stade fstage 3.
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to find a favourble eriemation as it appraaches the sudface.
HMevertheless, the mtation of the protein in the stmnger,
unsereened electric fields is mpid enough so that adsorption
simubitiong can etill be mepesentative of the adeomption
process, provided the protein starts far enough above the
surface to allow the mtation to be completed before making
contact with the surface.

The blue sections of the plots in Fig. 3 show the COM maotion
when residees are imteracting with the surface thmowgh
extended gide-chaing. In this phase, the OOM contimes tomove
towands the model silocide suface whilst diffusing across the
surface; this motion is due (in part) to the flexibility of the
extended side-chains of the anchorng residoes. Again it is clear
that the higher jonic scmening edends the duration of this
phase of the adeorption, and a wider exploration of the
configu mticn space is achieved.

The firal ad sorption stage is shown as the black traces in
Fig. 3. In all cases, we see that the protein OOM becomes well
adhered to the surface, maintaining a faidy consisent separa-
tion from it ~25 A due to the protein’s size. This shows that the
protein retaing its hardness, so that whilst stroctural changes
do oocur at the imterface between the siloxide surface and the
protein, these are localised in extent and the adsorbed protein
retaing most of its secondary and tertiary srocture. This will be
examined further below. Omee the adsorption is complete, we
do not obeerve any lomg-range diffusion of the prstein acros
the surface in our trajectories; this metion requires much
longe r timeseales due tothe size ofthe energy bardersthat need
oy e owveroome for surface difusion ™

lon concentration fluctuations and the probein esponse

In Fig. 4 plos of the cumulitive mumber of Na® ions (e the
mumber within a distance z of the surface) in the higher ionic
strergih trajectories are shown, Here z is the perpendicular
distance above the negative silica surface which is cated at 1 =
0. The curves are displayed at different times into the produse-
tion simulations which started at § = 0. The results are taken
from the adeofption simulation:, and Bo systematie infleehoe
of the protein adsorption on the cumulative ion numbers is
apparent. Indeed, & can be seen in the movies, ther does not
seem to beany synergistic inemetion between the protein, the
surface and the ions.

The highest jionic stremgth splution trajectory (S0, M3)
regulis are displased in the upper plol, which also chows the
number of jons [B4) for which the elecric field due to the
charged sutface iz completely sereened. Az can be seen, the
height above the airface at which amnp]iem semeening (oours
fluctusstes between £ = 25 A and 3 = 40 A, due to the thermal
mation of the sereening jons, For z = 90 A the cumulative ion
mumber Follows a straight line tend as expected, producing
a bulkselution emimnment in the middle of the simulation
cell with a Na* concentration ~027 M (note that the Debye
sereening length for this concentration i ~6 A} This means
that if the protein is greater than ~40 A above the surface it feek
0 electric feld and, as discuseed above, it indeed appears that
the HEWL diffuses freely when a lomg way from the siface
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Hoswever, when the protein approaches eloser than ~40 A to the
surface, the protein starts to be influenced by the fluchating
electrie Beld, Cloger still & < 25 A) and the protein feels
a consisent electric Geld and starts to align its dipole with it An
altermative view on the strength of the electric feld could be
obtained from the elec tostatic potential,™ although again the
fluctuating mature of sereening & well presented by these
cumulative jon distributions

In contrast, the Ma® cumulative phots for the lower jonic
strength trajectory Si0x_N2 show that the sereening is inoom-
plete and that the electrie Geld felt by the protein is mom stable,
with a lower degree of fluctuation and a more tighth-bound
layer of ions at the surface. This comtrast is appament in
Fig. 2d and e, as well as in the movies provided in the ESLY

In Fig. 5 the =coondinate of the Arg128 Cz atom is plobted as
a function of time for the highest jonie srength tmjectory,
510, N3, Contmasing this to the centre-of-mass plot shown in
Fig. 3d, we see that the sidechain of Argl28 fluctsates in
position a lot more than the protein as a whole. Since the
guanidinium end-group is positively charged, it responds to
fluctuations in the electric field above the negatively charged
gilica surfice a5 the sereening jon density fluctuates. In the
50, N3 tmajectory, the Argl2f sidechain extends from the
HEWL surface towands the silica, and then retmets as the
sereening becomes mome eficient and the electric field dimin-
ighes This extergion and contmetion oocus several times in
the trajectory. Once the HEWL is cloger to the silica surface and
expised o a more consistent electrde feld, the Argi28 side
chain mtaing its extended conformation and moves steadily
towanis the dlica suface. In this conformation, it is able to
penetrate the water layer above the surface to interact directly
with the silica species at ~36 me. Thereafter, Argl28 retains
a strong intemction with the silica, even while the mst of the
HEWL mates to inerease the mumber of contacts, and eventu-
ally helps to anchor the protein as described above. This
understanding of the crocial roe Amg128 plays in the HEWL
adsorption process has been deseribed e bewhe me, ™ however
we can now add to this pieture the role that the electric feld

TEMA | BB Ade, 2006, 6, TENE-7308

fluchsations, caused by the difusing semening jonsg, phys in
guiding the inte metions with the surface and slowing the whole

adsorption prscess.

HEWL s nsctuml chamgpes wpon adeort on

Structural chamges in the adsorption trjectories can be ama-
Iysed with the RMSD and RMSF plots dhown in Fig. 6. The range
of conformational changes stongly depends on the tajectony.
As Fig. Ga shows, the trajectories with higher ionie stre ngith, and
hence partial or complete sereening of the surface, show much
lowrer RMSD values than those at low jonie strengih. Structural
changes in the higher ionic strength trajectories tend to be
limited to the loop reglons, as shown in the RMSF plots in
Fig. 6h. Key secondary structural elements, including the long a-
helices A, B, Cand D, show much lower levels of fluctsation in
their adsorbed stake in the higher ionic stremgth solutions than
they do in the absence of the surface semeening ions (Ses
previous papes for more discussion of the fuctsation belayv-
jour in these systems™"). This ajgrests that the jons above the

TR
R

Fig & The r-coordinate in A of fu Argl28 Cr siom ac a funcon of
trme i the haghs sonic soreering S0, _NE) trapsctony.
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charged surface are playing a role in stabilising the adoobed
protein, in the sense of keeping its structural elements intact. ™
This etrisctu l stabilisation indieates that the prtein might
well retain i biokgical activity when adsorbed to the surface,
the active gite is exposed to the sohent, althousgh ferther work iz
required to confirm this suggestion. Real surfaces will have
seresning lone present, 2o it & ceainl worth noting that the
adsorption trajectories withowt substantial donic screening
appear b over-estimate stiuctuma ] changes upon adsorption.

4 Conclusions

We have developed a methodology to include electric felds
caused by surface iong, and iohic sereening effects above the
charged surfaces, in typical protein adsorption simulations,
Uiy the adsorption of HEWL afibo a fegatively changed mwodel
gilica surface as an exemplar, we have shown that the screening
inme slow down the adsorption process, bt fundamentally do
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not chamge the bmoad conelusions we draw from these simula-
tions, The orentation of the adsorbed protein is determined by
the alignment of its dipole moment with the electric field above
the surface. Provided the protein has adequate time to mxtate,
the adeorption results in the HEWL odentation previously
labelled *side-on™ or “betwe en™, === The semening ions help
provide the necessary tme for the protein i explore the surface
energy landscape, 20 the adeorption is mome contmlled. The
adsorption process s driven by fluetsations in the electrie field
abowve the suface caused by the thermal mation of the
sereening jons, Purthermaore, the jons alse belp to stabilise the
pratein once adeorbed, suppesting that the HEWL will retain itc
biolegical function with its active eleft exposed to solution and
therefore svailable for imemetions with other species.

More broadly, we have shown the importanee of comectly
including the eflects of electric fields and jonic seeening to
protein adsorption at charged material surfaces. Our method-
ology can be applied wusing freely svailable simulation tools, and
iz therefore applicable to a mnge of technolegically important
systems when biccompatibility or surface functionalisation is
erucial. It is becoming widely accepted that not only protein
ofentation at the surface, but alsao the extent to which proteins
retain their secondary and tertiary stroctures™ s key to the
proein functiomality once adsorbed. The steerng effects of
electrie Belds 2 coupled with the stabilisation provided by the
sereening ions, ™ may prove tobe crucial aspects in the fsture
development of functional devices.
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