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Abstract

THE APPLICATION OF CPPS TO IMPROVE THE CELLULAR UPTAKE OF A NOVEL
DELIVERY VECTOR FOR USE IN DIRECTED ENZYME PRODRUG THERAPY
Cancer is one of the leading world killers, with a higher percentage of cases being diagnosed
than ever before. This increase in rate of diagnosis is due to medical improvements, parallel to
this needs to be medical improvements for methods to treat cancer patients. The most common
and best known method for cancer treatment is chemotherapy, where anti-cancer drugs are
administered to the patient in a toxic dose with the aim to kill cancerous cells. However there
are side effects due to the toxic dose required in order to cause cell death. One method to
overcome this is the use of prodrugs, these are drugs which are not in an active form when
administered to the patient and are activated when in the body. Directed enzyme prodrug
therapy involves the use of enzymes to activate these prodrugs, these enzymes are attached to
a delivery system for direction towards the target site when in the body, where they are intended

to activate the prodrug, inducing cell death.

Nanoparticles are considered by many to be the future of science and technology, and already
have their place within some aspects of medicine, with the most common being medical
imaging. It has already been shown that certain types of enzymes can be genetically
manipulated to conjugate to gold nanoparticles, the incorporation of a gold nanoparticle with a
superparamagnetic core such as FesOs would allow for these enzymes to be directed through
the body to a target site. However once reaching the target site the biggest challenge remains,
and that is trying to introduce a foreign body into a cell, which usually have mechanisms in
place to prevent this or destroy foreign objects that are able to enter the cell. Cell penetrating
peptides, commonly referred to as CPPs, offer a way to deliver various objects into cells leaving
the cargo intact to allow for medical cargo delivery.

This project outlines a novel synthesis method for coating FesO4 nanoparticles with gold, the
purification, characterization and stability of these nanoparticles in various mediums. The
nanoparticles produced have an average size of 50 nm, and are stable in a range of mediums.
Following this a genetically modified enzyme has been successfully conjugated onto this
nanoparticle and tested for its ability to cause cell death in cancer cells, and compared with
nanoparticle:enzyme:CPP conjugates. The results from these trials show that the conjugate
without the cell penetrating peptide is able to cause cell death, however the level of cell death

is increased when a CPP is used, indicating a successful improvement in cellular uptake.
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Introduction



1.0 Introduction
1.1 Cancer

1.1.1 Cancer; a brief background

Cancer is one of the biggest global killers each year, second only to cardiovascular disease,
with there being 9.6 million deaths attributed to cancer in 2018,' and Cancer Research UK
estimating that 1 in 2 people born after 1960 will be diagnosed with cancer.? Some of the
earliest references to cancer appear as early as 1600 BC on ancient Egyptian papyrus paper,*
and at that time was thought of as untreatable. In modern society it is well established that the
risk of getting cancer is not only down to a person’s genes (cause of 5-10 % of cancers),* but
can be altered by a person’s lifestyle. For example regular use of tobacco is linked to an increase
chance of getting cancer and is responsible for about 22 % of cancer deaths.> Other factors are
responsible for cancer deaths, such as obesity,® diet,” alcohol® and radiation.®

1.1.2 The biology of cancer

The word cancer covers a group of diseases whose cells have mutated to the point of having
rapid and uncontrolled cell division,! whereas in general, healthy non-cancerous cells divide
about 50 times before natural cell death occurs.'® Cancerous tumours have hallmarks which are
looked for when determining if a tumour is malignant or benign, there are 6 defined core
hallmarks which cancerous tissues display*! and there are 2 other hallmarks which have been
described as emerging hallmarks that have been more recently discovered by research.*? Along
with the defining hallmarks of cancer, (enabling characteristics have been defined) which aid
in the acquisition of the core and emerging hallmarks.'? These hallmarks and characteristics

are presented in figure 1.1 on the following page.

There are many symptoms of cancer in the body, the most common being; abnormal bleeding,*
prolonged coughing,** fatigue,®> and a new or unusual lump,!” which may be a sign of a
cancerous tumour. In simple terms, for a healthy cell to become cancerous, the cell’s genes that
are responsible for regulation of growth and differentiation need to be altered.'® Genes affected
can be subdivided into 2 categories: oncogenes and tumour suppressor genes. Oncogenes
promote cell growth and reproduction,®® whilst tumour suppression genes inhibit cell
division.'® Mutation of a healthy cell into a cancerous one often requires multiple changes to
genes. These changes can be: the formation of novel oncogenes,'® under-expression or

disabling of tumour suppression genes!® and over-expression of normal oncogenes.!8



Cells which have been damaged in this way continue to proliferate uncontrollably, producing

more cells with damaged genes, leading to the formation of a tumour.

Sustaining
proliferative
signalling (core)

Evading growth
suppressors
(core)

Deregulating
cellular energetics
(emerging)

Avoiding
immune
destruction
(emerging)

Lack of
programmed
cell death/

Sustained
angiogenesis

apoptosis

(:or::) (core)
Genome
instability and Tumour-promoting
mutation inflammation
(enabling) (enabling)

Enabling replicative Activating invasion and
immortality (core) metastasis (core)

Figure 1.1. The recognized hallmarks of cancer,*? the different hallmarks are labelled to either being; core, emerging or an
enabling characteristic.

One of the major problems cancer causes is known as metastasis, this is a process where a part
of a cancerous tumour breaks off from the main body of the tumour, enters into the
bloodstream, the lymph system or numerous other systems that traverse the body and travels
around the body, which often leads to the formation of a secondary tumour site. A key feature
of metastasis is a secondary tumour where the cells are not from the surrounding tissues, for
example if a breast cancer was to metastasize to the liver, the tumour cells at the liver would
be abnormal breast cells, not liver cells. The most common secondary tumour sites are lymph

nodes along with the liver, lung, brain and bones.?°



1.2 Treatment methods

There are now many different methods which can be used to treat cancer, each method has its
own advantages and disadvantages and quite often several methods of treatment are used to

treat a cancer patient.?!

1.2.1 Surgery

Surgery is often the first resort as it allows for the removal of a tumour and surrounding tissue
before it is potentially able to metastasize and spread through the body.?? It is more common
in stage 1 and 2 cancers before metastasis occurs?? however it can be used as part of a combined
treatment.”®> One major limitation of surgery is that it is an incredibly invasive treatment
method, and has associated risks,?28 risks however are increased for use in treating spinal and
some brain cancers, due to the possibility of causing more damage to the body.?’ This type of
treatment is only available for cancer patients with solid tumours, cancers such as leukaemia

often require other forms of treatment.?*-23

1.2.2 Radiotherapy

Radiotherapy involves the use of ionizing radiation to try and control the growth of, or kill
malignant cells and is often used in conjunction with surgery. One of the major drawbacks with
this form of therapy is that different cancers respond differently to radiotherapy.?® Some
cancers such as leukaemia and most lymphomas are very sensitive to radiotherapy,?®=° whilst
other cancers such as renal cell cancer and melanoma are described as radio resistant.3!
However there is research combining immunotherapy with radiotherapy which has shown

promise for treating melanomas.3?

1.2.3 Immunotherapy

Immunotherapy is the attempt to stimulate the body’s immune system to fight off cancer and
destroy tumours. One of the original uses of immunotherapy as a cancer treatment was the
treatment of bladder cancer using the BCG vaccine, which was used as a tuberculosis vaccine.*®
There are problems with using immunotherapy for cancer treatment, the biggest being the
variable efficacy of the treatment, for which several explanations have been proposed, these
being; the patients treatment history, variability in cancer type and stage and the
immunosuppressive nature of cancer itself,>% along with only a select group of cancers being
treatable using immunotherapy techniques,® alternatives to immunotherapy are often used,

such as chemotherapy.



1.2.4 Chemotherapy

Many chemotherapy agents that are used for cancer therapy interfere with mitosis and target
rapidly dividing cells. The interference with mitosis and more often the cell’s DNA, leads to
cell apoptosis.®” The history of chemotherapy can be traced back to World War 1 with the
introduction of mustard gas for chemical warfare, research done into nitrogen mustards and
mustard gas found lymphoid suppression occurs after exposure. Mustard agents were then used
to treat lymphoma in mice, providing the first true cancer chemotherapy and a step in the
realisation that cancer could be treated using pharmacological agents.®® Since then there has
been constant research into new and more effective treatment agents. One issue with
chemotherapy is that by their very nature the agents must be delivered in a toxic dose, leading
to a wide array of side effects as the agents often attack healthy cells, one common example
being hair loss. A way to overcome this is to apply prodrugs; an agent that is delivered into the
body in its non-pharmaceutically active form which is then ‘activated’ into its cytotoxic form

in the body.%
1.3 Prodrugs

As previously stated, prodrugs are administered to a patient in their non-pharmaceutically
active form and are then metabolized within the body. Prodrugs are not only used to treat
cancer, it is estimated that approximately 10 % of all drugs marketed world-wide are prodrugs,
with 30 prodrugs being approved by the FDA since 2008.% Prodrugs can be classified into one
of two groups: Type I- prodrugs that are activated intracellularly, or Type I1- prodrugs that are

activated extracellularly.*

1.3.1 CB1954

A Type | prodrug that has been extensively studied is 5-(aziridin-1-yl)-2,4-dinitrobenzamide,
known as CB1954. CB1954 on its own is a mono-functional alkylating agent,***3 that is to say
it can form one alkyl chain bond to DNA, it shows mild toxicity to cells and it has been found
that it is the presence of the aziridine group that causes the mono-alkylating functionality.*? It
was found however that the CB1954 prodrug caused an unexpected toxicity when introduced
to the Walker 256 rat carcinoma and further investigation led to the discovery that CB1954
was undergoing an enzymatic reduction within the Walker cells by the Walker DT-

diaphorase.*?



When this prodrug is bio activated it forms one of 2 products; 5-(aziridin-1-yl)-2-
hydroxylamine-4-nitrobenzamide or 5-(aziridin-1-yl)-4-hydroxylamine-2-nitrobenzamide (see
figure 1.3 for details). The 4-hydroxylamine derivative then undergoes a further activation step
by a thioester reaction to form a final DNA reactive species; 4-(acetoxyamino)-5-(aziridin-1-
yl)-2-nitrobenzamide.* This bio activation of CB1954 into the final product can see up to a

100,000-fold toxicity in cells on a dose dependent basis.*®

DNA crosslinking is a process that occurs when an exogenous or endogenous agent forms a
covalent linkage between 2 nucleotides of DNA. Cross-linking can occur either across two
strands of DNA or between 2 nucleotides on the same strand of DNA. This binding can lead to
an interference in cellular metabolism, including cellular mitosis and DNA transcription, in

turn leading to cell death.*®

It has been theorised through modelling studies that once the 4’-hydroxylamine product has
been converted into its DNA cross-linking species the 4’-acetoxyamino group binds primarily
at the C8 position on the deoxyguanosine (the numbering can be seen in figure 1.2), following
which, the aziridine group binds at the O6 position on a deoxyguanosine on the opposite strand
of DNA.**3 This is an unexpected cross-linking as many activated mustard cross-linking

agents link between the N7 on 2 opposite deoxyguanosines.*’

Figure 1.2. The deoxyguanosine molecule, with the atoms numbered to demonstrate where the cross-linking of the CB1954
reduction products occurs.



As well as producing the 4’- DNA reactive species, the 2’- and 4’- hydroxylamine products
will also reduce to a 2’- and 4’- amino products, which are not DNA reactive species, but do
present cytotoxic properties.*® Whilst the 4’-hydroxylamine product goes on to form a DNA
reactive species, the 2’-hydroxylamine product also has cytotoxic properties but has a much
greater bystander effect than the 4’-hydroxylamine product. The bystander effect is toxicity
shown in cells surrounding the transfected tumour cells, that have not themselves been
transfected.**>! There are 2 types of bystander effect; local and distant,>? local bystander effect
causes the death of cells surrounding the targeted tumour, whilst the distant bystander effect
can be observed in vivo and consists of tumour regression distant from the tumours which are
expressing the gene. When it comes to the CB1964 reaction products the 2’-hydroxylamine
causes a larger bystander effect than the 4°-hydroxylamine.*® The reduction of CB1954 is
demonstrated in Figure 1.3.

N N N
NO, NO, NO,
Bioactivation
H 2 N —_— H2 N —_— H2N
o NO, (0] NHOH O NH,
1 2 3
Bioactivation

N

NHOH NH;
_—
HoN H,N
o} NO,
5

¢ Further reduction by thioester

(]

P4

(@]
N

Figure 1.3. The reduction of CB1954 (1) into its products: 5-(aziridin-1-yl)-2-(hydroxyamino)-4-nitrobenzamide (2), which
further reduces to 2-amino-5-(aziridin-1-yl)-4-nitrobenzamide (3) and 5-(aziridin-1-yl)-4-(hydroxyamino)-2-nitrobenzamide
(4) which can further reduce to either; 4-amino-5-(aziridin-1-yl)-2-nitrobenzamide (5) or 4-(acetoxyamino)-5-(aziridin-1-
yl)-2-nitrobenzamide (6).



1.4 Nitroreductases

The CB1954 prodrug can be reduced into its 2’- and 4’- products by a group of enzymes
collectively known as nitroreductases (NTRs). There are several factors that are required for
an enzyme to be classed as a nitroreductase enzyme, with these being; the use of flavin
mononucleotide (FMN) as a prosthetic group, using nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H) as a cofactor, follow the ping-pong bi-bi mechanism, form
homodimers, be strongly inhibited by dicoumarol and have the ability to reduce an NO>
group.>->% The most commonly studied nitroreductase-prodrug combination is the NfnB
enzyme from Escherichia coli,*143445457-61 \yjth CB1954. This enzyme prodrug combination

has made its way to clinical trials.5%2

All nitroreductases fall into 1 of 2 categories: type | and type Il, with type | being oxygen
insensitive and type 11 being oxygen sensitive.®® Type | NTRs catalyse the reduction of the NO
groups into the nitroso, hydroxylamino and amino derivatives through the addition of electron
pairs from NAD(P)H.®4% The type I NTRs follow a single electron transfer of the NO, group
which produces a nitro anion radical, that can be re-oxidized aerobically to its original
form.5365%7 Type | NTRs often follow the ping-pong bi-bi mechanism for prodrug reduction
where the FMN prosthetic group found in type | NTRs acts as the electron transfer from the
NAD(P)H to the CB1954. The reduction and oxidation movement of electrons and ping-pong
bi-bi mechanism can be seen in Figure 1.4. This ping pong mechanism has 2 steps to it, the
first is the transfer of an electron from an NAD(P)H molecule onto the FMN associated in the
enzymes active site, this transfer occurs twice to yield FMNH2. The NAD(P)+ molecules are
replaced in the active site by a CB1954 molecule which then accepts the 2 electrons from
FMNH: and is enzymatically reduced to its hydroxylamine derivative products.



NAD(P%H NAD(P)+ CB1954 Hydroxylamine
FMN FMNH, M» FMN

Ping-pong bi-bi mechanism

CB1954 FMN 2 NAD(P)+
Red.| Ox. Red.| Ox.
Hydroxylamine FMNH, 2 NAD(P)H

The reduction/ oxidation pathway for FMN

Figure 1.4. The Ping-pong bi-bi mechanism (top) demonstrating the initial interaction of the NAD(P)H with the FMN
releasing the electron, then the reduction of the CB1954. Also shown (bottom) is the reduction-oxidation mechanism
showing the movement of electrons between the NAD(P)H to the CB1954.

Flavin mononucleotide acts as a prosthetic group in NTRs and aids in one- and two- electron
transfers during the enzymatic reduction of CB1954.5! During the reduction of CB1954 FMN

switches back and forth between its oxidised and reduced forms, demonstrated in Figure 1.5.
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Figure 1.5. The oxidised (left) and reduced (right) forms of FMN.

Nicotinamide adenine dinucleotide (NAD) is a coenzyme found in all living cells, where its
primary function is to act as an electron carrier in metabolic reactions. The intracellular
concentration of NADH varies between cells by type,58° for example it has been reported that
in breast cancer cells the concentration is in the range of 168 M, whilst in healthy breast cells
the concentration is around 97 pM.™ It exists in one of two forms: oxidised or reduced,

abbreviated to NAD" and NADH respectively, demonstrated in Figure 1.6.



X NH,

Oxidation

Reduction

Figure 1.6. The two forms of Nicotinamide adenine dinucleotide; reduced-NADH (left) and oxidised-NAD+ (right).

It is also an important factor that needs to be taken into consideration for drug design as it can
play a role in a variety of drug interactions, for example it is used in the enzymatic activation
of the prodrug isoniazid used for the treatment of tuberculosis.”* Similarly it plays a role in the
enzymatic reduction of the CB1954 prodrug, by interacting with the NTRs FMN prosthetic
group,®® providing the 2 electron transfer required for the reduction of the NO- group into
NHOH. NfnB from E.coli, as already mentioned is a nitroreductase, another example is YfkO
from Bacillus licheniformis,’? and both of these enzymes will reduce the CB1954 prodrug into
its hydroxylamine products, but at different product ratios. It is thought that the reason different
nitroreductases produce different CB1954 reduction product ratios is due to them having
structural differences from different amino acid sequences, with the NfnB and YTkO enzymes
sharing a 28 % amino acid sequence identity.”? Both of these enzymes have been explored for

their potential use in Directed Enzyme Prodrug Therapy.*1:4360.73-76
1.5 Directed Enzyme Prodrug Therapy

Directed Enzyme Prodrug Therapy (DEPT) is a form of cancer therapy that involves the
delivery of a prodrug activating enzyme to a cancer site, with the intention of the enzyme being
taken up into the cell. A prodrug will then be administered to the patient and when it reaches
the tumour site will be bio activated into its pharmaceutically active form. This therapy reduces
the overall toxicity of chemotherapy, instead of introducing cytotoxic chemicals into the entire
body the cytotoxic chemicals are located in and around the tumour site. DEPT is a relatively

new technique that is still undergoing much research to find suitable delivery systems that can
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deliver the enzyme to the cancer site and still leave the enzyme active when it is taken into the

cells.

1.5.1 Antibody Directed Enzyme Prodrug Therapy

Antibody DEPT (ADEPT) focuses on the use of antibodies as the delivery system for the
prodrug-activating enzyme. The enzyme will be conjugated to an antibody that is specific to
an antigen expressed by the tumour, so that when the antibody reaches the tumour it can bind
to the cell and enter in to release the enzyme. One of the key issues with this specific type of
treatment is the requirement to identify antibodies that are specific and exclusive to tumours
only. Even then not all tumours of the same type will express the same antigens, for example
the HER2 (Human Epidermal growth factor Receptor 2) is over-expressed in many types of
cancers such as gastric cancer and salivary duct carcinomas. In these 2 types of cancers
however HER?2 is over expressed in only 7-34 % of gastric cancers,’””® and 30 % of salivary

duct carcinomas.” This does limit the therapeutic potential of ADEPT.

1.5.2 Gene Directed Enzyme Prodrug Therapy

Gene DEPT (GDEPT) is a slightly different approach to putting an enzyme into a tumour. Here
a gene encoding for the enzyme is delivered to a target site (often using a virus),” upon entry
into the cell the gene will begin expressing the prodrug activating enzyme, which will activate
the later administered prodrug.” A commonly studied combination is the use of the Herpes
Simplex Virus to deliver a gene encoding for Thymidine Kinase to a target site, followed by
treatment with the prodrug Ganciclovir.®® Thymidine kinase converts GCV to GCV-
monophosphate, which is then further converted to GCV-triphosphate, the cytotoxic variant of
the prodrug.8! A challenge in GDEPT is identifying suitable carriers for the genes expressing
the enzymes, viruses make the ideal delivery system but safety concerns have been associated
with the use of viral vectors, which has prompted the search for non-viral vectors. However
many of these have shown to be less efficient than viral vectors due to short term gene
expression.® If efficient and safe vectors can be discovered, GDEPT is a promising cancer

treatment.

1.5.3 Magnetic Nanoparticle Directed Enzyme Prodrug Therapy

Magnetic Nanoparticle DEPT (MNDEPT) is a novel prodrug therapy being developed at
Bangor University by Gwenin et al.828 This form of prodrug therapy aims to overcome some
of the issues faced by other DEPT strategies by employing a superparamagnetic nanoparticle
as a directed delivery vector. The nanoparticle has a 10 nm FezO4 superparamagnetic core and
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is coated with a 20 nm thick gold shell, giving a 50 nm particle called a gold magnetic
nanoparticle; AUMNP. Onto this particle genetically modified NTRs are conjugated, with the
genetic modification being the addition of 6 cysteine residues on each dimer of the NTR at the
N-terminus.®! The crystal structure along with the location of the N-terminus and FMN active

sites are shown in Figure 1.7.

N-ter N-ter

Figure 1.7. The crystal structure of the NfnB enzyme from E.coli, showing the positions of the N-terminus and the active sites
with FMN in them®”

The cysteine residues each have a sulphur atom, which forms very strong bonds with gold, with
bond dissociation energies being calculated at 298 +2 KJ mol .2 This AUMNP is aimed to be
delivered to the target site in a body using magnetic focusing over a target area, with the desired
effect being a much more efficient way to transport the prodrug activating enzymes to a tumour
and reduce systemic toxicity associated with the bystander effect.88 The uses and biomedical
applications of nanoparticles are discussed in: Magnetic Nanoparticles in Drug Delivery: A

Review, which can be found in chapter 2.
1.7 Cell penetrating Peptides

In general, it is difficult to transfer molecular cargos in and out of cells, this presents a problem
when attempting to uptake medicines and other therapeutics into cells for treatment. Cell
penetrating peptides (CPPs) are a tool that can be used to overcome this issue. CPPs are a class
of peptide that possess the ability to efficiently penetrate through cellular membranes of living
cells and assist in the delivery of molecular cargoes.?88%° CPPs are in general:
amphipathic,8%9 short®® (20-30 amino acids in length), have a net positive charge at

physiological pH® and are usually comprised primarily of arginine and lysine.*°

1.7.1 Discovery
CPPs were first discovered in 1988 by the elucidation of the structure of the Human
Immunodeficiency Virus type-1 (HIV-1)°2 HIV-1 has a TAT (Trans-activator of Transcription)
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protein,® a short sequence of this protein was found to be responsible for assisting in the uptake
of HIV-1,°%% the sequence that assisted in uptake is called a protein transduction domain
(PTD),%92 now more commonly referred to as a cell penetrating peptide. Since this initial
discovery in 1988, there have been many CPPs discovered® such as penetratin,®9% a small
peptide fragment from the homeodomain of Antennapedia, the gene that controls the formation
of legs during development of the Drosophila fly.%® Since the discovery of this new class of
peptides research has expanded rapidly into the area of CPP research with many short peptides
being discovered/ designed and tested for their ability to uptake into cells.

1.7.2 Classification of CPPs

Classifying CPPs is not an easy affair as there is no general consensus on methods for
classification, often CPPs overlap into several different categories. For example CPPs can be
classified based upon their origin; peptides derived from proteins,® chimeric peptides that form
by the fusion of two natural sequences®” and finally synthetic peptides, which are designed and
synthesised based on studies of naturally occurring peptides.®®®® As well as being able to
classify CPPs based upon their origin, it is also possible to classify them based upon their
physio-chemical characteristics, such as their hydrophobicity® or amphipathicity.!® Table 1.1
demonstrates several examples of peptides classified based upon their origins, as well as the peptide

sequence.

Table 1.1. A range of CPPs that have been discovered, the CPPs amino acid sequence and the CPPs classification and

origin.
CPP Sequence Classification and (origin) Ref.
TAT GRKKRRQRRRPQ Protein-derived (HIV-1) 101,102
Penetratin | RQIKIWFQNRRMKWKK Protein-derived (Antennapedia) 9103
Poly-arginine Rx(R=6<X<12) Synthetic (Based on TAT) B
Pep-1 KETWWETWWTEWSQP Chimeric (HIV reverse- 9195.105
KKKRKV transcriptase/SV40 T-antigen)
GALFLGFLGAAGSTMGA L ) e e
MPG WSQPKKKRKY Chimeric (HIV-gp41/SV40 T-antigen)

1.7.3 Uses of CPPs

CPPs have the potential to be used in the delivery of a variety of medicinal cargoes,®”107-109
they have already been shown to deliver quantum dots,3*'° oligonucleotides,''! DNA,*?
RNA!3 and proteins.®” Through various fluorescence techniques, there have been indications
as to which organelles in the cells different CPPs are directed to after cellular uptake.®* Whilst

the initial fluorescence spectroscopy gives an indication as to where CPPs move to in the cell,
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it is important to also know that CPP uptake and movement within the cell is heavily influenced
by the cargo attached to the CPP,}°!* as well as the cell type the CPP is trying to

penetrate, 114115

1.7.4 Structures of CPPs

CPPs contain charged amino acids, which when placed in solution interact with both the
solution they are in and with each other, often leading to the formation of secondary structures.
Many CPPs form secondary structures either consisting of an a-helix or a B-Sheet. Peptide
sequences without cysteines usually form the helices, whilst peptide sequences with cysteines
form disulphide bridges, leading to B-Sheets, or sometimes a mix of both a-helixes and f-
Sheets.!1®117 Quite often the solution the CPP is suspended in will account for the structure of
the peptide. For instance, in water the majority of CPPs will form random coils,'® with one
exception to this being Pep-1, which will form a a-helix.!!® The secondary structure of the

peptides can influence how they interact with cell membranes.*®

1.7.5 Cellular Uptake of CPPs

A reason for the popular use of CPPs in research is their ability to penetrate into and through
cell membranes using a variety of methods. The ability for CPPs to enter cells overcomes issues
that may be faced when trying to administer a therapeutic compound that would either
traditionally not interact with a cell membrane, or, would have been up taken into a cell via
endocytosis. These cargoes would have instead been broken down in the endosome or recycled
back into the plasma membrane and therefore have prevented the molecule from reaching its
target destination.'?° It is thought that there are varieties of properties that are responsible for
CPPs being able to uptake efficiently into cells, with some CPPs possessing a few of these
properties, or in some cases all of them. Positive charge appears to be the most important
property a CPP must possess for cellular uptake,®114121122 with cell membranes being filled
with a variety of negative moieties which attract to the positive charge of a CPP.1* Arginine
has been shown through studies to be important for cellular internalization, which is attributed
to the guanidinium head group,®*!2 forming bidentate hydrogen bonds with negatively charged
phosphate, sulphate and carboxylate groups found on the surface of the cell membrane, as

shown in Figure 1.8.114
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Phosphate Sulphate Carboxylate

Figure 1.8. The guanidinium head-group of arginine (circled in red) can bind to phosphate, sulphate and carboxylate
groups, by bidentate hydrogen bonds, assisting the CPP in binding to the cell membrane.

Along with arginine residues, the CPPs hydrophobicity has also demonstrated an importance
for cellular internalization,'?*12® with uptake studies showing the removal of hydrophobic
residues decreases the ability for CPPs to pass through cell membranes.'?® Another important
amino acid residue that has demonstrated its vital role in cellular uptake is tryptophan,?”:12
with many studies demonstrating the importance of the addition of even a single tryptophan
residue.!? It has been found that CPPs present their most cytotoxic properties when tryptophan
sits on an interface between hydrophobic alanines and hydrophilic lysines, especially so when
the CPP is in a helical formation.*®® An example of tryptophan’s role in CPPs is with the Pep-
1 CPP (Table 1.1). Tryptophan residues are part of a hydrophobic domain created to interact
with macromolecules.’® When the CPP takes on a helical structure, the tryptophan residues in
the CPP arrange themselves on one side of the helix, with this arrangement demonstrated in
Figure 1.9, and then embed themselves within the cell membrane, causing the peptide and
membrane to line up perpendicular to each other, forming a pore which leads to membrane

transduction. 120
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Tail end of CPP

Figure 1.9. A visual representation of the tryptophan residues lining up along the alpha helix of a Pep-1 CPP.

The final property that is responsible for the uptake is the secondary structure of the CPP. It is
thought that whilst this structure is not a vital deciding factor in cellular uptake,®®3! it is agreed
that flexibility in peptide structure can be helpful with regard to uptake.!'4

It is not just the CPPs structure and physiochemical properties that are responsible for cellular
uptake, other factors such as cargo and cell type come into play. The environment surrounding
the cell can also have an effect on the uptake®? and can cause the CPP to uptake in a different

manner to how the same CPP would uptake in a different environment.
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1.8 Methods of uptake
There are different ways that a CPP can uptake cargos into cells, which will vary depending

on; CPP, cargo type and cell type. Cell uptake can be divided into 2 overall categories:

endocytosis and direct membrane translocation. Figure 1.10 is a representation of the majority
of uptake method available to CPPs.
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Figure 1.10. A diagram representing the methods in which CPPs can uptake into cells.*
1.8.1 Endocytosis
Endocytosis is a blanket term that covers the uptake of cargos into a cell that involves the

formation of a vesicle/endosome. An endosome is essentially a small structure in the cell that

has a phospholipid bilayer containing cytoplasmic fluid that is used to move cargos throughout
the cell. The generic endocytosis pathway can be split into three basic steps: Early endosomes,

late endosomes and lysosomes. Early endosomes are the organelles where endocytosed cargos
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disassociate from their receptors and from which the receptors recycle back to the membrane
of the cell.’*3134 Late endosomes are an intermediary after early endosomes, these are a final
sorting organelle for cargos coming from: early endosomes, phagosomes and from the Golgi
network.®*® They are believed to mediate the delivery of cargos into the final step of the
endocytic pathway; lysosomes. These are in essence recycling organelles, with a primary
function to break down cellular waste products and cargos that have been taken into cells that
need breaking down for use or are pathogenic and need neutralizing. Lysosomes achieve this
breakdown role by using 40 different hydrolytic enzymes, which are manufactured in the
endoplasmic reticulum and transferred to the lysosome through the Golgi apparatus and late
endosomes.’®® As stated endocytosis is a blanket term, under which there are a variety of

different ways cells can uptake cargoes via an endocytic mechanism.

1.8.2 Macropinocytosis

Macropinocytosis simply put is the folding in of the cell membrane to engulf a cargo. It is a
receptor-independent form of endocytosis that is usually triggered by growth factor stimulation
such as macrophage colony-stimulating factor-1 (CSF-1).1¥" Macropinocytosis has been
described as ‘membrane ruffling’,**® this ‘ruffling’ is the formation of ‘lamellipodia’ which
usually fold back into the cell, however occasionally fold back on themselves, fusing with the
cell membrane and forming macropinosomes, these macropinosomes are considered to be >

200 nm, 129140

1.8.3 Clathrin mediated endocytosis

Clathrin is a protein associated with the coating of vesicles during cellular uptake. It has a
triskelion shape that forms a polyhedral lattice when it interacts with other clathrin triskelions.
Clathrin mediated endocytosis (CME) is a form of receptor dependant endocytosis. On the cell
membrane a receptor will bind to a target, this then ‘recruits’ adaptor proteins and clathrin to
the cell membrane around the receptors. This build up causes a clathrin coated pit to form,#
upon which nucleation begins around the receptor. This will form a vesicle, which is cleaved
from the cell membrane via a fission protein such as dynamin. Clathrin vesicles are between

90-100 nm in size.142

1.8.4 Caveolae mediated endocytosis
Caveolins are integral membrane proteins that play a role in clathrin-independent endocytosis,
with 3 types being know: Caveolin-1 and Caveolin-2 which are both found in non-muscle cells

and Caveolin-3 which is exclusive to muscle cells.}** Caveolin proteins sit within the plasma
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membrane and are hairpin shaped with both the amino and carboxyl ends facing inwards,
towards the cytoplasm. This type of endocytosis occurs when invaginations into the cell
membrane are coated with caveolin and cavin proteins, the caveolin oligermerize together
forming what is known as a lipid raft, the invagination then buds off and is removed from the
membrane by a GTPase, forming the caveolae which are often 60-80 nm in size.'** The
caveolae then fuse into the early membrane system and follow the previously described
pathway. One of the characterizations of caveolae is the high concentrations of lipids such as
cholesterol found around the caveolin proteins, these areas of high lipid concentrations are
known as lipid rafts.’* It is of note however that lipid rafts are not just involved in membrane
trafficking, they also play roles in neurotransmission and receptor trafficking, and they serve

as organization areas for signalling molecules.

1.8.5 Direct membrane translocation

Direct membrane translocation (DMT) offers an energy independent method for cellular
uptake. Whist endocytosis (an energy dependent uptake pathway) will not function below 4 °C,
direct membrane translocation will still occur under conditions that would usually prevent
uptake via endocytosis.}** DMT is a process that occurs much faster than endocytosis and does
not have the same cellular metabolic requirements, whilst it takes 5-15 minutes for endosomes
to start to form,%%14¢ CPPs that uptake cargos via DMT can enter into cells and deliver their
cargos within 5 minutes.®* DMT processes often cause membrane disruption, forming pores or
gaps within the membrane that allow the CPPs to pass through.2% It is thought that one of the

primary requirements for DMT is to have primary amphipathic CPPs at a high concentration.#’

1.8.6 Micelle formation

The inverted micelle model was suggested early on as a proposed mechanism for the uptake of
penetratin,'*® with the proposed method of action being the interaction of charged peptides with
the oppositely charged phospholipids on the outside of the membrane. This interaction leads to
destabilization of the lipid bilayer, forming inverted micelles around the CPPs as they travel
towards the inside of the cell. These micelles open out onto the cytoplasmic side of the

cell 96103148 Figure 1.11 is a representation of this proposed mechanism.%
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/\+/\ Cell exterior

Cell membrane

Figure 1.11. The proposed model of cell internalization by the micelle method. Here the CPP represented as a helix
interacts with the negative phospholipids, inducing micelle formation. The micelle is often hydrophilic and possibly allows
for the removal of cargos attached to the peptide. The half arrows indicate the movement of the membrane around the CPPs
showing the formation of the micelle.

1.8.7 Carpet model

The carpet model gets its name from the proposed way the CPPs line themselves up along the
membrane.!*® In this model the CPPs are able to translocate across the membrane by an
extensive association and build-up of peptide on the membrane, causing a destabilization of
the membrane, leading to translocation into the cell, followed by phospholipid
reorganization.>® One of the differences between the Carpet models and the other DMT uptake
models is that the CPPs do not insert themselves into the membrane, nor do they assemble with

their hydrophilic surfaces facing each other.4
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1.8.8 Pore formation

Pore formation can occur one of 2 ways,*®

either the toroidal pore, or the barrel stave pore
model. The barrel-stave pore model describes CPPs with a-helices forming transmembrane
pores, the CPPs organise themselves in such a way that their hydrophobic surfaces interact with
the membranes lipid core, which produces an aqueous pore allowing peptides to pass
through.2#® The toroidal pore model functions almost identically to the barrel model, with the
difference being that the peptides that insert into the membrane would interact solely with the
membranes polar groups, which would induce significant membrane restructuring.*®1 Pore
formation has been studied using the Tat peptide by Herce and Garcia.’® Their model
introduces the idea of the Tat peptides acting in a cooperative manner; the Tat peptides build
in concentration in a localized area of a cell membrane. When the peptide levels reach a certain
density, their positive charge begins to attract the phosphate groups on the inside of the
membrane, essentially causing membrane thinning. Once the bilayer has been ‘thinned’
sufficiently, lysine and arginine side chains on the peptides insert into the bilayer and nucleate
the formation of a pore, which allows the Tat peptides to pass through by diffusing along the
walls of the pore.'*®

1.9 Aims of this work

In this work both the NfnB and YfkO NTRs that have been previously genetically modified to
contain 6 cysteine residues per monomer, will be tested for their ability to reduce the prodrug
CB1954 and for their ability to cause cell death by the reduction of CB1954. They will be
conjugated to the CPPs; HR9 and Pep-1, again being tested for their ability to reduce the
prodrug CB1954 at varying CPP:NTR ratios. Following this, the kinetic and HPLC profiles of
the conjugates will be determined after initial conjugation and conjugate activity has been
established. Furthermore, the conjugates will be tested for their ability to cause cell death by
the reduction of CB1954.

Additional to this work is the synthesis of gold-coated superparamagnetic iron nanoparticles
(AUMNPs), along with characterization and purification of these nanoparticles. This work is
adapting upon a synthesis that has been previously started in the research group, with the
intention of improving the coating of the iron oxide nanoparticles, as well as the creating of
nanoparticles with a uniform size and shape distribution. These AUMNPs are intended for use
in our novel MNDEPT therapy and, so will be tested for their stability under various conditions,
as well as conjugation to the genetically modified enzymes. The genetically modified NfnB-
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Cys will be conjugated to the AUMNPs at a pre-determined ratio based on the size of the
AuMNPs, 2 they will then be tested for their ability to cause cell death by the reduction of the
CB1954 prodrug. Following on from this, HR9 and Pep-1 will be conjugated onto the
AUMNP:NfnB-Cys at a ratio determined after the ‘free’ NTR:CPP conjugates have been

assessed for their enzymatic activity, kinetic and HPLC profiles as well as their use in cell

viability assays.
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2.0 Introduction

Nanoparticles have been utilised by mankind as far back as ancient Mesopotamia for creating
a shining/ glittering effect on pots and cups.! However the first real scientific discussion
surrounding the idea of nanoparticles was possibly presented in 1857 by Michael Faraday, in
his Bakerian lecture, entitled: Experimental Relations of Gold (and Other Metals) to Light.?
Since this first discussion, there has been an explosion into the study of nanoparticles, in
particular medical applications of nanoparticles.®3 It is the physical and chemical properties
of nanoparticles that makes them so desirable, for example the large surface area to volume
ratio makes them ideal candidates for the delivery of drugs and other cargoes to areas around
the body.'**> Whilst other nanomaterials present properties that make them valuable in medical
applications, two examples of this are ZnO and TiO2 nanoparticles used as UV filters in
sunscreen.*®1° There is debate however regarding the potential toxicity of these nanoparticles,
with some studies indicating negative health effects,'?>?* however a study has indicated that
it is only at very high concentrations (1.2 x10° M) that TiO2 nanoparticles demonstrate any
cytotoxic properties,?? and only on damaged skin as the nanoparticles are unable to permeate

intact skin.2?

One of the current trends of nanoparticle research revolves around magnetic nanoparticles in
medicine for uses such as medical imaging,2®?* and drug delivery.?>?® Whilst FesOa4
nanoparticles have already been approved for medical use by the FDA,?” many magnetic
materials are unsuitable as they can be highly toxic.?2?® Coating a magnetic nanoparticle with
a biologically inert material such as gold,*® or a material that has pharmaceutical properties
such as silver*®132 may present a way around any potential toxicity issues. However there is a
larger benefit to coating these nanoparticles; it is very easy to conjugate medical cargoes such

as drugs?323 or DNA®*7 onto them for delivery into and around the bodly.

Further to this, here is presented a review paper: Magnetic Functionalized Nanoparticles for
Biomedical, Drug Delivery and Imaging Applications, that discusses some of the methods used
to synthesise single metal nanoparticles as well as current published core-shell metal
nanoparticle synthesis along with the bio-medical applications of these different types of

nanoparticles.
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2.1 Abstract

Medicine is constantly looking for new and improved treatments for diseases, which need to
have a high efficacy and be cost effective, creating a large demand on scientific research to
discover such new treatments. One important aspect of any treatment is the ability to be able
to target only the illness and not cause harm to another healthy part of the body. For this reason
metallic nanoparticles have been and are currently being extensively researched for their
possible medical uses, including: medical imaging, antibacterial and antiviral applications.
Superparamagnetic metal nanoparticles possess properties that allow them to be directed
around the body with a magnetic field or directed to a magnetic implant, which opens up the
potential to conjugate various bio-cargos to the nanoparticles that could then be directed for
treatment in the body.

2.2 Background

Metal nanomaterials represent a significant doorway for the future of medicine. Although there
is still much unknown about the long term safety of metal nanoparticles in medicine,® these
particles have already found their place within various biomedical applications such as; site-
specific imaging in vivo,3* cancer detection,*>* cancer therapy,***’ neurodegenerative
disease therapy, “8°° HIV/AIDS therapy,®3 ocular disease therapy,®*® and respiratory
disease therapy .>"°8 Despite the recent advances in nanomedicine there are still many obstacles
in the way of nano-therapy. For instance it can be difficult to achieve a synthetic route which
produces easily repeatable results, with many nanoparticle synthesis methods producing a
range in both size®-®! and shape®?-®° of nanoparticles and/or do not produce the nanomaterials
in a large enough quantity to make it economically viable.%® Another key factor is that it is
relatively unknown as to the toxicity of some nanoparticles over an extended period of time
due to how relatively new the field of research is.?®®” Among the many possible uses of metal
nanoparticles lies the area of drug delivery.®® Due to the large surface area that nanoparticles
provide,’® they possess the ability to be able to deliver large quantities of drugs or other medical

cargoes.’*

This review first focuses on some of the current bio-medical applications of metal
nanoparticles, their limitations and how to overcome them. Focusing on gold/silver iron-coated
magnetic nanoparticles as new and exciting materials which can overcome the current
limitations of standard metal nanoparticles, the final section focusses on the methods to

generate these particles.
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2.3 Bio-medical applications of gold/silver coated iron oxide nanoparticles

2.3.1 Antimicrobial agents

Bacterial infections are very common, with antibiotics being a primary method of treatment
since the discovery of Penicillin in 1928 by Alexander Fleming.”?> Nanomedicine provides us
with a new, broad range of possible treatment modalities, with metal nanoparticles being
explored for future treatments.” Table 1 lists some of the nanoparticles that have been explored
for antimicrobial applications. One material that has been examined for its potential use is
silver, which has shown to have a variety of biomedical uses,’* for example Sreekumar et al.
utilized silver nanoparticles as part of a network of antimicrobial fibers. The nanoparticles
varied in size from 20-120 nm, with an antibacterial efficacy against Escherichia coli as high
as 94.3 % compared to the fibers without silver nanoparticles.”™ Whilst it has been shown that
an antibiotic such as ampicillin are capable of achieving a kill rate of < 99.9 % in E.coli,® the
same study also reported the emergence of resistance to ampicillin in certain strains of E.coli.
On this same note it has been reported that E.coli can develop a resistance to silver
nanoparticles, however this resistance is not a genetic change, it is a physical response that

attempts to cause the colloidal nanoparticles to aggregate.*

Table 1 lists antibacterial properties that have been exhibited by some metal nanoparticles and metal nanoparticle
conjugates

Size Antimicrobial Mechanism of

Type of Nanoparticle (nm) application action Ref
Silver as part of i . Bacterial growth 75
network of fibers LAY £zl inhibition
Silver vanadate 1-20 S, aureus Bacterial growth 31
nanowires ' inhibition
. i C. albicans, P. Bacterial growth 76
Nl allives s fluorescens, E. coli inhibition

E. coli, A. fumigatus, P.

: : Bacterial growth
aeruginosa, and anti-

Thioguanine capped mison, caluEr |

3-4

gold cancer effect against L
Hep2 toxicity
Vacuole formation
Naked gold 25 C. pseudotuberculosis | " Cell wall, and g
agglomeration of
NPs within cells
Naked gold 6-40 S. aureus, K. pneumonia, | Bacterial growth 81

B. subtilis inhibition
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Also employing silver for its antibacterial properties, Holtz et al. designed a system of 60 nm
silver vanadate nanowires ‘decorated’ with silver nanoparticles with a diameter of 1-20 nm.%
This system showed to be promising against three Staphylococcus aureus strains, and also
interestingly had a much lower growth inhibiting concentration against Methicillin-resistant

Staphylococcus aureus (MRSA) than the antibiotic oxacillin.

A silver nanoparticle synthesis was reported by Verma et al. where they employed their
nanoparticles against the bacteria: Pseudomonas fluorescens, E. coli and the fungus: Candida
albicans.”® The silver nanoparticles had an average minimum inhibitory growth concentration
of 5.83 pg/ml across the three strains, compared to some commonly used anti-biotics such as
ampicillin and neomycin which have minimum inhibitory growth concentrations of 4.0 pg/ml
and 16.0 pg/ml respectively against strains of E.coli.”” Of potential interest is the properties the
nanoparticles displayed against P. fluorescens an C. albicans, both of which are associated
with causing disease in immunocompromised patients.’® Further investigations might find that
the silver nanoparticles are a more efficient way to treat the pathogens than some of the most
commonly used antibiotics, such as amphotericin B, which has extensive side effects.”

The synthesis of thioguanine-capped gold nanoparticles has been reported by Selvaraj et al.
where an enhanced antimicrobial effect against several bacterium, including: E. coli,
Aspergillus fumigatus and Pseudomonas aeruginosa.’® It was found that the thioguanine-
capped gold nanoparticles were more effective than unconjugated thioguanine as anticancer
and antimicrobial agents, with their activities showing potential use as carriers for cancer drugs.
In a similar manner gold nanoparticles have been reported to have an antimicrobial effect on
Corynebacterium pseudotuberculosis,® nanoparticles with an average size of 25 nm, using a
dose of 50 pug/ml showed a bacterial growth inhibition of 95 % after 20 minutes of exposure.
Similarly naked gold nanoparticles were shown to have an antimicrobial effect on a variety of
gram negative and gram positive bacteria including; S. aureus, Klebsiella pneumonia and
Bacillus subtilis.8* A dose of 1.35 pg/ml of AuNPs showed a growth inhibition of: 46.4 % 0.4
%, 38.3 % +0.2 % and 57.8 % +0.2 % for S. aureus, K. pneumonia and B. subtilis respectively.
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2.3.2 Antiviral

Metal nanoparticles have shown to be promising in antiviral applications; Table 2 demonstrates
a range of nanoparticles that have been shown to possess antiviral properties and could
potentially be applied when treating viruses. Both naked and coated silver nanoparticles®? 8

have been shown to have a range of antiviral applications when in the nano-scale range.

Table 2 presents some of the metal nanoparticles and metal nanoparticle conjugates that have been demonstrated as having
antiviral properties.

Type of Nanoparticle (Snlrzne) Antiviral application Mec;;?cl)snm i Ref
Interaction with
.- . DNA, and/ or 82
AgNPs 10-50 Hepatitis B virus (HBV) binding with virus
particles
pa. ) . Blocking of virus- 83
Ag-PS-NPs 10-80 | Monkeypox virus (MPV) host cell binding
Human .
PVP-AgNPs 30-50 | immunodeficiency virus Prerrr;tr::]% g‘icl)—:llv-l 8485
type 1 (HIV-1)
i Herpes simplex virus Competition with 86
TRV 4 type 1 (HSV-1) host cell binding
Gold coated with an Human
amphiphilic sulfate 2 immunodeficiency virus | Binding to gp120 87
ligand type 1 (HIV-1)

ROS generation and
100-400 | Feline calicivirus (FCV) | subsequent capsid
protein oxidation
Generation of
Copper iodide (Cul) 160 Influenza A of swine Hydroxyl radicals, 89
nanoparticles origin (HIN1) and degradation of
viral proteins

Copper iodide (Cul)
nanoparticles

88

Hepatitis B (HBV) is a viral infection that currently affects 257 million people around the world,
and was responsible for 887,000 deaths in 2015 according to the World Health Organization.®
Small (10-50 nm) naked silver nanoparticles have been tested as a possible treatment for
HBV,% and were shown to bind efficiently to HBV and further inhibit the production of HBV
RNA. The mode of action is hypothesized to be due to the AgNPs binding to the HBV dsDNA
(double stranded DNA). Rogers et al. have demonstrated a use for silver nanoparticles, both
naked and with a polysaccharide coating as an antiviral agent against monkeypox virus
(MPV).8 The nanoparticles were tested in vitro against MPV at a range of concentrations
between: 12.5-100 pg/ml. The results of the study showed that all of the concentrations of
polysaccharide coated silver nanoparticles (Ag-PS-NPs) used, were able to reduce MPV-

induced plaque formations in vitro.
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Silver nanoparticles may even have arole to play in the treatment of Human Immunodeficiency
Virus (HIV).848% HIV is a major health concern, with WHO estimating that 36.7 million people
are living with HIV as of 2016.%* It is important that treatments for HIV are discovered and
implemented quickly and efficiently; Lara et al. have demonstrated the effect of silver
nanoparticles (30-50 nm) on HIV-1 isolates showing inhibition of all strains.®> The naked
nanoparticles showed an overall ICso of 0.44 mg/ml £0.3 against HIV-1, with the mechanism
of viral inhibition shown to be inhibition of virus-host cell binding. Specifically the silver
nanoparticles inhibit the interaction between the gp120 protein (an envelope glycoprotein) and
the target cell membrane receptors. Also demonstrated by the same group was the ability for
silver nanoparticles coated with polyvinylpyrrolidone (PVP) to prevent the transfection of
HIV-1 into a human cervical tissue explant model.®* Specifically 0.15 mg/ml PVP-coated silver
nanoparticles (PVP-AgNPs) inhibited infection by HIV-ne and HIV-azrrv isolates. This
concentration of PVP-AgNPs also induced a proliferation of lymphocytes (immune cells) to

the site of infection, in comparison to the control sample.®*

It is not only silver, and coated silver nanoparticles that have been employed against viruses:
2 nm gold nanoparticles coated with an amphiphilic sulfate ligand was also shown to be
effective against HIV-1.8" These particles were shown to target the fusion process of the virus
and were shown in vitro to bind to gp120 protein and directly neutralize the HIV-1 infection.
Mercaptoethanesulfonate coated gold nanoparticles (Au-MES) nanoparticles showed an
inhibition of herpes simplex virus type 1 (HSV-1) infection, possibly by inhibiting the virus
binding to the host cell, or cell to cell viral spreading, or alteration of cell susceptibility to viral

infection induced by the presence of the nanoparticles.®

Copper-iodide nanoparticles (Cul-NPs) have been shown to have antiviral properties on several
different viruses: Feline calicivirus (FCV)® and more interestingly; Influenza A virus of swine
origin (H1N1).2° 100-400 nm Cul-NPs showed an antiviral property when utilized against
FCV, it was hypothesized that monovalent Cu ions were responsible for the production of a
reactive oxygen species (ROS) that caused subsequent capsid protein oxidation, leading to FCV
inactivation. HIN1 virus was also shown to be inhibited by Cul-NPs, in a very similar manner,
namely the production of hydroxyl radicals, leading to protein degradation. However these
radicals might also prove to be toxic to non-infected tissues, which would be important to

determine before a treatment would be approved for use.®2
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2.3.3 Imaging

Magnetic resonance imaging (MRI) scanning is a very useful tool for medical diagnosis and
provides clear anatomical images. Using MRI one can visualize blood flow, physiochemical
traits and the states of tissues and organs in the body.® Contrast agents are often employed in
MRI for improved diagnostic sensitivity.** Conventionally used contrast agents are chelate-
based, but the major drawbacks of current contrast agents is their biological stability and their
toxicity levels when accumulated in cells.® For example, some contrast agents are iodine based
and it has been reported that iodinated contrast media exposure is associated with subsequent
development of incident hyperthyroidism and incident overt hypothyroidism.%® Alternatives
have been developed to provide an improved scanning efficacy by reducing the negative impact
contrast agents can have on the body.®” Alternatives include metal nanoparticles possibly
conjugated with an agent which acts in a similar manner to a contrast agent for MRI scanning.®
Table 3 shows some of the nanoparticles that have been explored for use in medical imaging.
Some computed tomography (CT) contrast agents have issues including: short circulation half-
lives® and potential tissue damage.'® Due to this, metal nanoparticles have also been
investigated for use in CT imaging;®* AuNPs show promising use in imaging due to their X-
ray attenuation.'%? Kojima et al. showed that gold nanoparticles conjugated with a PEGylated
dendrimer (PEG-AuNPs) made for a superior contrast agent in vitro as well as for X-ray
computed tomography, compared to the commercially available iodine agent: iopamidal.®®
The PEG-AuNPs showed a higher contrast efficiency than the commercially available
iopamidal, with rapid excretion from the body.® The authors also noted that the PEG-AuNPs

had photocytotoxic properties to enable photothermal therapy.

Table 3 demonstrates some examples of metal nanoparticles and metal nanoparticle-conjugates that have been investigated
for their use in medical imaging.

Type of Nanoparticle (?]lrzne) SC?;;;ng Ref
PEG-AUNPs 3-8 CT 104
Modified AuNPs 17-23 SPECT/CT 105
AuNPs 130-147 PA 106
AUNPs with citraconic 10 PA 107
amide moieties

Li et al. have demonstrated the use of coated AuNPs as an imaging tool for atherosclerosis; the
AuNPs were applied in a type of medical imaging called “single photon emission computed
tomography” (SPECT).1% This type of imaging is very similar to using a gamma camera but it

is able to provide true 3D images that can be sliced, rotated and manipulated to achieve a more
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accurate analytical technique.®

The modified nanoparticles specifically targeted
atherosclerosis plaques containing apoptotic macrophages, indicating a useful tool for

invasively accurate detection of atherosclerosis plaques.®

AUNPs have previously been demonstrated to be a possible agent for Photoacoustic imaging
(PA), showing high spatial resolution and sensitivity.'% PA relies on the detection of ultrasonic
waves which are emitted from tissues when exposed to non-ionizing pulsed laser irradiation.%
The intensity/ magnitude of the ultrasonic emission is responsible for the image contrast,
therefore any agent that can both absorb the laser pulses and then give off heat as a result will
increase the magnitude of the ultrasonic emission and AuNPs possess the ability to do both of
these.l9%10 AuNPs are potentially better than organic dyes due to the organic dyes

susceptibility to photo-bleaching and rapid clearing from the blood.!!

2.3.4 Biomedical cargo delivery

Nanoparticles make for an ideal molecule for drug delivery due to the huge surface area to
volume ratio they provide when compared to their bulk material.® In addition, it is possible to
engineer nanoparticles to either avoid or interact with the immune system in specific
ways.112113 For example it has been demonstrated that an increased hydrophobicity of
nanoparticles/ sub-groups conjugated to the nanoparticles illicit and increased immune
response by measuring cytokine mRNA levels in mice.**? Focusing in the opposite direction,
it has been suggested that nanoparticles can be conjugated with various ligands to directly
activate the immune system to target the destruction of a tumor,**or by accumulation in the

liver or spleen for the generation of tolerance or immunity respectively.!*

Gold nanoparticles have been extensively studied for their delivery of medical cargo, for
example: Bhumkar et al. have explored the application of AuNPs for trans-mucosal delivery
of insulin. Gold nanoparticles were synthesized in the presence of chitosan, which acts as a
polymeric stabilizer.!*® These nanoparticles were then loaded with insulin and administered
both nasally and orally to diabetic rats. The results showed an overall reduction in the rat’s
blood glucose levels, an indication of successful movement of the nanoparticles through the

mucosal membranes and into the blood stream.

More recently ‘smart” AUNPs have been employed in PA.2%" These nanoparticles are roughly
10 nm in diameter and are functionalized with citraconic amide moieties which are susceptible

to hydrolysis. The citraconic amides are converted into positively charged primary amino acids
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at a mildly acidic pH, whilst the surface molecules adopt negative charges at physiological
pH.%” Combined these 2 properties cause the ‘smart’ nanoparticles to adopt both positive and
negative charges allowing them to aggregate rapidly due to electrostatic attraction. These
nanoparticles are referred to as ‘smart’ due to the nanoparticles presenting cancer-specific
properties and accumulate rapidly and efficiently in cancer tissues, and show a much lower

accumulation in normal tissues.®

Paciotti et al. have investigated the application of PEGylated AuNPs as a carrier for Tumor
Necrosis Factor (TNF) which is a cell signaling protein that possess the ability to induce
apoptosis in healthy cells.®® The Au-PEG-TNF nanoparticles were injected intravenously and
agglomerated significantly more in MC-38 colon carcinoma cells compared to other healthy
cells/ tissues. The TNF gave not only therapeutic action on the MC-38 cells, but seemed to
possess a targeting property, indicated by the lack of agglomeration in healthy cells. Another
interesting observation reported was the ability for the Au-PEG-TNF nanoparticles to diminish

a tumor mass compared to ‘free” TNF.

Table 4: A range of nanoparticle conjugates that have been examined for medical delivery of cargos

Type of Nanoparticle (Snlrzne) Medical delivery application Ref

Chitosan stabilized Delivery of insulin across trans mucosal 115

10-50
AuUNPs membranes
Delivery of TNF to cancer cells targeted

PECYlatedi AUNES 30-34 by the TNF itself, TNF induces cell 33

conjugated with TNF .
apoptosis

AUNPs conjugated to

an oligonucleotide Delivery of nucleic acids as a potential for | ;45

o . : 10-20
modified with thiol gene therapy
groups
AUNPs conjugated to
antisense . L .
oligonucleotide 13 Delivery of nuu:rl](é ?rclgzz as a potential for | 44
modified with tetra- g by
thiol groups

AUNPs conjugated . .

with folic acid using a 10 Delivery of folic ac_ld (V_|tam|n B9_), a 17
: precursor for nucleic acid production
PEG linker

Gold nanoparticles can also be used as a delivery system for nucleic acids,” including
oligonucleotides!!® and small interfering RNA (siRNA).''8 Many different methods have been
developed to functionalize AuNPs with nucleic acids, for example; Yonezawa et al. have

synthesized gold nanoparticles modified with thiocholine, which then bound to DNA and
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formed a fusion of wire like structures throughout the DNA.*® Sandstrom et al. demonstrated

116 and a similar modification has been

the ability to bind nucleic acids onto gold nanoparticles,
carried out by Rosi et al. where tetrathiol-modified antisense oligonucleotides were bound to
13 nm gold nanoparticles.® Being able to conjugate nucleic acids to nanoparticles opens up
the possibility of targeted gene delivery, which could, for example, lead to genes coding for a
specific protein to be delivered to a cell that was either deficient in that protein or could not
produce the protein themselves.® It has also been exhibited that gold nanoparticles modified
with DNA can transfect cancer cells.!*® Dixit et al. demonstrated the selective delivery of folic
acid coated AuNPs into folate receptor (FR) positive cancer cells, whereas when compared
with a cell line that did not have folate receptors, uptake was shown to be minimal.**” These
results demonstrated the use of folate to target metal nanoparticles to FR positive cancer cells

for tumor imaging and ablation.

2.4 Limitations of single metal nanoparticles and overcoming them

The principal obstacle with nanoparticle drug delivery is the ability to direct the nanoparticle
to the target area.>’ There are several methods in use for metal nanoparticle targeting such as:
antibodies,'?122 and homing peptides.'?32* There are however limitations to these methods,
with the biggest being that before they even reach the desired target cells they have to pass
through a variety of other barriers, such as: blood vessels and the blood brain barrier.1? One
way to overcome this targeting limitation is to use magnetic nanoparticles.’?® A magnetic
nanoparticle targeting system works by directing the nanoparticles to a target site using an
external magnetic field, it has already been demonstrated that the magnetic anisotropy of the
nanoparticle is a very important factor for medical treatments,?* with a change in anisotropy
being able to the change the efficacy of hypothermia treatments.*?” Superparamagnetic metal
nanoparticles have this property (they only present magnetic properties whilst in the presence
of a magnetic field).}* However, the benefit of magnetic nanoparticles also presents a potential
limitation, due to the toxicity of many magnetic materials.?12812% Despite iron being approved
for various imaging uses,?#2# it has been suggested in several studies that naked iron oxide
nanoparticles may have some adverse effects when used in cell labelling.t"*3°*3! One method
that can be used to overcome any potential toxicity limitations is to coat the iron core.?! A range
of materials can be used as the coating material: silica,’**™** polymers,’>3 gold, 3¢ or
silver.140141 Gold has low pharmaceutical activity*® and silver has been used in biomedical

applications for many years. 42143
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The combination of a superparamagnetic core with an inert and safe metal coating produces
metal nanoparticles with superior characteristics to non-magnetic metal particles.?®> As well as
reducing toxicity, the coating also provides the potential for the conjugation of functionalized
molecules onto the surface, such as drugs and biomolecules for application in the medical
field.”*"®8 |t is of note that a core-shell nanoparticle still possesses the properties and uses of
a nanoparticle made from the same material as just the shell, but the superparamagnetic core
gives the ability to direct the nanoparticle in the body.** For example a gold nanoparticle with
an antibody is classified as a targeting nanoparticle, introducing the core would classify the

nanoparticle as a directed targeting nanoparticle.

2.5 Current medicinal uses of gold coated iron oxide nanoparticles

Core-shell superparamagnetic nanoparticles have already been assessed for their biomedical
uses, with a wide range of uses already being applied.}*® One of these uses is as a magnetic
carrier for drug targeting.?>26:145-147 Kayal et al. have tested an in vitro apparatus that simulates
the human circulatory system as a test for the magnetic delivery of gold coated iron oxide
nanoparticles (Au-FesOa) loaded with doxorubicin.**” Their system had various magnetic fields
of increasing strength next to a capillary through which the doxorubicin loaded particles were
passed. A significant percentage of these nanoparticles were captured within the magnetic
fields, strongly indicating the potential for the use of magnetic nanoparticles in drug delivery.
Another use for a targeted system is the application of Au-FezO4 nanoparticles in photothermal
therapy; Bhana et al. demonstrated the use of a core-shell system used in combination therapy
deployed against 2 different cancer cell lines; head and neck (KB-3-1) and breast (SK-BR-3)
with a reported decrease in cell viability of 64 % when they exposed cell lines to a combined
photothermal and photodynamic therapy, compared to each modality used on its own.}* In
photothermal therapy gold nanoparticles are coated with a ligand, such as PEG,° these
nanoparticles are irradiated with a laser, with a wavelength that matches the UV-vis A-max of
the gold nanoparticles.*” The nanoparticles vibrate at the laser frequency which causes heat to
be released causing the death of the surrounding tissue,'*® introducing a core which is
superparamagnetic can allow for a more accurate targeting for use in this therapy. Similarly it
has been reported by Kirui et al. that gold hybrid nanoparticles were deployed against SW1222
colorectal cancer in photothermal therapy, showing an increased case of cellular apoptosis after
therapy, with their conclusion being that the cells showed an increased uptake, leading to a
reduced laser power required to reach threshold therapeutic levels.*®® The use of core-shell

nanoparticles for photothermal therapy of cancer has also been reported by other groups.511%2
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Metal nanoparticles have already shown to have a place in contrast imaging, for example core-
shell nanoparticles can also be used in T1 and T> weighted imaging in MRI.1*® Research by Cho
et al. demonstrated that gold coated iron nanoparticles can be successfully used in MRI
imaging, as well as opening the route for conjugating various ligands for use in biosensors.t*3
A magnetic carrier capable of imaging and photothermal therapy has been reported by Cheng
et al. They demonstrated the magnetic targeting of multi-functional nanoparticles to a tumor in
a mouse model, which could be imaged inside the tumor and showed a reduction in the tumor
size when combined with photothermal therapy.'®* It is also of note that in this work both the
nanoparticle dosage (1.6 mg/kg) and laser power (1 W/cm?) are among the lowest applied for
in vivo photothermal therapy. Moreover there was no obvious toxicity from the nanoparticles

reported. Table 5 presents some of the currently reported uses of core-shell nanoparticles.

Table 5 Gives examples of the medical uses already been demonstrated for gold coated iron magnetic nanoparticles

Type of Nanoparticle Medical application Ref
Gold gi?éid ron Targeted delivery of Doxorubicin 1%
Gold coated iron Photothermal and photodynamic 148

oxide combination anticancer treatment
Saliaie Photothermal anti-cancer therapy 150
nanoparticles
Gold coated iron T1and T2 MRI imaging 154

nanoparticles

Magnetically directed tumor targeting in
mice for phototherapy and imaging of the
particles

Multi-functional gold
nanoparticle

154

Another medical area where such core-shell metal nanoparticles have been suggested to make
an impact is in Directed Enzyme Prodrug Therapy (DEPT).1?6144 DEPT is a promising method
of cancer treatment, with several therapies making it through to clinical trials.**"The main
principal of DEPT is the targeted delivery of a prodrug activating enzyme to a tumor site. Upon
arrival at the tumor site, the enzyme enters the target cells where it can later activate an
administered prodrug. However, the efficacy of the therapy depends on the ability to direct the
enzyme to the tumor site, with current directional techniques relying on passive targeting
methods such as viruses'®%® or antibodies,’>°% rather than an active targeting system for
enzyme delivery. A novel therapy proposed by Gwenin et al. potentially overcomes the
targeting issue.'?®1%1 This approach involves conjugating a genetically modified prodrug

activating enzyme onto the surface of a gold coated iron oxide superparamagnetic nanoparticle
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(AUMNP), then directing the AUMNP-enzyme conjugate to the target site using a magnetic
field to increase the efficacy of the targeted therapy. Figure 2.1 presents some of the uses of a

core-shell nanoparticle.

Receptor/ligand interaction
Fluorescent dye

Radio isotopes

Chemotherapeutics

MRI contrast agent

Linker group

Photothermal therapy ‘i\

LASER

DNA/ oligonucleotides

Figure 2.1. A pictorial representation of the applications of core/shell nanoparticles
One challenge that still presents itself, is synthesizing core-shell nanoparticles, there are many
ways to synthesize nanoparticles,'®? but new challenges emerge when attempting to synthesize

a core-shell nanoparticle.*5

2.6 Gold and silver coated iron oxide nanoparticle synthesis

Methods for the synthesis of metallic nanoparticles have been known for many years, for
example Turkevich et al. published a synthesis for gold nanoparticles via the reduction of
HAUCI, in 1951.%64 Since then there have been many different routes for nanoparticle synthesis
such as gas deposition,*% sol-gel, % and aerosol/ vapor phase.®” However a new challenge

presents itself when attempting to synthesize metal nanoparticles consisting of a core-shell
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structure, in which one metal forms the core and a second metal forms the shell, for example
Fe particles degrade in water, whilst HAuClI. is a strong oxidizing agent. 3 One such example
that will be discussed further is using a FesO4 (iron oxide) core and gold as the coating shell.
In the preparation of such core-shell metal nanoparticles, two of the biggest issues are:
attempting to control the rate of coating, and controlling the uniformity of the coating to create
a solution of nanoparticles which are all of very similar shape and size.'®® Coating of gold or
silver onto an iron oxide core can be divided into two main categories: direct coating of gold/
silver onto iron,® or using an intermediary layer to act as a glue between the gold and the iron
layer.'® The former category will be discussed here. The following text describes some

methods that have been devised to synthesize gold and silver coated FezO4 nanoparticles.
2.6.1 Reverse micelle synthesis

A popular route for synthesizing metal nanoparticles is to use the reverse micelle method, or
sometimes called the microemulsion route.”* This method was first introduced in the 1980’s
when colloidal solutions of rhodium, platinum and palladium nanoparticles were first

synthesized."?

Micelles are formed when molecules with hydrophobic and hydrophilic constituent parts come
into contact with either an aqueous or hydrophobic phase.!”® The micelles will organize
themselves in such a way that allows the hydrophilic part to be in contact with the aqueous
phase and the hydrophobic constituent facing the hydrophobic phase.}’* In essence, a spheroid

is formed with an inner shielded phase, which can furthermore contain a cargo.1%87>-177

There are different approaches to the microemulsion route and these include: water-in-oil
(w/0),1"® and water-in-supercritical-CO, (w/sc-CO3).1"® A w/o emulsion occurs when water is
dispersed in a hydrocarbon based continuous phase,'’® thermodynamically driven surfactant
self-assembly then generates the reverse micelles, with spherical micelles being the most
common shape.’® Any added polar or ionic materials added to this mixture become
compartmentalized within the micelles and nanoparticles are then formed when the micelle
membranes come into contract with each other through Brownian motion.’®® A w/sc-CO
emulsion involves using a fluid (COy) that is in a supercritical state, i.e. above both its critical
pressure and temperature.’®! This method holds particular interest as it is a more “green”
approach to nanoparticle synthesis as no toxic organic solvents are required. It is also easier to

recoup the product by simply lowering the pressure and releasing the fluid as CO; gas.*®?
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The reverse micelle route has been adapted from synthesizing metal nanoparticles, to coating
previously synthesized nanoparticles.!** The first gold coated iron oxide (Au-FesOas)
nanoparticles synthesized in reverse micelles were done almost 20 years ago.'® This synthesis
of Au-FesOs nanoparticles was performed using a H>O/CTAB (cetyltrimethyl
ammoniumbromide) system to produce the micelles with sodium borohydride (NaBH4) as the
reducing agent, reducing gold chloride (HAuCls) onto the iron core. This synthesis produced a
nanoparticle dispersion with an average size of 12 nm. Since this first production of Au-Fe3O4
NPs using micro emulsions, there have been a range of Au-Fe3Os NPs synthesis routes
discovered. 137171184188 Eigure 2.2 is a generic representation of how the nanoparticles are

formed using the reverse micelle route.

Figure 2.2 A generic representation of the interaction of reverse micelles containing salts the react to form metal
nanoparticles.

Lin et al. published a slightly modified method to coat FesO4 with gold using a reverse micelle
method.'® The synthesis also employs a system using CTAB as the surfactant to form the
reverse micelle, but with 1-butanol as a co-surfactant and octane as the oil phase, adding a
water solution containing the metal ions using NaBH4to reduce HAuCl4 onto the surface of the
iron oxide nanoparticles. The reported optical results of the coated particles showed a shift in
the absorbance peak of the UV/vis spectra from the gold colloid (526 nm) to the Au-FesO4 (555
nm). The TEM results of the coated particles indicated a size distribution of 5-15 nm, with an
average size of 10 nm. This method was repeated by Pana et al. with a slightly larger size
distribution of 5-35 nm sized Au-Fe3zO4 nanoparticles.® In addition, a very similar system has

been employed by Siep et al. with the exception of using hydrazine to reduce the HAUCI4 %
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The coating of Fe3O4 nanoparticles is not limited to just gold; Lopez Perez et al. reported on
the synthesis of iron oxide nanoparticles using a system containing cyclohexane/ Brij-97
(co-surfactant) and an aqueous phase with iron salts of FeS04.7H.0 and FeCls.6H20.18 This
system has been coated with both silver'** and gold,'™* producing 13 nm particles. An
alternative method is reported by Tamer et al. for the synthesis of Au-FesO4 nanoparticles.*’
This method employs a co-precipitation of iron salts in NaOH, which were then washed in
HCIO4 to produce oxidized FezO4 nanoparticles. Coating of gold onto the FesO4 NPs occurred
via the reduction of HAuCls by NaOH delivered to the system by CTAB micelles. Au-Fe304
NPs were produced with an average size of 23.5 nm. After characterization particles were then
modified with various functional groups to form a self-assembled monolayer (SAM) and further

used for the capturing and detection of E.coli.

A modified version of the reverse micelle synthesis has been carried out by Zhang et al.
involving the use of a laser as the initiator for the coating of iron nanoparticles with gold.'&
The process involves making a reaction mixture of iron nanoparticles encapsulated in CTAB
micelles, gold nanopowder in water, and octane, then irradiating with a pulsed laser whilst
vigorously stirring the reaction. The laser irradiation facilitates the thermal decomposition of
the gold nanoparticles. Gold atoms and clusters formed around the iron nanoparticles, forming
gold coated iron nanoparticles. The TEM results for the Au-Fe nanoparticles synthesized this

way gave an average size of 18 nm with a size distribution of 36 nm.

2.6.2 Thermal synthesis

Among the various methods of gold shell-iron core nanoparticle synthesis lies a thermal route,
wherein the reaction involves heating the reaction mixture to above its boiling point,**® and
sometimes refluxing.!®:1% There are two main categories for this type of synthesis:
hydrothermal (water based solvent)!®31%* and solvothermal (organic based solvent).1911%
Whilst there are many techniques for synthesizing metal nanoparticles via the thermal route, %~
201 jt is not possible to achieve the synthesis of the cores and coating of gold in a one pot
reaction 191:192.195197,200,202-204 j, some cases Fe3O4 cores are synthesized via a reverse micelle
route,**® or a colloidal route 2°* and then the particles are coated using a hydro- or solvothermal
technique.1%31%%201 \Whilst there are a variety of solvent systems that are used in these synthetic
methods, the majority of routes involve the addition of either iron oxide nanoparticles to boiling
HAUCI4, or the inverse; of HAuUCIs being added to boiling solutions of iron oxide

nanoparticles,1%7:202
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A method for the synthesis of Au-FesO4 nanoparticles has been performed by Rudakovskaya
et al. via a hydrothermal technique.’®® The principle of the method follows the addition of
FesO4 nanoparticles to a boiling HAuCls solution. TEM analysis of these nanoparticles
indicated an average size of 30 nm, with a general spherical shape and a size distribution

between 20 and 35 nm, these images can be seen in Figure 3.3.
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Figure 3.3. A TEM image of the nanoparticles synthesized by Rudakovskaya et al. as can be seen the nanoparticles are
roughly spherically shaped with an average size of 30 nm *°

e

200 nm

2.6.3 Colloidal synthesis

Colloidal synthesis techniques offer a simple yet effective way of synthesizing metal
nanoparticles.?® Colloidal techniques often offer a level of simplicity over other techniques for
nanoparticle synthesis, without the need for different solvents, or that it can be carried out at
room temperature.?°207 The basic principles of the synthesis involve dispersing different metal
ions in an aqueous phase, adding a reducing agent to the mixture, then mixing at a controlled
temperature to form insoluble nanoparticles.'®* Colloidal synthesis routes offer the benefit of
not having to involve potential toxic solvents in the synthesis (ideal if the nanoparticles are
intended for biological use). However, there are some limitations to colloidal routes such as it
can be hard to control the size distribution of the final synthesized nanoparticles?® and the
shape of the nanoparticles can be heavily influenced by reagent concentration.?®® On the
positive side it can however be easier to produce nanoparticles in a larger quantity.?®® This
method for metal nanoparticle synthesis has been around for many years, being used for the
synthesis of different types of nanoparticles such as silver?'? and gold.642!1

This basic method has been advanced and developed to produce different synthetic routes for
the formation of gold coated iron oxide nanoparticles,38139.206207.212-218 Most of the methods

for the synthesis of gold coated iron oxide revolve around using various reducing agents to
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reduce HAuCI4 onto the surface of the iron oxide. Nadagouda et al. offer a proposed ‘green’
synthetic route, using ascorbic acid to reduce HAUCI4 %" This method however seems to show
little to no control over size or shape of the coated nanoparticles due to the lack of capping
agent (an agent that binds to the outside of the nanoparticle that stops further ‘growth’ of the
nanoparticle) used in the synthesis.?*® A method which does show more control over the shape
and size of synthesized coated particles is presented by Pal et al.**® This method employs gold
acetate as the gold salt, which is reduced onto the surface of 6 nm FezO4 nanoparticles to create
7 nm sized Au-Fe304 particles, which are spherical in shape. A rapid method for coating Fe3O4
nanoparticles is presented by Rawal et al. which involves dispersing FezO4 nanoparticles in a
solution of HAUCI., then mixing with ethanol.?® After 15 minutes at room temperature the
reaction was stopped and the Au-FezO4 nanoparticles were then separated with a magnet. TEM
analysis of the purified solution showed that the particles produced ranged in size from 30 to
100 nm and had varied shapes across the sample, these images can be seen in Figure 4.4. Whilst
this synthesis technique produced the coated nanoparticles quickly, it does not appear to be a

very efficient synthesis for the production of uniformly shaped and sized particles.?%

.

Figure 4.4. A TEM image of the nanoparticles synthesized by Rawal et al. these nanoparticles have a size
distribution of 20-100 nm. 2%

Whilst some techniques offer just the reduction of gold salts, others prefer to put the reducing
agent onto the surface of the iron, such as hydroxylamine.®2!3 In many cases when Fe3O4
nanoparticles are coated with gold, the reduction of a gold salt yields standard gold
nanoparticles as well,'*” so the addition of the reducing agent onto the surface of the iron
nanoparticles aims to improve the efficiency of the coating and is intended to lower the quantity
of gold nanoparticles produced as a by-product.**®
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Another technique involves seeding gold onto the surface of magnetic nanoparticles which
provides a more direct route of getting gold to nucleate around the magnetic core of the
nanoparticles.?4?15218 This technique involves binding gold seeds, which are smaller than the
iron oxide nanoparticles in solution, to the surface of the iron oxide. When the HAuCl; is
reduced in solution the Au® ions will seed onto the iron oxide and form a shell around the iron
oxide nanoparticles. This gold seeding has been successfully employed by several groups;
Goon et al. used polyethyleneimine to control the seeding of gold onto the surface of FezOa,
producing fully coated nanoparticles.?* However, the synthesized Au-FesOs particles
displayed high polydispersity, with particle size ranging from 40-110 nm. Levin et al. managed
to produce gold shell-magnetic core nanoparticles with a size range of 50-70 nm, using a core
functionalized with organosilane molecules to bind to the gold seeds.?® Seeding of gold
nanoparticles onto an iron core can be demonstrated with a variety of core shapes, for example
Wang et al. demonstrated gold seeding onto rice shaped ‘Nano rice’ FezO4 structures, which

then led to a complete thick gold shell when gold was reduced onto the surface.?'8

2.7 Conclusions

In brief, there are a variety of methods that can be used to synthesize Au-Fe3O4 nanoparticles,
with each method having its own advantages and disadvantages. There remains many obstacles
for Au-Fe304 nanoparticles before they can be routinely applied in the medical field and these
include;

1) achieving a synthesis route which produces easily repeatable results,
2) producing particles of a set size®*%! and shape,®2-°
3) producing large enough quantities to make it economically viable,®®

This chapter has demonstrated the wide range of techniques available to produce single metal
nanoparticles, as well as the medical applications these nanoparticles possess. Following on
from these single metal synthesis routes, further routes for the synthesis of core-shell metallic
nanoparticles have been demonstrated, in particular the synthesis of FeszOs-Au core-shell
nanoparticles, along with the range of bio-medical applications these nanoparticles can already
be used for. It is from two of these synthesis routes presented for single metal nanoparticles,
that the synthesis for the nanoparticles to be used in this work has been developed.?!3!% Thus
the work by Brown et al.?*3 and Lyon et al.'*® has been combined together to create a synthesis
for a gold coated iron oxide nanoparticle, intended for use in MNDEPT.
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3.0 Introduction

It is well established that nanoparticles represent the future for many fields of science and
medicine, with some nanoparticles already being approved for use in medical treatments.>? As
previously mentioned in section 1.5.3 Gwenin et al. have patented a novel anti-cancer treatment
involving the use of a gold coated superparamagnetic iron oxide nanoparticle as a carrier for a
prodrug activating enzyme,®* with the aim being to use magnetic fields to direct the
enzyme:AuMNP conjugate towards a solid tumour site. The nanoparticles in question for use
need to be spherical, have a consistent smooth gold coating and be approx. 50 nm in diameter.
There are a variety of ways that can be used to synthesise gold coated iron nanoparticles,3°1°
with many techniques being able to produce a range in both size'*** and shape!*’ of yielded
nanoparticles. Synthesis of the particles alone is not the only issue that needs to be overcome,
quite often when coating iron oxide nanoparticles we do not achieve a coating on 100 % of the
nanoparticles which is undesirable, despite iron nanoparticles being approved for medical
use.®-23 One final but important set of data for any system being used in medical treatments is
the stability of the treatment in various media. That is to say can the nanoparticles remain

suspended in solution when put into the body, or would they potentially aggregate?

Here in this chapter the development of the AUMNP synthesis will be discussed along with
purification methods attempted on the nanoparticles. Finally, the stability of the AUMNPSs in
various liquid media will be examined to assess the potential use of the nanoparticles as a viable

medical treatment.
3.1 AUMNP Synthesis

As previously stated the synthesis method described here is based upon 2 different published
methods.?*?® 10 nm FesO4 nanoparticles (3 mg/ml, 220 ul) were mixed with sodium citrate
dihydrate (100 mM, 4.5 ml) and H20 (145.5 ml), this mixture was allowed to degas under argon
for 30 minutes, after which time the mixture was stirred at 1000 rpm, and was left stirring at
this speed for the rest of the synthesis. After 30 minutes of stirring, 5 nm gold nanoparticle (1
ml) ‘seeds’ were added to the reaction mixture at a rate of 1 ml per minute. 1 hour after the
addition of the gold ‘seeds’ HAuCl4.3H20 (1 % w/v, 5 ml) was added at a rate of 1 ml per
minute giving the solution a yellow tinge. The reaction was then left to homogenise for 5
minutes upon which NH20OH (200 mM, 1 ml) was added at a rate of 0.5 ml per minute, after

which time the solution was heated to 60 “C and left for 1 hour. Upon initial addition of the
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NH>OH, the mixture changed colour from being transparent with a yellow tinge, to an opaque
deep purple colour, however after the mixture heats to 60 ‘C the reaction mixture turns a red
colour. 1 hour after the addition of NH20OH sodium citrate dihydrate (100 mM, 4.5ml) was
added and the solution was left to mix for another hour, after which time the reaction mixture
was removed from the vessel and centrifuged at 2750 rpm for 1 hour at 20 "C to separate the
AUMNPs. After centrifugation, the supernatant was placed in conical flasks on top of a 1T
magnet measuring 50 mm x 50 mm x 20 mm and left overnight to separate out the magnetic

material, as demonstrated in Figure 3.1.

Figure 3.1. The nanoparticles placed into a glass conical flask on top of a 1 tesla magnet (left). The AUMNPs have separated
out along the edge of the magnet which are ringed in yellow (right).

The conical flasks were left overnight, and the supernatant was removed the following day
after the AUMNPs had been separated to the bottom of the conical flask. The AUMNP pellet
that formed (Figure 3.1) was transferred into an 8 ml glass vial and placed on the side of a
raised magnet, and again left overnight for a pellet to form on the side of the vial. The following
day the supernatant was removed from the vial without disturbing the pellet, and was replaced
with sodium citrate dihydrate (7 ml, 1 mM). This media replacement is a ‘wash’ step to replace
any non-magnetic nanoparticles and reaction media with sodium citrate, to act as a stabilizing
agent for the AUMNPs. This step is repeated 3 times, after which the pellet is suspended in 1
ml of 1 mM sodium citrate dihydrate, then characterized by UV-Vis spectroscopy to determine
the size of the AUMNPSs by assessing the A-max of the gold peak.2® Figure 3.2 presents a typical
full spectrum scan of the AUMNPs post synthesis and purification. Each synthesis produces an

equivalent of 1 ml of between 0.3-0.6 absorbance.
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Figure 3.2. A typical spectra of the AuMNPs following synthesis, centrifugation and magnetic purification. The A-max of this
particular scan is 535 nm, which based on literature would give a diameter of 59 nm,?6 however that is assuming perfectly
spherical nanoparticles. As can be observed with the gold peak not being symmetrical and smooth, the nanoparticles are not
perfectly spherical, this can also be observed in the TEM images in figures 2.4, 2.6, 2.8, 2.10 and 2.12.

Figure 3.3 is a flow diagram of how the AUMNP synthesis takes place, initially 5 nm gold
nanoparticles are ‘seeded’ onto the 10 nm Fe3O4 nanoparticles/ cores (1), leading to the
formation of gold ‘seeded’ iron cores (2). Following this HAUCI, is reduced in solution with
the seeded cores which deposits gold onto the seeded iron cores causing the growth/ nucleation
of the nanoparticles. It is of note that the HAuCl4 being reduced also forms gold nanoparticles,
possibly from nucleation around any gold seeds that did not attach to the Fe3O4 (3). Finally, the

gold nanoparticles are magnetically purified from solution leaving the 50 nm AuMNPs (4).

5 nm gold seeds

9
00o°
°

‘Seeding O
Gold ‘seeded’ @ b with @
; Wash wit

Iron cores

%, & HAuC| +NH OH sodium citrate d|hydrate
Q Q _— @(@
10 nmoFe O Cores Reduction of gold onto Magnetic separatlon
3 4 the surface of the iron cores O and centrifugation

50 nm AuMNPs

1 2 3 4

Figure 3.3. A schematic representation of the synthesis of AUMNPSs, the FezO4 cores are firstly seeded with 5nm gold
nanoparticles (1), creating gold ’seeded’ iron cores (2) after which HAuCls is reduced in solution causing the release of
Au+ ions, and stimulating the nucleation of gold shells around the iron cores (3), as well as the growth of gold
nanoparticles (3). These gold nanoparticles are purified out by centrifugation and magnetic separation to leave the 50 nm
AUMNPs (4).

66



3.2 Characterization of AUMNPs

3.2.1 UV-Vis

An easy and efficient way to analyse many materials including nanoparticles is using
Ultraviolet-Visible light spectroscopy (UV-Vis). This type of analysis can produce a lot of
information about a material based on what type/ wavelength of light it absorbs. Gold spherical
nanoparticles absorb light between 500-600 nm, dependant on size.®?"?® The gold peak (the
area between 500-600 nm where the nanoparticles show absorbance) can give information
about the particle including: size based on the A-max of the gold peak,?® size distribution based
on the broadness and width of the peak,?® and shape of the nanoparticle based on the shape of
the peak.?® The AUMNPs synthesised here have been analysed by UV-vis to characterize the
shape and size of the nanoparticles.

3.2.2 Transmission electron microscopy

Another method for nanoparticle characterisation is transmission electron microscopy (TEM),
this form of microscopy involves a beam of electrons being fired through a specimen mounted
on a film. Some electrons pass through the film, whilst others interact with the sample which
produces a contrast image, based on differing electron densities being captured by an electron
lens. TEM scans were performed on samples from the various protocols used for AUMNP

synthesis described in Table 3.1, these images are presented below.

3.2.3 Zeta potential

In simple terms zeta potential is a measure of the electric potential between a dispersion
medium, and the layer of medium on the surface of a dispersed particle. In specific terms it is
the electric potential in the double layer at the slipping plane location, relative to a location in
the bulk dispersion medium. Zeta potential is a way to measure the stability of a colloidal
suspension, and how susceptible the suspension is to aggregation or flocculation.

3.2.4 Dynamic light scattering

Dynamic light scattering (DLS) is a technique that can be used to determine the size of particles
in a solution, and give a size distribution of said particles.3! DLS works by sending a light
source such as a laser through a polarizer into a sample. The particles within the solution are
hit by the polarized light source causing the light to scatter as it interacts with the sample. This
scattered light goes through a separate polarizer where the light is detected by a

photomultiplier, and is converted into a visible image.
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3.3 Improving the synthesis of the AUMNPs

When looking at how to improve the synthesis of nanoparticles, it must first be considered as
to what needs to be improved, such as the size, shape, yield etc. It can be easier to alter and
improve some factors of the synthesis over others. For example it has been noted that the ratio
of gold to iron for AUMNP synthesis is important on the final shape.?® However it is not just
the ratio of the gold to iron that can affect the final shape, the number of iterations of Au®* can
determine the final nanoparticle shape, with 1 iteration being ideal for spherical particles.?®
Based on various literature slight changes were made to the original AUMNP synthesis in order

to synthesise 50 nm AuMNPs, these differences are presented in Table 3.1.

Table 3.1. The following 5 different AUMNP synthesis protocols that were attempted for the synthesis and purification of
AuMNPs following on from work previously done are presented below.

Fei0 Component of Synthesis
_ Fe:Au | synthesis taken Post synthesis attempts
Protocol volume . A
ratio post purification
(ml) ) :
centrifugation
Protocol 1 | 300 | 1:0.1 Pellet Magnetic 50
separation
Protocol 2 3.00 1:0.1 Supernatant Magne_uc 50
separation
Protocol 3 0.22 1:1.5 Supernatant Magne_uc 150
separation
Magnetic
separation,
Protocol 4 0.22 1:15 Supernatant centrifugation 300
11000 rpm 20
minutes
Magnetic
Protocol 5 0.22 1:1.5 Supernatant sepgratlor), 500+
centrifugation
1500 rpm 2 hrs

3.3.1 Protocol 1

Protocol 1 was the original AUMNP synthesis that had been developed within the research
group. This protocol analysed the pellet from the AUMNP synthesis after magnetic purification
and centrifugation. The pellet was analysed by TEM and UV-vis as presented in Figures 3.4
and 3.5, respectively. The TEM image has several key features of discussion; the first is the
small number of misshapen black ‘spots’ on the image, these are the AuMNPs which show no
size or shape control. Another issue in point is the large quantity of uncoated FezOs

nanoparticles, shown in grey which would indicate that the seeding and coating process is not
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working. A point re-iterated by the UV-Vis spectra, which shows no properly defined gold

peak or A-max.

Figure 3.4. A TEM image of the pellet of an AuUMNP synthesis following protocol 1, after magnetic separation, as can be
seen there AUMNP yield is very low, with any AUMNPS present being distorted in shape and size. The average size of the
nanoparticles in this TEM are 51 nm with a standard deviation of + 9 nm from a sample size of 10.
Following the TEM image and UV-Vis scan of the pellet, it was decided to analyse the

supernatant from the reaction to assess if the desired AUMNPS were staying in suspension post

centrifugation.
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Figure 3.5. A UV-Vis scan of the pellet of an AUMNP synthesis following protocol 1, after magnetic separation. Here the
gold peak is not very pronounced indicating poor coating with no even shape distribution.
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3.3.2 Protocol 2

Whilst protocol 1 was based on the examination of the pellet of the synthesis after
centrifugation, protocol 2 examines the supernatant. The following TEM image and UV-vis
spectra of the supernatant of protocol 2 are presented as Figures 3.6 and 3.7 respectively, the
TEM image presents more AUMNPs with a better spherical nature than before with a lot less
Fe3O4 nanoparticles, however there are still misshapen nanoparticles, with a wide size
distribution and still showing a low concentration of nanoparticles. The TEM image and UV-
Vis spectra of protocol 2 demonstrate that there are more spherical AUMNPS in the supernatant
than the pellet, however they do not demonstrate a uniformity in their nature, nor does the UV-
Vis have a defined gold peak that would be expected for a UV-Vis scan of gold nanoparticles.
Literature suggests that the ratio of iron to gold is very important for the shape determination
when synthesising a core-shell nanoparticle consisting of Fe-Au. The ideal ratio for producing
spherical nanoparticles with a thick shell is presented as 1:1.5 of Fe:Au,?® whilst ratios below
this produce ‘knobbly’ nanoparticles with thin shells and are non-uniform in shape. It is also
of note that the iterations of gold chloride used when synthesising the particles is of upmost
importance, with 1 iteration being ideal for spherical particle production.? A single iteration is

defined as continuous addition of HAuUCI,.

.
|

>

. ) ' 200 nm

Figure 3.6. A TEM image of the supernatant of an AUMNP synthesis following protocol 2, here there are more gold
nanoparticles with a more spherical shape than before, however there are still misshapen nanoparticles with a large size
distribution. The average size of nanoparticles in this TEM are 41 nm with a standard deviation of £ 15 nm from a sample
size of 14.
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Figure 3.7. The UV-Vis spectra of the supernatant of an AUMNP synthesis following protocol 2, after magnetic separation.
There is no defined peak between 500-600 nm as would be expected with gold nanoparticles.

3.3.3 Protocol 3

Protocol 3 of the AUMNP synthesis was developed based on the aforementioned information
on the importance of the Fe:Au ratio, and previous work done in the group on the number of
gold iterations. The AUMNPs produced following this new protocol were analysed again by
TEM and UV-vis, with the data for both being presented on the following page. The TEM
image (Figure 3.8) shows an improvement of both the shape and size distribution of the
AUMNPs synthesised. The UV-Vis scan of Figure 3.9 demonstrates a more defined gold peak,
(A-max 537 nm), which according to theoretical data relates to nanoparticles with a size of
approx. 62 nm.2® Whilst the desired size is approx. 50 nm, this theoretical data is for perfectly
spherical nanoparticles, the AUMNPs synthesised following protocol 3 are not perfectly
spherical in nature, and are much closer to 50 nm in size according to the scale bar at the bottom

right of the image.
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Figure 3.8. A TEM image of AUMNPs synthesised following protocol 3, showing a much improved shape and size
distribution of the AUMNPs. The average size of nanoparticles in this TEM are 32 nm with a standard deviation of + 10 nm

from a sample size of 12.
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Figure 3.9. A UV-Vis scan of the AuUMNPs synthesised following protocol 3, this UV-Vis demonstrates a much better defined
gold peak than previous scans, with the 1-max of the gold peak being 537 nm.

Protocol 3 demonstrated a greatly improved synthesis method of AuUMNPs than protocols 1
and 2, however as the TEM demonstrates there is still uncoated FesO4 nanoparticles in the final

purification media. A purification method is required to remove the un-desired iron.

72



3.3.4 Protocol 4

The AuMNPs synthesised following protocol 4 were centrifuged for 20 minutes at 11000 rpm
to attempt to separate the AUMNPs from Fe30s, the samples were scanned before and after
centrifugation by UV-Vis, with the pellet sample being sent for TEM. As can be observed in
Figure 3.10, both Fe3O4 and AUMNPs can be pictured indicating unsuccessful separation of
the 2 different particles. The UV-Vis spectra in figure 3.11 confirms that there was no

successful separation of the particles.
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Figure 3.10. A TEM image of AUMNPs synthesised and purified following protocol 4, where the sample was centrifuged at

11000 rpm for 20 minutes. There are a number of AUMNPs present, however there seems to be no uniform size or general

shape to the nanoparticles. The average sizeof nanoparticles in this TEM image is 36 nm with a standard deviation of + 10
nm from a sample size of 40 nanoparticles.

035
03
025 |
S
s
o 02 | _
% Before spin
S 015 ——11000 rpm pellet
(2]
Py o1 ~——— 11000 rpm supernatant
0.05
0
200 300 400 500 600 700 800

Wavelength (nm)

Figure 3.11. The UV-Vis scan of AUMNPs synthesised and purified following protocol 4. The sample before centrifugation is
presented as the blue line, the pellet after centrifugation is presented as a red line and the grey line is the supernatant after
centrifugation. The scan shows the before and after scans of the particles, with no clear purification have occurred.
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Protocol 4 spectra unsuccessful for its attempts to purify the AUMNPSs from excess FezOa, with
the UV-Vis showing a decrease in the absorbance of the gold peak indicating a loss of AUMNP.
It was believed that centrifuging the AUMNPs at a high speed for a low period of time was the

wrong way to separate the AUMNPSs and excess Fe3Oa.

3.3.5 Protocol 5

Protocol 5 is similar to protocol 4 except for the time and rpm that the sample was spun at.
AUMNPs from protocol 5 were spun at 1500 rpm for 2 hours to attempt nanoparticle separation.
The TEM and UV-Vis spectra are presented below, Figure 3.12 is the TEM image of the
AUMNPs after centrifugation, as can be seen in the image there is a big decrease in the number
of FesO4 nanoparticles, whilst the concentration of AUMNP nanoparticles has increased, with

the AUMNPs demonstrating a spherical shape with a tighter size distribution.

200 nm
]

Figure 3.12. A TEM image of AUMNPs synthesised and purified following protocol 5, as can be seen there is a very low
count of FesO4 nanoparticles, with a higher concentration of AUMNP nanoparticles which are more spherical in shape and
have similar sizes. The average size of nanoparticles in this TEM image is 45 nm with a standard deviation of £11 nm from a
sample size of 30 nanoparticles.

The UV-Vis spectra of Figure 3.13 presents a scan before the AUMNPs were centrifuged that
has a gold peak which is not that uniform in shape, which after centrifugation, becomes a much
sharper, cleaner gold peak more indicative of AuUMNPs with a tighter shape and size
distribution. The drop in absorbance at 350-400 nm indicates a loss of FesO4 nanoparticles in

the pellet compared to the starting sample, indicating successful purification.
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Figure 3.13. Presents a UV-Vis scan of the AUMNPSs before and after centrifuging at 1500 rpm for 2 hours. The sample
before centrifugation is presented as the blue line, the pellet after centrifugation is presented as a red line and the grey line
is the supernatant after centrifugation. As can be seen the scan of the re-suspended pellet has a much smoother gold peak
than the before scan, this indicates a much more uniform shape dispersion as well as size dispersion, there is also less iron
in the sample based on the drop in absorbance at around 350-400 nm, which is where the FesO4 nanoparticles absorb.

Protocol 5 shows a final AUMNP product which have a spherical shape, tight size distribution
and a low Fe3z04 nanoparticle count. There are still some FezO4 nanoparticles observed in the
TEM image. Other purification attempts were made to remove these final Fe3O4 nanoparticles
including: silica column purification, gravitational sephadex column purification, glycerol
centrifugation with layered glycerol of varying concentration. However none of these methods
of purification were successful in removing the final FesO4 nanoparticles. Based on this it was
decided to proceed with using the AUMNPs with this small quantity of FesO4 nanoparticles,
based on the principal use of Fe3Os nanoparticles already having been approved for use in

various medical treatments.

3.3.6 Zeta potential

Zeta potential for the purified nanoparticles was carried out by Malvern Scientific Solutions
LTD. A sample of AuMNPs was examined 5 times to determine an average Zeta Potential, this
data is reported in table 3.2, with a mean result of -35.24 mV being obtained for the AUMNPs.
It is regarded that a result of +30 or higher indicates a stable solution,®? which would indicate
that the AUMNPs are stable in solution. However it was noted by the company that when
examining the overall zeta potential distribution there are; ‘multiple charged species within the
sample’, with a broad distribution shown for these peaks. These two peaks could indicate two

separately charged species within the solution, or be a result of zeta polydispersity. Since there
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is excess iron in the solution it is possible that this second peak is present because of this.
Finally the peak distribution does extend towards 0 mV, indicating that the species within the

region will tend to flocculate or aggregate together.

Table 3.2. The results for the Zeta potential determined on a sample of AuMNPs performed by Malvern Scientific Solutions

LTD.

Zeta Potential (mV)
Repeat 1 -34.96
Repeat 2 -33.07
Repeat 3 -37.05
Repeat 4 -33.58
Repeat 5 -37.54
Mean -35.24
Standard deviation +2.007

3.3.7 Dynamic light scattering

Dynamic light scattering was also performed on a sample of AUMNPs by Malvern Scientific
Solutions LTD. Three different types of measurement were applied to the sample to determine
the average size of the nanoparticles in solution: Dynamic Light Scattering (DLS), Depolarized
Dynamic Light Scattering (DDLS) and Multi Angle Dynamic Light Scattering (MADLS) for
particle size distribution. Here DLS was used to measure particles by measuring time
dependant fluctuations in scattered light from the AUMNPSs as they freely diffuse in solution.
DLS calculated the AUMNPs to have an average size of 99 nm. However when calculating the
correlation curve for the DLS to measure data quality, the Y-intercept was found to be ~0.85,
whereas for a good sample the Y-intercept should be closer to a value of 1. To examine the
possible reason for the reduced Y-intercept, DDLS was employed. Traditionally DLS uses a
single vertical polarized laser, which for spherical particles would cause scattered photons to
arrive at the detector polarized, however for non-spherical particles light can become
depolarized. DDLS employs a horizontal polarized laser in conjunction with a vertical
polarized laser.

Figure 3.14 is the data for the DDLS provided by Malvern Scientific Solutions LTD. Here the
top graph is the particle size distribution for samples of AUMNP subjected to only a vertical
polarized laser. Whereas the addition of the horizontal polarizer filters out vertically polarized
photons, the bottom graph is the particle overlay when a horizontal filter is also applied to the
solution. In Figure 3.14 there is an observable peak with a shoulder peak present, it is believed

that this shoulder peak is the uncoated iron oxide as it is around 10 nm, whilst the larger broader
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peaks are nearer to the region of 50 nm, much closer to the size of the AUMNPs. The

Y-intercept of these particle distributions was much closer to a value of 1 than previously.

Intensity (Percent)
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Figure 3.14. The DDLS data for the AuMNP sample is shown above (provided by Malvern Scientific Solutions LTD.). The
top graph is the size distribution obtained for just the vertical polarized light scattering sample. By the addition of a
horizontal polarized light sample, the vertically polarized photons are filtered out, producing the size distribution shown by
the bottom graph. The bottom graph has a broad peak with a shoulder peak. This shoulder peak is the peak for the uncoated
iron nanoparticles, whilst this larger peak is the AUMNPs themselves.

Particle size distribution was performed using MADLS, here multiple scattering angles are
combined together to produce a single particle size distribution (PSD), the MADLS combines
a forward, side and back scatter of photons from the sample and can overlay the data using
autocorrelation functions to produce a PSD. Here the MADLS produces two peaks for the
AUMNP sample, the data for which is presented in Table 3.3.

Table 3.3 The presented data for the two particle size distributions reported by Malvern Scientific Solutions LTD. Peak one

shows an average size distribution of 77.42 nm, this most likely correlates to the AUMNPS in solution, whilst peak 2 has an
average particle size distribution of 352.98 nm.

Peak one (nm) Peak two (nm)
Repeat 1 75.63 345.3
Repeat 2 78.35 350.5
Repeat 3 78.28 362.8
Mean 77.42 352.9
Standard deviation +1.55 +8.99
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Peak one shows an average size distribution of 77.42 nm, this most likely correlates to the
AUMNPs in solution, whilst peak 2 has an average particle size distribution of 352.98 nm. This
peak is possibly from AuMNPs that have started to flocculate in solution, it was noted that
when the sample arrived there was some sedimentary build up, and the Zeta data previously

reported indicates some AuMNPs would be susceptible to flocculation.
3.4 Additional purification of AUMNPSs

3.4.1 Centrifugation

One commonly used method for the separation and purification of samples is centrifugation.
Spinning samples at high speeds is an easy and effective way to separate materials in a sample
based on their relative density.®® The synthesis of AUMNPs described in this paper uses
centrifugation during the synthesis of the particles prior to magnetic separation. The sample is
spun at 2750 rpm for 1 hr at 20°C, this separates out the AUMNPs and gold nanoparticles into
the supernatant whilst pulling out misshapen and particles that are larger than the desired 50

nm.

3.4.2 Magnetic separation

Due to the nature of the reduction of HAuCly4, the synthetic route used in the described method
yields both gold coated iron cores and pure gold nanoparticles, there is also often uncoated
Fe304 nanoparticles. These AUNPs need to be removed from the product. The best and easiest
way to do this via magnetic purification. The product is placed in conical flasks on top of a 1T
magnet measuring 50 mm x 50 mm x 20 mm and left for 24 hours, after which time the
supernatant is removed. The remaining component is a majority of magnetic particles, however
some AuNPs will still remain. The next step in this purification is to place the remaining
component from the conical flask into 8 ml glass vials and place these at the side of the magnet.
This will pull any magnetic material to the side of the vial, as shown in Figure 3.15. Exchanging
the supernatant after 24 hours, repeating this process another two times to remove any non-

magnetic AuUNPs.
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Figure 3.15. An image of a pellet of AuMNPs collected on the side of a glass vial after being left next to a magnet for 24 hrs.

3.5 Stability of AUMNPs

The stability of AUMNPSs was analysed to assess how the AUMNPs might behave in various
media. To assess the AUMNPs stability, a sample was suspended in varying media, and/or
varying physical conditions (temperature etc.). These varying conditions are detailed in table
3.4. The AUMNPs were said to have lost stability when they showed signs of aggregation either

by UV-Vis spectrometry or by visual inspection.

Table 3.4. The following are the experimental parameters changed/ under test for the AUMNP stability experiments.
Factors being assessed for AUMNP
stability
H20
Phosphate buffer (50 mM, pH 7.4)
Dulbecco’s Phosphate Buffered Saline
Sodium Citrate Dihydrate (1 mM)
NaCl (1 mM-5 M)
Temperature (-20 'C,0°C, 25°C, 37°C)
pH (1-12)

Dulbecco’s Modified Eagle’s Medium (with
10 % Fetal Bovine Serum, 1 % L-Glutamine
ad 1 % Penicillin Streptomycin)

Aggregation here is said to occur when the gold peak A-max shows a constant increase over
time, with the peak broadening and decreasing in absorbance. Aggregation can also be
observed by eye as the solution of nanoparticles becomes darker in colouration from red to
purple, and black sediment can be seen to form. The final key feature is that the aggregated
nanoparticles cannot be re-suspended into solution even under sonication. A sample of non-
aggregated gold nanoparticles can be observed in Figure 3.16 next to aggregated gold
nanoparticles.
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Figure 3.16. A picture of ‘naked’ gold nanoparticles (1eft) and the same ‘naked’ gold nanoparticles mixed with a salt
solution (right). The right hand photo shows that the nanoparticles have aggregated, as seem by the blue colouration and
particulates in the bottom of the tube.

3.5.1 H0
Deionized water (dH20) was the first medium the stability of the AUMNPSs was measured in.

Here 500 ul 1 OD (optical density) of AuMNPs were suspended in 500 ul of dH20, with a UV-
vis full spectrum scan of the sample performed at the start of the experiment and every 24 hours
after. The AUMNPs show that they do not aggregate in dH>O up to and including 96 hrs. The

data for the experiment is presented in figure 3.17.
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Figure 3.17. The overlay of the UV-vis full spectrum scans of the sample of AUMNPSs suspended in dH20 with scans being
performed from the start of the experiment every 24 hours up to and including 96 hrs. No aggregation was observed in the
sample, both by eye and in the above scans.
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3.5.2 50 mM Phosphate Buffer

The stability of AUMNPs in 50 mM phosphate buffer was assessed by mixing 500 pl of 0.5
OD AuMNPs with 500 pl of a 100 mM phosphate buffer to achieve a final concentration of 50
mM, then scanned to establish the initial UV spectrum of the sample. The sample was then
scanned every 24 hours. As can be seen in Figure 3.18, the sample was stable after 120 hours,
with no A-max gold peak shift. The loss in concentration can be attributed to the AUMNPs
adhering to the sides of the Eppendorfs, which were observed to have a pink tinge (assumed to
be AUMNPS).
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Figure 3.18. The UV-Vis full spectrum scans of the AUMNPs suspended in phosphate buffer, here no aggregation was
observed up to and including 120 hrs after addition of the AUMNPS to the phosphate buffer.

3.5.3PBS
The stability of AUMNPs in phosphate buffered saline was assessed by suspending 500 pl 0.5
OD AuMNP in 500 pl of Dulbecco’s sterile phosphate buffered saline. The final concentration
of NaCl in the Eppendorf was 77 mM, however the sample also contains 1 mM potassium
phosphate monobasic and 5.6 mM of sodium phosphate dibasic. The suspension was scanned
after 24 hours at which point the sample was starting to show the beginning of aggregation by
the shift in the gold peak, and the UV scan at 48 hrs had shown the sample had fully crashed.
This aggregation is shown by the grey line in Figure 3.19 with the initial scan of the AUMNP
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suspension being shown in blue. It is of note that despite the NaCl concentration being 77 mM
the sample still aggregated, when compared to the NaCl stability results presented in Table 3.5,
77 mM NaCl should not cause a sample to aggregate, however the presence of the potassium
phosphate monobasic and sodium phosphate dibasic, may be the attributing factors to the

sample aggregation.
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Figure 3.19. The overlay of UV-Vis full spectrum scans for AUMNPSs suspended in PBS are shown. The sample showed the
beginnings of aggregation in the UV scan after 24 hours, and by 48 hrs the sample showed heavy signs of aggregation, both
by eye and UV-vis spectroscopy.

3.5.4 Sodium Citrate Dihydrate

The AuMNPs are synthesized in a solution containing sodium citrate dihydrate at a
concentration of approximately 3 mM and then, after magnetic separation and purification the
AUMNPs are suspended in 1 mM sodium citrate dihydrate. To assess the stability of AUMNPSs
in 1 mM sodium citrate dihydrate, a sample of AUMNPs were separated on a 1 tesla magnet
followed by re-suspension in 1 ml 1 mM sodium citrate dihydrate, then scanned via UV-Vis
every 24 hours. Figure 3.20 shows the sample showed no signs of aggregation up to and
including 96 hours and there was no indication that the sample was going to aggregate after the

96 hours.
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Figure 3.20. The overlay of the UV-Vis spectra of the stability scans of AUMNPs suspended in sodium citrate, here no signs
of aggregation occur, which is as expected, as the AUMNPs are synthesised and purified in sodium citrate, if aggregation

were to occur, it would more than likely have occurred during the synthesis or purification.

3.5.5 NaCl
The stability trials of NaCl were carried out at 37 °C to simulate human body temperature. 500
pl of a NaCl solution was mixed with 500 pl of a 0.5 OD AuMNP solution to produce the final
concentrations of NaCl shown in table 3.5.

Table 3.5. Presented are the concentrations of NaCl used in the various AUMNP stability trials, solutions with NaCl

concentrations of 1-200 mM showing no signs of aggregation, whereas concentrations of 500 mM up to and including 5 M
showed heavy signs of aggregation after 24 hrs, both visibly by eye, and when scanned using UV-Vis spectroscopy.

NaCl concentration (mM) Time before aggregation
1 Did not show aggregation
10 Did not show aggregation
50 Did not show aggregation
100 Did not show aggregation
200 Did not show aggregation
500 Showed aggregation after 96 hours
1000 Showed aggregation after 1 hour
2000 Showed aggregation after 1 hour
5000 Showed aggregation after 1 hour
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These solutions were then immediately scanned via UV-Vis to give an initial reading of the
gold peak, and were then scanned every 24 hours, or until they had shown aggregation. From
Table 3.5 it can be seen the AUMNPs were stable in NaCl in concentrations up to 100 mM,
however the 100 and 200 mM scans, whilst not displaying signs of aggregation did display a
drop in the gold peak with each passing scan. This is a possible sign that the nanoparticles were
either flocculating or adhering to the sides of the Eppendorfs indicating that the concentrations
of NaCl were not causing aggregation, they were starting to cause the destabilization of the
AUMNPs in solution. The sample with 500 mM NaCl showed aggregation after 96 hours,
whilst samples with a concentration at 2000 mM and above mM showed aggregation after 1

hour.

3.5.6 Temperature

To assess the stability of AUMNPSs at various temperatures, 1 ml solutions of 0.4 OD (Optical
Density-taken as the absorbance reading of the gold peak of the AUMNPs) AuMNPs were
scanned, then placed in eppendorfs and left at different temperatures. The samples were
scanned every 24 hours (note that the sample at -20 ‘C was defrosted before scanning). The
sample left at -20 degrees showed aggregation after 24 hours, however since the sample was
frozen it is unclear as to whether aggregation occurred during the freezing or upon the
defrosting of the sample. All the other samples showed no aggregation after 96 hours. However
the samples did show a change in peak heights, this could be attributed to the particles
flocculating or adhering to the side of the Eppendorfs, the sample which showed the least
change over time was the sample kept at 4 "C. Table 3.6 shows an overview of the temperatures
and the stability of the nanoparticles.

Table 3.6. The 4 temperatures used for examining AUMNP aggregation, only the solution stored at -20 “C showed

aggregation, which began to show after the first scan at 24 hrs, the other temperature stored solutions showed no signs of
aggregation.

Temperature of solution ("C) Time before aggregation
-20 Showed aggregation after 24 hours

4 Did not show aggregation

20 Did not show aggregation

37 Did not show aggregation

2.5.7 pH

The human body has a pH of 7.4,%* therefore the stability of any nanoparticle that would enter
the body needs to be assessed at that pH. The aim of the pH stability trials was to build up a
pH stability profile of the nanoparticles to assess the viability of the particles for use in the
body. For this solutions of 1 mM sodium citrate were pH altered to values of 1-12, at this point
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it is important to note that sodium citrate dihydrate itself acts as a buffer between a pH range
of 3.0-6.2.%° Therefore the solutions with a pH higher or lower than this range were not acting
as buffers, however the solution was kept as sodium citrate for continuity within the
experiment. Table 3.7 describes which solutions kept the nanoparticles stable. In which
solutions the nanoparticles aggregated, which here were pH solutions of 1-3.

Table 3.7. The various pH of solutions of sodium citrate used to assess the pH stability of AUMNPs are presented below,

with pH solutions 1, 2 and 3 showing aggregation after 24 hours, whereas pH solutions of 4-12 showed no signs of
aggregation after 96 hours.

pH of solution Time before aggregation
Showed aggregation after 24 hours
Showed aggregation after 24 hours
Showed aggregation after 24 hours

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

Did not show aggregation

e =
KSlEB|le|eNolug|sw N e

3.5.8 Dulbecco’s Modified Eagle Medium

The main aim of the AUMNPSs is to be used in cancer therapy treatment, therefore the stability
of the AUMNPSs in any sort of biological medium needs to be assessed. The AUMNPSs were
suspended in Dulbecco’s Modified Eagle Medium (DMEM) with 1 % L-glutamine, 1 %
penicillin streptomycin and 10 % Fetal Bovine Serum (FBS) and the sample was scanned every
24 hours. This solution was used as it is the cell growth medium used for cell viability
experiments discussed in chapters 4 and 5 of this document. Here the AUMNPs showed no
signs of aggregation at 96 hours Figure 3.21 shows that the AUMNPSs did not show aggregation
after 120 hours, the rise in absorbance can be attributed to being unable to keep a 100 % sterile
environment in the UV-Vis spectrometer, and there is possible growth of some contaminant in

the media. Regardless the AUMNPs did not aggregate in the cell culture media.
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Figure 3.21. The final stability trial completed with AUMNPSs is presented. Here the AUMNPS were suspended in a solution
of DMEM containing 10 % fetal bovine serum (FBS), 1 % L-glutamine and 1 % penicillin streptomycin..

3.6 Conclusion

In summary, a synthesis for 50 nm AuMNPs has been developed, following several different
experimental procedures in an attempt to achieve a spherical nature to the nanoparticles, with
an average size of 45 nm £11 nm. Purification of the nanoparticles has been partially achieved,
using magnetic purification it is possible to remove any non-magnetic particles, such as pure
gold nanoparticles, which are produced when HAUCI4 is reduced in the synthesis solution. In
addition to this centrifugation at 1500 rpm for 2 hrs has shown to decrease some of the excess
iron which was found to be present in the solutions after purification by TEM. Many other
purification techniques such as column purification, density gradient centrifugation and
filtration were attempted but were unsuccessful in separating the iron, and more often caused
aggregation of the AUMNPSs, or caused the AUMNPs to irreversibly bind to the purification
substrates. Whilst some of the iron is removed from solution, iron does still remain which will
need to be assessed for any issues this may cause in cell viability experiments. Finally the
purified AUMNPs were tested for their stability in various solutions, showing stability in dH2O,
50 mM phosphate buffer, sodium citrate, DMEM, various pH altered solutions, various

solutions stored at differing temperatures and solutions of varying concentrations of NaCl. The
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AUuMNPs did however show aggregation in solutions of PBS, solutions of NaCl with
concentrations of 500 mM and above, solutions stored at -20 C and solutions of sodium citrate
pH altered to 3 and below. This work indicates that the AUMNPSs synthesised can go on to be

used in cell viability experiments for assessing the initial use of MNDEPT as an anti-cancer
treatment.
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Chapter 4.
Cell Penetrating Peptides

Some of the data discussed in chapter 4 can be found in the following publications:

Time dependent HPL.C analysis of the product ratio of enzymatically reduced prodrug
CB1954 by a modified and immobilised nitroreductase

European Journal of Pharmaceutical Sciences 127 (2019) 217-224.

Patrick Ball, Emma Thompson, Simon Anderson, Vanessa Gwenin, Chris Gwenin.

Cell penetrating peptides as a tool for the cellular uptake of a modified nitroreductase
for use in Directed Enzyme Prodrug Therapy

Submitted to The Journal of Controlled Release for peer review.

S.D. Anderson, P. Ball, V.V. Gwenin, R.J. Hobbs, L.A. Bennie, J.A. Coulter, C.D. Gwenin.
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4.0 Introduction

Nitroreductase enzymes have shown their potential as effective agents in a range of DEPT
treatments that have already been devised.’* Much research has been done into finding the
most efficient way to transfer enzymes into a tumour site, be it delivery with an antibody,>® or
using a virus to deliver a gene coding for a prodrug activating enzyme to a tumour, for later
expression at the tumour site.”® Despite this there is still one major barrier/ obstacle that must
be addressed when attempting these medical treatments, and that is providing a method to
efficiently enter into a cell through the cell membrane, without losing the cargo to the cell’s

endo-lysosomal system.

CPPs offer this modality to enter a cell without disruption of the cargo.® Many CPPs have been
investigated for their properties, with a variety of CPPs being discovered as naturally occurring;
such as the TAT peptide from HIV-11° or have been synthesized based on natural CPPs; such
as the poly-arginine family,*-*2 whilst others are chimeric, that is constructed from 2 separate
CPPs; for example the PEP family of CPPs.**2° These CPPs have already demonstrated their
ability to aid in the uptake of a variety of cargos such as; nucleic acids,®" proteins!®® and
quantum dots.?2! It is unclear however if the CPPs will possess the ability to conjugate to the
nitroreductase enzyme that are desired for use in MNDEPT and if they will conjugate what
effect they may have on the nitroreductases ability to reduce the CB1954 prodrug or on the
product formation from the prodrug. Here the CPPs HR9 and Pep-1 (amino acid sequences are
presented in table 4.1) were conjugated to the genetically modified NfnB-Cys and YfkO-Cys
nitroreductases, and upon successful conjugation what effect this has on the enzymes ability to
reduce the CB1954 prodrug and the hydroxylamine product formation, as well as examining
how this conjugation effects the enzymes kinetic profile using Michaelis-Menten kinetic
analysis of the enzyme-prodrug systems.

Table 4.1. The amino acid sequences of the 2 CPPs being examined in this work,

CPP Amino acid sequence
HR9 | HCCCCCCRRRRRRRRRCCCCCCH
Pep-1 KETWWETWWTEWSQPKKKRKV
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HPLC is an analytical technique used to separate and identify different components of a liquid
mixture, the technique involves using a pump to pass the liquid through a column containing
an adsorbent medium. Different components will interact slightly differently with the adsorbent
material, and can be displaced from the medium by using various solvent gradients. The
materials then pass through the column and are scanned by UV-Vis at varying wavelengths.
The time at which a material elutes off the column is known as the retention time. Here the 2-
and 4 -NHOH products have different retention times of roughly 9-10 minutes for the 2-NHOH
and roughly 5 minutes for the 4-NHOH. A typical chromatogram of an NfnB-Cys reaction with
CB1954 is presented in Figure 4.1. The product ratios for NfnB-Cys and YfkO-cys when
reacted with CB1954 are presented in table 4.1, the ratio for NfnB-Cys of 2-:4-NHOH is 32:68,
whilst for YfkO-Cys the ratio is 1:99. This shows a considerable difference between the 2
enzymes, and would indicate that YfkO-Cys is the preferential choice of enzyme as it produces
primarily the product that becomes the DNA cross reacting species desired for anti-cancer
therapy.
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Figure 4.1. A typical chromatogram of an NfnB-Cys reaction with CB1954 analysed by HPLC at a wavelength of 400 nm.
The retention times of the 2-and 4-NHOH are 9 minutes and 5 minutes respectively. The CB1954 is shown with 3 peaks with
the first peak showing a retention time of 11 minutes and the third peak showing a retention time of 13.5 minutes. The 2-and

4-NH2 final derivative product peaks are also shown having a retention time of 22 minutes and 14.5 minutes respectively.
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Michaelis-Menten Kinetics are used to assess and describe the rate of enzymatic reactions by
relating the rate of reaction (v) to the concentration of substrate (S).**#4 The formula for
deriving the rate of reaction is given as:

b Vmax[S]

Km + [S]
Where Vmax is the maximum rate achieved by the system when saturated with substrate. Km
is the Michaelis constant, which is the substrate concentration where the reaction rate is exactly
half of Vmax. When analysing data there are other functions that are looked at, with this first

one being; Kcat which is enzyme product turnover (measured per second: S™?).

The equation for determining Kcat is given as:

Vmax = Kcat|[E],
Where [E]o is initial enzyme concentration measured. The higher the Kcat number, the number
of substrates turned over in one second becomes higher. After determining Kcat, the enzyme
efficiency can be determined by the constant Kcat/Km measured per concentration per second
(here measured as: uMS1), which gives a measure of the catalytic efficiency of the enzyme
substrate system.

4.1 Expression, purification and characterization of a modified nitroreductase

The NfnB enzyme from E.coli has previously shown its ability to reduce the prodrug CB19542%
with a DEPT combination therapy reaching stage Il clinical trials.”?* In order for MNDEPT to
be successful the enzyme needs to be conjugated onto AUMNPS, in order to do this the nfnb
gene has been previously genetically modified to include 6 additional cysteine residues at each
N-terminus,?® these cysteine residues each include a sulphur atom. Sulphur forms very strong
bonds to gold, with a bond dissociation enthalpy somewhere in the region of 253.6 + 14.6 kJ
mol. 26 This high bond strength makes an Au-S bond ideal for conjugation of the enzyme to
AUMNPs.
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Figure 4.2. The pET-28a(+) plasmid vector site map, showing the LacL region, the kanamycin resistant gene, and the

restriction enzyme locations within the black arrow.?”-2

The modified nfnb-cys gene has previously been inserted into the pET-28a(+) plasmid vector
(see figure 4.2 for plasmid map) for expression.?>?*% The pET-28a(+) plasmid vector was
chosen for several reasons; firstly it contains antibiotic resistant genes towards kanamycin,?"%8
which enables selective growth on an agar plate that has been laced with kanamycin, ensuring
that only bacterial contain the pET-28a(+) plasmid grow. The second reason for the selection
of pET-28a(+) is that during enzyme expression, the plasmid codes for additional histidine
residues on the N-terminus end of the protein, which enables metal ion affinity chromatography
(IMAC) to be used to purify the protein.2*® The pET-28a(+) vector also contains the Lacl
repressor region, this region typically prevents the expression of the protein, however a trigger
of the lac operon can induce the expression of this gene. Typically within a cell, allolactose is
used as an inhibitor of the Lac repressor, however the binding of allolactose to the receptor can
be hydrolysed. due to this in molecular biology Isopropyl B-D-1-thiogalactopyranoside (IPTG)
can be used in place of allolactose.® It functions in much the same way, however it has a
sulphur atom which creates a non-hydrolysable chemical bond with the repressor, allowing for
continued enzyme expression. The plasmid also contains the T7 promotor region which is a

section with many different restriction enzyme sites,?"? this enables the insertion of a variety
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of different genes using different restriction enzymes, the T7 region also contains the

previously mentioned His-tag coding sites.

4.1.1 Enzyme expression

An agar plate which has E.coli Rosetta containing plasmids that code for a specific
nitroreductase has a colony picked and placed into a sterile glass vial containing 5 ml of
Lysogeny Broth (LB) media ( Tryptone 1 % w/v, NaCl, 1 % w/v, Yeast extract 0.5 % w/v) and
kanamycin (2.5 pl, 100 mg/ml). Rosetta E.coli is a strain of E.coli that has additional transfer
RNA molecules that are able to ‘recognise’ rarer codons for expression, which allows for the
expression of a wider variety of codons, that otherwise could not be expressed.* This inoculant
is vortexed for 16 hrs at 1500 rpm, to allow bacterial cell growth. The following day the
inoculant is added to 500 ml LB media containing kanamycin (250 pl, 100 mg/ml). The flask
is mixed constantly at 180 rpm at 37 "C. The growth of the expression is checked against a
reference using a colorimeter (SIS, WPA colour-wave), when the absorbance has reached 0.6,
IPTG (2 ml, 100 mM) is added to the flask to induce the expression of the nitroreductase. The
flask is left to mix at 37 "C for 4 hours. After the 4 hours the contents of the flask are centrifuged
at a speed of 8000 rpm, for 10 minutes at 4 "C, with the pellet being collected and stored at

-20 "C until needed for purification.

4.1.2 Enzyme purification

The frozen pellet from the enzyme expression is taken into imidazole (10 ml, 10 mM, pH 7.2)
and left to thaw at room temperature. Once the pellet has suspended it is transferred to a thick
walled glass vial and sonicated (40 % amplitude, 2 minutes, and 30 second pulse) to break
down the bacterial cell wall and other cellular structures to release the nitroreductase into
solution. This mix is then centrifuged (20,000 rpm, 1 hr, 4 "C) to pellet out the larger cell debris,
leaving the nitroreductase and other smaller cell proteins in the supernatant. The nitroreductase
is separated out from the other small cellular proteins using metal ion affinity chromatography
(IMAC) with Ni?* as the metal ion. As previously mentioned during the expression of the
nitroreductase, the pET28a+ plasmid vector adds an additional 6 histidine residues on the end
of each monomer. During IMAC these His-tags complex with the Ni?* as depicted in Figure
4.2, which allows the other cellular proteins to be removed by washing through with increasing
concentrations of imidazole (50-800 mM, 5 ml, pH 7.2). At higher concentrations of imidazole
the nitroreductases complexed to the Ni?* are replaced by the imidazole, flushing the
nitroreductase out of the column. Following IMAC, the nitroreductases are subjected to a PD10

95



sephadex column to remove final impurities and allow a media change from imidazole, to
phosphate buffer (50 mM, pH 7.4).
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Figure 4.3. The Ni?*used in IMAC, shown not complexed (left) and complexed to 2 histidine residues (right).

4.1.3 Bradford enzyme concentration determination
Post purification the enzyme concentration is assessed using the Bradford assay. This assay
uses the dye Coomassie Brilliant Blue G-250 (figure 4.4), which exists in 3 different coloured

states depending on its charge; cationic (red), neutral (green), anionic (blue).*®
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Figure 4.4. Coomassie Brilliant Blue G-250 stain, the binding dye used in the Bradford assay.

The dye interacts with proteins through Van der Waals interactions which causes the native
state of the protein to be interrupted exposing hydrophobic pockets within the tertiary structure
of the protein. The tertiary pockets bind to the dye causing a shift in charge from cationic to
anionic, causing a colour change in the dye from red to blue. This anionic bound form of the
dye, which is held to the protein through hydrophobic and ionic interactions, can be measured
quantitatively through the dyes absorption at 595 nm.** The absorbance of the dye at 595 nm
is proportional to the amount of protein in a sample. Here the nitroreductase concentration is

measured by using the Bradford assay to determine an absorption value of the dye, which is
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then compared to a calibration standard of know concentrations of Bovine Serum Albumin
(BSA). Typical concentrations of NfnB-Cys and YfkO-Cys achieved are in the range of 5-9

mg/ml and 2-7 mg/ml, respectively.

4.1.4 Enzyme characterization using gel electrophoresis

A technique that is used for protein analysis is sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), a technique that can separate proteins based on each proteins
molecular weight.*>3¢ The main principal of the technique is the creation of an acrylamide
based porous gel, with pore size varying dependant on the ratio of Bis-acrylamide used in the
gel production, with different percentages of acrylamide allowing for separating of different
ranges of proteins, for example 10 % gels can cover 1-100 kDa,*® whilst 16 % gels can cover
1-70 kDa proteins.®® The acrylamide is oxidised to produce a 3D polymer, which forms the
basis of the gel.3” SDS is an anionic detergent used in the gel to destabilized the chemical
interactions such as hydrogen-bonding, hydrophobic and ionic interactions that make up the
three-dimensional structures of the protein,3® which causes the protein to linearize for more
fluid migration through the gel. Additionally, prior to being placed into the gel the protein mix
can be denatured using a combination of high temperature (95°C) and a chemical such as
B-Mercaptoethanol to break di-sulfide bridges.®*® An SDS-PAGE gel runs vertically, with the
cathode at the top of the gel and anode at the bottom. When the protein is placed into a gel and
has a negative charge, the passing of an electrical charge across the gel causes the negative
proteins to migrate through the gel towards the cathode, with small proteins being able to
navigate through the gel matrix easier, and quicker than larger proteins, causing a separation
of proteins based on their molecular weight. Typically an SDS-PAGE gel consists of 2 parts: a
stacking and resolving gel.®>3® The stacking gel is on top of the resolving gel,*® and is of a
lower acrylamide percentage than the resolving gel, this gel is designed to stack proteins of
similar weights together before they move onto the resolving gel.*® Which is designed for final

protein separation, this dual gel allows for more efficient protein separation. 33640

4.1.4.1 NfnB-Cys/ YfkO-Cys SDS-PAGE gel

To produce a SDS-PAGE gel, a 12 % resolving gel is required with a 5 % stacking gel, the
stacking gel is placed on top of the resolving gel, with the purpose being to stack similar
weighted proteins together which are then separated in the resolving gel.*” The resolving gel
was made by mixing ddH20O (2.1 ml), Bis-acrylamide (1.5 ml, 40 %), SDS (50 ul, 10 %),
Ammonium persulfate (APS) (50 ul, 10 %) and Tris-HCI (1.25 ml, 1.5 M, pH 8.8). The
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polymerising of the Bis-acrylamide started upon the addition of TEMED (Tetramethyl
ethylenediamine) (5 pl), this mixture was then quickly placed into a cast and had butanol
saturated water placed on top to allow the gel to set with a flat top, for the later addition of a
stacking gel. When the resolving gel set, a stacking gel was made by mixing ddH.O (1.455 ml),
Bis-acrylamide (250 pul, 40 %), SDS (20 ul, 10 %), APS (20 ul, 10 %) and Tris-HCI (250 pl, 1
M, pH 6.8), as before the addition of TEMED (5 pul) to the mixture began the polymerization
process, this gel mixture was quickly pipetted into the cast on top of the resolving gel, and a
comb was placed on top of the gel before it has set, to allow the gel to set with gaps formed by
the comb, which become wells for placing protein samples. When the entire is set, the gel is
placed into a running tank which is filled with a SDS running buffer (Tris 3 g, glycine 14.4 g,
SDS 1 g, made to 1 L with ddH-0).

The samples to be run through the gel are prepared by mixing the sample with a 2x loading
buffer, which is made by mixing; Tris-HCI (1 ml, 100 mM, pH 6.8), SDS (4 ml, 10 %) glycerol
(4ml, 50 %) bromophenol blue (500 pl, 1 % ) and made up with ddH20 (9.7 ml). The dye is
placed into 970 pul aliquots and has 30 ul of B-Mercaptoethanol added when it is required. 10
ul of loading dye is mixed with 20 pl of protein sample and heated at 95 °C for 5 minutes to

denature the protein structure.

For the NfnB-Cys purification, 20 pl of each imidazole concentration used for elution of the
protein is mixed with 10 pl of loading dye and heated at 95 °C for 5 minutes. Then 15 pl of a
sample was placed into each well of the SDS-PAGE gel which had been previously placed into
the running tank. A protein ladder of known molecular weights was placed in one lane to act
as areference sample. The gel was run at 100 V until the samples had migrated partially through
the stacking gel and the protein ladder could be seen to be separating, after this the voltage was
increased to 200 V and the gel was left to run for 40 minutes, or until the ladder had reached
the bottom of the gel. After running, the gel requires characterization by staining with
Coomassie Brilliant Blue (Coomassie Brilliant Blue 250 mg, methanol 45 ml, ddH20 45 ml,
glacial acetic acid 10 ml). The gel was carefully removed from the cast and placed into a flat
bottomed container and was covered with the stain until the stain just covered the gel, this was
left on the gel for 1 hour. After 1 hour the stain is removed and de-stain (IMS 200 ml, ddH.O
500 ml, glacial acetic acid 100 ml) is added to the container. De-stain is changed after one
hour, then the gel was left stain overnight, with de-stain being removed the following day and

the gel is able to be analysed for the protein molecular weight.
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Figure 4.5 is the SDS-PAGE gel of an NfnB-Cys purification, with the dimeric and monomeric
units being circled in yellow. The monomer has a molecular weight of approx. 27.3 kDa giving
a dimeric weight of 54.6 kDa.*® The gel aligns with these weights.

Figure 4.5. NfnB-Cys purification SDS-PAGE, the NfnB-Cys elutes strongest in 500 mM imidazole, with the gel image
showing some NfnB-Cys has denatured into the monomeric units, which when referenced against the protein ladder have a
molecular weight approx. 27.3 kDa, with the dimer having a molecular weight of around 54 kDa, both of these are
referenced against the reported literature weight of NfnB-Cys of 54.6 kDa.°

The purification and SDS-PAGE gel of YfkO-Cys was carried out as described for NfnB-Cys,
the SDS-PAGE gel of YTkO-Cys is presented in Figure 4.6. Here the monomer band is placed
around 30 kDa against the protein ladder reference, with the dimer band being around 60 kDa.
These weights are referenced against the reported literature weights for YfkO,*' with

compensation being made for the cysteine and histidine tags.

Figure 4.6. YfkO-Cys SDS page gel. Here the YfkO-Cys elutes strongest in the 500 mM imidazole fraction. The monomer can
be seen to have a molecular weight of around 30 kDa with the dimer having a molecular weight of around 60 kDa, these
match up with literature values for the molecular weight of YfkO, with the Cys and His tags being compensated for.*!
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4.2 Enzymatic activity of modified nitroreductase

After purification and SDS-PAGE characterization, the NfnB-Cys and YfkO-Cys enzymes
needs to be assessed for its activity towards the CB1954 prodrug, in order to confirm that the
enzyme has actually been successfully synthesised, and to continue further work with the
enzyme.

The activity of the enzyme is assessed by UV-vis spectroscopy, measuring the wavelengths
from 200-800 nm every 90 seconds for 15 minutes. In the reference cuvette NfnB-Cys (25uM)
is mixed with NADH (300 pM), DMSO (10 pl) to act as the CB1954 blank, and is made up to
1 ml with 50 mM phosphate buffer (pH 7.2). The sample cuvette under test is made up exactly
the same minus the 10 pl of the DMSO, leaving the final volume at 990 pl. The sample is
scanned against the reference following the 250-500 nm scan over 90 seconds to establish a
baseline of the reaction. After the first scan CB1954 (10 pul, 10 mM) is added to the sample
cuvette, after which the UV spectra of the cuvette is measured every 90 seconds. Figure 4.6 is
a UV-Vis spectra of the activity of the NfnB-Cys enzyme. The spectra demonstrates a drop in
absorbance over time at 340 nm, and an increase in absorbance over time at 420 nm, these
relate to the NADH being consumed in the reaction?®% and the hydroxylamine being produced
respectively.?° Full spectrum (200-800 nm) wavelength scans were also carried out on the
controls; CB1954, NADH, NfnB-Cys and DMSO for comparison to the enzymatic activity

scans.
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Figure 4.7. The UV-Vis spectra of the enzymatic activity assay of NfnB-Cys (25 pg/ml) with CB1954 (100 uM) and NADH
(300uM) over 15 minutes, with the spectra (250-500 nm) being measured every 90 seconds. The drop in absorbance at 340
nm is the consumption of NADH whilst the increase in absorbance at 420 nm is the formation of the hydroxylamine
products.
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The YTkO-Cys enzyme was also tested for its ability to reduce the CB1954 prodrug, similarly
to the NfnB-Cys the YfkO-Cys was examined by UV-Vis spectroscopy, using the same
concentrations of enzyme, NADH and CB1954 as previously stated. Figure 4.8 is the spectra
for the YTkO-Cys activity scan, as before this spectra demonstrates a drop in absorbance at 340
nm over time and an increase in absorbance at 420 nm, following the same trend as the NfnB-

Cys indicating the NADH being consumed, forming the CB1954 hydroxylamine reduction

products.
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Figure 4.8. The UV-Vis spectra of the enzymatic activity assay of YfkO-Cys (25 pg/ml) with CB1954 (100 uM) and NADH
(300uM) over 15 minutes, with the spectra (250-500 nm) being measured every 90 seconds. The drop in absorbance at 340
nm is the consumption of NADH whilst the increase in absorbance at 420 nm is the formation of the hydroxylamine
products.

4.3 Reaction profile of modified nitroreductase

CB1954 can be reduced to one of 2 products: 2-hydroxyalmine and 4-hydroxylamine
derivatives. These products are produced at different ratios, depending on the enzyme reducing
the CB1954.2% High Performance Liquid Chromatography (HPLC) can be used to examine the
product different retention times, and to determine a ratio of the 2:4 NHOH based on the area

under each peak.*?

Samples to be run on HPLC were prepared in a 15ml falcon tube covered in foil as follows:
NADH (120 pl, 10 mM) NTR (116 pg/ml), CB1954 (20 pl, 50 mM) and made to a final volume
of 1080 pl using PB (50 mM, pH 7.2). This mixture was incubated at 25 "C for 30 min, being
degassed under nitrogen (g) for the final 15 min of the reaction. 750 pl of the de-gassed reaction
was placed into a chromacol select 2 ml vial (2-SVW8-CPK) and placed into the HPLC
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machine. The solvent mixture was an acetonitrile/water at a 10:90 ratio, with the acetonitrile
increasing at 1 % per minute. After the HPLC had been running for 20 minutes the acetonitrile
concentration was increased to 40 % per minute, and further increasing to 100 % acetonitrile
after 22 min. Eluents were scanned at 420 nm with product peaks being identified upon
comparison with reagent standards run before the reaction, following the same protocol. Ratios
of the 2- and 4-hydroxylamine products were determined at 420 nm, where both products have
equal absorbance.® The HPLC produces chromatogram which is then exported to Microsoft
excel, where the data can be graphically analysed, and the product ratios can be determined.
These product ratios for CB1954 reacting with NfnB-Cys and YfkO-Cys are presented in Table
4.2. As well as running a reaction mixture through HPLC, control runs were performed of

CB1954, NADH, DMSO and enzyme for comparison to the final chromatogram.

Table 4.2. The ratio of 2:4 NHOH products produced after a 30 minute reaction time for the NfnB-Cys and YfkO-Cys
enzymes, reaction product ratios were determined using HPLC.

Enzyme 2:4 NHOH ratio

NfnB-Cys 32:68
YTkO-Cys 1:99

To determine the Michaelis-Menten kinetic parameters of CB1954 when using NfnB-Cys or
YTtkO-Cys, product formation at 420 nm was measured over time. In each well of the 96-well
plate, CB1954 (5 u/, 0.1-10 mM), NADH (20 ul, 20 mM) and PB (50 mM, pH 7.2) were
combined and incubated at 37 “C for 3 minutes before the purified NTR (/0 ug/ml) was added.
The Dimethyl sulfoxide (DMSO) solvent concentration was always kept constant at 5 % v/v to
avoid any negative effect.*? The amount of hydroxylamine product produced per second was
determined by using the change in absorbance over 20 seconds and the hydroxylamine
product’s molar extinction coefficient (¢ = 71200 M cm™ at 420 nm).1230424547 The data
gathered was transferred to SigmaPlot where a non-linear regression tool was used to generate
a Michaelis-Menten hyperbolic curve and a report containing the kinetic information of the
system under test. The Michaelis-Menten kinetics for NfnB-Cys and YfkO-Cys are presented
in Table 4.3.
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Table 4.3. Michaelis-Menten kinetic data obtained for the NfnB-Cys and YfkO-Cys enzymes, obtained by varying the
concentration of CB1954 using NADH as the cofactor.

Vmax Kcat Aol
(UMS™) (s Km (uM) | Kcat/Km (uMS)

NfnB-Cys | 19+1.3 |55+0.67 | 5000+700 | 0.01089+3.8x1073
YfkO-Cys | 6.5+1.2 | 39+0.89 | 830+250 | 0.04714+3.6x107

Enzyme

The data obtained for the Michaelis-Menten kinetics for the enzyme-substrate systems of
NfnB-Cys and YfkO-Cys with CB1954 give some interesting results. The initial discussion
point is the comparison of Vmax (maximum rate of the system), here NfnB-Cys presents a
Vmax of 19.37 uMS?, whilst YTkO-Cys presents a Vmax of 6.53 pMS* almost 3 times lower
than NfnB-Cys. However the Km of YfkO-Cys is 834 pM, 6 times lower than the Km value
of 5078.37 uM obtained for NfnB-Cys. The same trend is observed for the Kcat values of both
enzymes, with NfnB-Cys having a Kcat value of 55.34 S** compared to YfkO-Cys having a
value of 39.33 S, This trend is not observed when examining the Kcat/Km values for the 2
enzymes, in fact the catalytic efficiency of 0.04714 pMS for YTkO-Cys demonstrates a value
almost 5 times more efficient than the value obtained for NfnB-Cys of 0.01089 puMS?,
indicating YfkO-Cys is a much better option for use in combination with the CB1954 prodrug,

based on kinetic data.
4.4 Conjugation of CPP with modified nitroreductase

As mentioned one of the key features that most therapeutic moieties need is the function to
uptake into cells, quickly and efficiently. CPPs can be conjugated to a variety of materials and
have been shown to increase the cellular uptake of nucleic acids,'®1"484° proteins!>50 and
nanoparticles.t”2%51:52 CPPs can be conjugated to materials at a variety of ratios non-covalently
by incubation at temperatures ranging from ‘room temperature’ to 37 ‘C,*?14 or can be

conjugated covalently chemically with the incorporation of thiol groups.>3-°

Typically, conjugation of materials to CPPs can be measured using gel retardation
techniques,?**® with conjugation to materials such as quantum dots being detected using
fluorescence imaging.?>® Here however, neither the CPP or nitroreductases possess natural
fluorescence properties, as such it was determined the best way to establish if CPP conjugation
onto the nitroreductases was successful was to use coomassie blue staining as done with the

previously described SDS-PAGE analysis.
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Native PAGE gels were used to attempt to prove a successful conjugation between the NfnB-
Cys and HR9. Native gels were prepared as described in section 4.1.4.1 with the exception that
no SDS was used in the preparation, and the sample loading dye contained no SDS or -
Mercaptoethanol. Further to this the samples were not heat treated prior to being run on the
gel. Figure 4.9 is an image of a native PAGE gel run testing the conjugation between NfnB-
Cys and HRO.

R9 1:.60 1:40 1:20 1:10 1:1 NfnB-cys
-
! ¥ .

"""""""""""""""""""""""""""""""""""""""""" 55.6 kDa

Figure 4.9. An image of the native PAE gel run on the conjugation of NfnB-Cys with HR9 at varying ratios

This gel had unconjugated NfnB-Cys in the far right hand lane with an increasing ratio of HR9
up to just HR9 moving right to left. Here there is an indication that the HR9 is conjugating to
the NfnB-Cys by the bands ‘laddering’ up the gel moving right to left, however at ratios above
1:20 there is no protein band present indicating that the conjugate is possibly unable to enter
the gel, possibly due to either pore size or more realistically the pH and/ or charge of the gel
prevented any migration into and through the gel. Another method was required to fully analyse
the conjugation between NfnB-Cys and HR9.

As previously mentioned typically when proteins are characterised by gel electrophoresis,
SDS-PAGE techniques are used, however for the conjugation of CPPs to nitroreductases an
agarose gel would be better for determining successful conjugation. This is because the gel is
horizontal, as such the wells for sample placement can be placed in the middle of the gel, which
would allow differently charged proteins to travel in different directions, and then be stained
as previously described. Also agarose gels contain no denaturing products, so the CPP:NTR
conjugates could be examined in their native states. If conjugation was successful it would be
expected that as the ratio of CPP increased, the conjugate would have its migration through the

gel retarded more and more, showing a gradient effect of movement.
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Here a 0.5 % agarose gel was made by dissolving 0.5 g of agarose in 100 ml TBE buffer (Tris-
base 10.8 g, boric acid 5.5 g, EDTA 4 ml, 500 mM, made up to 1 L, pH 8), and heated to ensure
full dissolution of the agarose, taking care not to boil and degrade the agarose. The solution
was poured into a cast with a comb used to create wells during the gel’s setting process. To
prepare samples, NfnB-Cys or YfkO-Cys was mixed with varying volumes of either HR9 or
Pep-1 to create ratios ranging from 1: 0.1 (NTR:CPP) to 1:15. These samples were then placed
into a heat block at 37 °C for 30 minutes. After 30 minutes the samples were removed and then
individually mixed with a native, non-denaturing loading dye (Tris-HCI 1 ml, 100 mM, pH 6.8,
glycerol 4ml, 50 %, bromophenol blue 500 pl, 1 % and made up with ddH>0 9.7 ml). Each
sample was placed into a well (with the volume differing for each well, as to ensure identical
nitroreductase concentration in each well), so that from left to right was unconjugated enzyme,
leading through an increasing ratio of CPPs and finally unconjugated CPP, (the unconjugated
enzyme and CPP were also subjected to being heated at 37 “C for 30 minutes). The gel was
then placed into a running tank and covered with TBE running buffer, the gel was run for 1
hour at 100 V. After this time, the gel was removed from the tank, placed into a container,
covered with Coomassie Brilliant Blue stain and left staining overnight. The following day the
stain was carefully removed from the gel, and de-stain was poured onto the gel (IMS 200 ml,
ddH20 500 ml, glacial acetic acid 100 ml). The de-stain was changed whenever it became
saturated with dye. When the dye had been sufficiently removed from the gel, and the stained
proteins could be viewed, the gel was photographed, and any movement of the conjugates

through the gel could be determined.

Figure 4.10 is the agarose gel analysis of NfnB-Cys conjugating with HR9, it can be observed
in this gel that the unconjugated NfnB-Cys migrates towards the bottom of the gel (the cathode)
whilst the unconjugated HR9 migrates heavily towards the anode. As the ratio of NfnB-Cys
conjugated to the HR9 increases, the conjugates migration through the gel is retarded, as the
ratio increases, a point is reached where the charge from the CPPs is able to overcome the
opposite charge from the NfnB-Cys causing the conjugate to remain in the well, it is possible
that at a higher ratio the conjugate would migrate towards the anode. When mixed together,
the ratio of NfnB-Cys and HR9 in each mixture was calculated to be what is presented on the
gel image, however it is feasible that there are a variety of ratios within each mixture, but with
the majority of ratios being the desired ratio. This range of ratios would cause a slightly
different overall charge for conjugates with varying ratios. This slight charge difference would

cause the different ratio conjugates to migrate at different rates though the gel, this could
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explain the streaking effect seen in all the gels, (note that there is no streaking observed in the

unconjugated enzyme sample wells).

Figure 4.10. The agarose conjugation gel of NfnB-Cys and HR9, the left hand lane is unconjugated NfnB-Cys, with the lanes
running left to right having conjugates with an increasing HR9 ratio up to 1:15, the final lane is unconjugated HR9..

This conjugation analysis was repeated using Pep-1, the resulting gel is presented in Figure
4.11 on the following page, and here the gel shows a similar effect as in Figure 4.10, whereby
the ratio of Pep-1 increases the conjugates migration through the gel is retarded. When the ratio
increases to 1:5 the migration to the bottom of the gel (the anode) is almost non-existent with
the conjugate starting to show migration towards the top of the gel (the cathode). This change
in migration observed is due to the charge of the conjugate reversing from the build-up of CPP.
As the ratio increases to 1:10 and 1:15 the conjugate migrates even further towards the cathode.
Both Figure 4.10 and Figure 4.11 confirm that HR9 and Pep-1 can conjugate successfully onto
NfnB-Cys.

Figure 4.11. The agarose conjugation gel of NfnB-Cys and Pep-1, the left hand lane is unconjugated NfnB-Cys, with the
lanes running left to right having conjugates with an increasing Pep-1 ratio up to 1:15, the final lane is unconjugated Pep-1.
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YTkO-Cys was also examined for its ability to conjugate with the CPPs: HR9 and Pep-1. The
gels were repeated following the same protocol that was used for NfnB-Cys. Figure 4.12 is an
image of the agarose conjugation gel of YfkO-Cys:HR9, again here the same trend observed
with NfnB-Cys conjugated to CPPs can be observed with YfkO-Cys:HR9. However here the
conjugate’s migration through the gel is retarded at a much lower ratio (1:0.2), and at ratios
1:10 and 1:15 the conjugate migrates towards the cathode, in the same manner as unconjugated
HR9.

Figure 4.12. The agarose conjugation gel of YfkO-Cys and HR9, the left hand lane is unconjugated YfkO-cys, with the lanes
running left to right having conjugates with an increasing HR9 ratio up to 1:15, the final lane is unconjugated HRO.

The final conjugation gel is YfkO-Cys:Pep-1, this gel is presented in Figure 4.13 on the
following page, here there is a demonstration of the effect seen in the other gels, where the CPP
retards the migration of the conjugate. However the effect is not as pronounced as with the
other conjugates. It can be observed that at ratios 1:5, 1:10 and 1:15 there is migration towards
the cathode, however most lanes still show protein migration towards the anode. As the ratio
increases the intensity of the bands decrease, since the concentration of nitroreductase was kept
constant in each well, this can lead to the conclusion that the CPP is conjugating to the
YTkO-Cys, however it is possibly not conjugating across all the YfkO-Cys molecules, which
is why there is still YfkO-Cys observable migrating towards the anode at the higher CPP

concentrations.
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Figure 4.13. The agarose conjugation gel of YfkO-Cys and Pep-1, the left hand lane is unconjugated YfkO-cys, with the
lanes running left to right having conjugates with an increasing Pep-1 ratio up to 1:15, the final lane is unconjugated Pep-1.

It has been demonstrated that both the enzymes: NfnB-Cys and YTkO-Cys can successfully
conjugated onto the CPPs; HR9 and Pep-1. Each of the NTR:CPP conjugates show a different
ratio required to overcome the nitroreductases negative charge to cause the conjugate to migrate

towards the cathode.
4.5 Enzymatic activity of NTR:CPP conjugate

It has been established that NfnB-Cys and YTkO-Cys can successfully conjugate to the cell
penetrating peptides; HR9 and Pep-1, however one important factor needed to be assessed if
work with the CPPs was to be completed. That is to examine any effect the conjugation of
CPPs has on the enzymatic activity of the enzyme, if the CPPs completely inhibited the activity
of the enzymes there would be little to no point using them. Enzymatic activity scans were
carried out as described in section 3.2 on the conjugates using the same ratios as for the gel
electrophoresis in section 3.4. These scans were done in triplicate for each NTR:CPP conjugate
for every ratio, and the change of absorbance at 420 nm was recorded for each ratio to be
examined against the change of absorbance at 420 nm for unconjugated enzyme.

108



0.07 u NfnB-Cys:HR9
u NfnB-Cys:Pep-1

1]

free 1-0.1ratio 1-0.2 ratio 1-1ratio 1-5ratio 1-10ratio 1-15 ratio
enzyme

Absorbance (a.u.)
o o o
S o o
w & ol

o
o
)

o
o
e

Figure 4.14. A comparison of the change of absorbance at 420 nm for NfnB-Cys conjugated to HR9 and Pep-1 at ratios
ranging from 1:0.1 to 1:15, as well as the change in 420 nm for unconjugated NfnB-Cys. The unconjugated enzyme has a
change in absorbance of 0.06, and all ratios up to 1:5 show little variance from this value. At 1:10 and 1:15 ratio the NfnB-
Cys:Pep-1 shows no change, whereas the NfnB-Cys HR9 shows a major drop in the change of absorbance.

Figure 4.14 is a graphical representation of the change of absorbance at 420 nm over time for
the NfnB-Cys enzyme and NfnB-Cys:CPP conjugates. The NfnB-Cys:Pep-1 conjugates show
no major change in absorbance across all ratios, whilst the NfnB-Cys:HR9 shows no major
change up to and including a ratio of 1:5, however above this ratio there is a considerable drop
in the change of absorbance seen, indicating that at these ratios the CPP is interfering with the

ability of the enzyme to produce the 2-and 4-NHOH reaction products.
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Figure 4.15. A comparison of the change of absorbance at 420 nm over time for YfkO-Cys conjugated to HR9 and Pep-1 at
ratios ranging from 1:0.1 to 1:15, as well as the change in 420 nm for unconjugated YfkO-Cys. Here both NTR:CPP
conjugates show and increase in the change of absorbance as the ratio of CPP increases up to a 1:1 ratio.

Figure 4.15 is a graphical representation of the change of absorbance at 420 nm over time
observed for various ratios of YfkO-Cys conjugated with HR9 and Pep-1. Both sets of
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conjugates at ratios up to and including 1:1 show a gradual increase in the change observed,
where the 1:5 ratios show a change of absorbance in the range observed for the unconjugated
YTkO-Cys. Above these ratios both conjugates follow the trends observed for the NfnB-
Cys:CPP conjugates; the YfkO-Cys:Pep-1 change of absorbance remains comparable to
unconjugated YfkO-Cys whilst the YfkO-Cys:HR9 shows a sharp drop in the change of

absorbance at a ratio of 1:10 and an almost non-existent change of absorbance at a ratio of 1:15.

Comparing both sets of data shows at lower ratios both NfnB-Cys and YfkO-Cys show
consistent changes of absorbance when conjugated to HR9 and Pep-1 at a ratio of 1:1, due to
this it was decided that continuing work with these systems was all to be carried out at a ratio
of 1:1 for both enzymes with both CPPs, However other future work could be carried out
examining which CPP ratio is the most ideal for cellular uptake and the ability for these ratios
to cause cell death in cell viability experiments.

4.6 Reaction profile of NTR:CPP conjugate

Once it had been established that NfnB-Cys and Y fkO-Cys still retain activity when conjugated
with HR9 and Pep-1 at a ratio of 1:1, the reactions profiles of the conjugates needed to be
established in the same way for the unconjugated NfnB-Cys and Y fkO-Cys described in section
3.3 using HPLC and Michaelis-Menten kinetics. HPLC was carried out as previously described
in section 3.3, samples to be run on HPLC were prepared in a 15 ml falcon tube covered in foil
as follows: NADH (120 pl, 10 mM) NTR/ NTR:CPP (116 pg/ml), CB1954 (20 pl, 50 mM) and
made to a final volume of 1080 pl using PB (50 mM, pH 7.2). This mixture was incubated at
25 °C for 30 min, being degassed under nitrogen (g) for the final 15 min of the reaction. 750 pl
of the de-gassed reaction was placed into a chromacol select 2 ml vial (2-SVW8-CPK) and
placed into the HPLC machine. The solvent mixture was an acetonitrile/water at a 10:90 ratio,
with the acetonitrile increasing at 1 % per minute. After the HPLC had been running for 20
minutes the acetonitrile concentration was increased to 40 % per minute, and further increasing
to 100 % acetonitrile after 22 mins. Eluents were scanned at 420 nm with product peaks being
identified upon comparison with reagent standards run before the reaction, following the same
protocol. Ratios of the 2’ and 4’-hydroxylamine products were determined at 420 nm, where

both products have equal absorbance.!
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Conjugate 2:4 NHOH ratio
NfnB-Cys:HR9 36:64
NfnB-Cys:Pep-1 35:65
YfkO-Cys:HR9 4:96
YTkO-Cys:Pep-1 7:93

Table 4.4. The ratio of 2:4 NHOH products produced after a 30 minute reaction time for the NfnB-Cys:HR9, NfnB-Cys:Pep-
1, YfkO-Cys:HR9 and YfkO-Cys:Pep-1 NTR:CPP conjugates, reaction product ratios were determined using HPLC.

The 2-:4-NHOH product ratios obtained for the HPLC reactions of NfnB-Cys and YfkO-Cys
with HR9 and Pep-1 are presented in Table 4.3. It can be seen that NfnB-Cys when conjugated
with HR9 and Pep-1 at a 1:1 ratio produces a product ratio of 36:64 and 35:65 respectively.
For YfkO-Cys when conjugated with HR9 and Pep-1 the ratios produced are 4:96 and 7:93
respectively. These show slight change from the unconjugated enzymes, both for NfnB-Cys
and YfkO-Cys, the ratios of the conjugated and unconjugated enzymes are presented for
comparison in Table 4.5, the biggest deviation from the unconjugated ratio is for
YTkO-Cys:Pep-1 where the ratio changes from 1:99 for unconjugated YfkO-Cys to 7:93 for
the conjugated. However all of the conjugates show no major deviation from the ratios obtained
for the unconjugated enzymes, and this change is probably due to the CPPs causing slight
conformational changes to the structure of the enzymes, which has previously been shown to

cause a change in the ratio obtained.?®

Table 4.5. A comparison of the CB1954 reaction product ratios of the unconjugated enzymes; NfnB-Cys and YfkO-Cys
compared when conjugated with the cell penetrating peptides; HR9 and Pep-1.

Enzyme/ Enzyme

2:4 NHOH ratio

Enzyme/ Enzyme

2:4 NHOH ratio

CPP conjugate CPP conjugate

NfnB-Cys 32:68 YTkO-Cys 1:99
NfnB-Cys:HR9 36:64 YfkO-Cys:HR9 4:96
NfnB-Cys:Pep-1 35:65 YTkO-Cys:Pep-1 7:93

To determine the Michaelis-Menten kinetic parameters of CB1954 when using NfnB-Cys:CPP
or YfkO-Cys:CPP conjugates, product formation at 420 nm was measured over time. In each
well of the 96-well plate, CB1954 (5 u/, 2-100 mM), NADH (20 ul, 20 mM) and PB
(50 mM, pH 7.2) were combined and incubated at 37 "C for 3 minutes before the purified NTR
(50 ug/ml) was added. The Dimethyl sulfoxide (DMSO) solvent concentration was always kept
constant at 5 % v/v to avoid any negative effect.*> The amount of hydroxylamine product
produced per second was determined by using the change in absorbance over 20 seconds and

the hydroxylamine product’s molar extinction coefficient (¢ = 7200 M cm? at 420

nm).l’2'30’42’45_47

111



The data gathered was transferred to SigmaPlot where a non-linear regression tool was used to
generate a Michaelis-Menten hyperbolic curve and a report containing the kinetic information
of the system under test. It is of note that there were slight changes made between this protocol
and the protocol discussed in section 3.3, the changes were an increase prodrug and enzyme
concentration used, and due to this only the enzyme efficiency (Kcat/Km) can be directly

compared to the unconjugated enzymes.

Table 4.6 is the data obtained for the Michaelis-Menten kinetic analysis of the NfnB-cys and
YTkO-Cys CPP conjugates.

Table 4.6. Michaelis-Menten kinetic data obtained for the NfnB-Cys:HR9, NfnB-Cys:Pep-1, YfkO-Cys:HR9 and YfkO-
Cys:Pep-1 NTR:CPP conjugates, obtained by varying the concentration of CB1954 using NADH as the cofactor.

. Vmax | Kcat (S -1g-1
Conjugate (UIMS) 1y Km (uM) | Kcat/Km (UM™S)
NMB- | 80+1.4 | 9.1+0.82 | 3400£900 | 0.00263+4.6x10*
Cys:HR9
NMB- | 74+1.2 | 8.4£0.73 | 2400700 | 0.00354+6.5x10*
Cys:Pep-1
YO | 53411 | 5.740.56 | 2000+600 | 0.00278:5.6x10*
Cys:HR9
Yfko- 4
_ 55415 | 5.9+0.68 | 2400600 | 0.00250+4.8x10
Cys:Pep-1

Here both the NfnB-Cys conjugates have Vmax values obtained being: 7.98 uMS™ and 7.43
uMS? for NfnB-Cys:HR9 and NfnB-Cys Pep-1 respectively, which shows a slightly higher
maximum rate for the HR9 than Pep-1 when conjugated to NfnB-Cys. The YfkO-Cys
conjugates have Vmax values as follows: 5.25 uMS™ and 5.47 uMS™* for YfkO-Cys:HR9 and
YTkO-Cys Pep-1 respectively, which shows a slightly higher maximum rate for the Pe-1 than
HR9, which is contrary from the NfnB-Cys systems. However it does show that both NfnB-
Cys conjugate systems have a higher Vmax than both YfkO-Cys conjugate systems. The Km
value obtained for NfnB-Cys:HR9 is 3443.57 uM which is higher than the value of 2381.00
UM obtained for NfnB-Cys:Pep-1, which is to be expected based on the higher Vmax for the
NfnB-Cys:HR9 system. The same trend is observed for the YfkO-Cys conjugates with YfkO-
Cys:Pep-1 having a Km of 2376.91 uM, and YfkO-Cys:HR9 having a Km value of 2047.95
MM, where the YTkO-Cys:pep-1 system having a higher Vmax. Both NfnB-Cys conjugate
systems showed a higher Kcat than the YfkO-Cys conjugate systems, with values obtained of
9.06 St and 8.44 S for NfnB-Cys:HR9 and NfnB-Cys:Pep-1 respectively, whereas the YfkO-
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Cys conjugate systems obtained Kcat values of 5.70 S and 5.94 S* for YfkO-Cys:HR9 and
YTkO-Cys:Pep-1 respectively. The final set of data obtained for the conjugate systems is the
enzymatic efficiency (Kcat/Km), all systems had values similar to each other, except for NfnB-
Cys which had a value of 0.00354 uM*S, whilst the systems NfnB-Cys:HR9, YfkO-Cys:HR9
and YfkO-Cys:Pep-1 had values of 0.00263 uMS?, 0.00278 uMS? and 0.00250 uMS*
respectively. This data points to the conclusion that out of the 4 conjugate systems NfnB-

Cys:Pep-1 at a ratio of 1:1 is the most efficient at product turnover.

Table 4.7 is a comparison of the enzymatic product turnover efficiency (Kcat/Km) of the
unconjugated enzyme systems, with the NTR:CPP conjugate systems. The immediate piece of
information to point out is how drastically low the Kcat/Km values of the conjugate systems
are compared to the unconjugated systems. The NfnB-Cys:HR9 system shows 25 % of the
efficiency of the NfnB-Cys system, whilst the NfnB-Cys:Pep-1 system shows just over 33 %
of the efficiency of the NfnB-Cys system. Again the same is observed for the YfkO-Cys
conjugate systems, however the YfkO-Cys:HR9 and YfkO-Cys:Pep-1 show 5.8 % the
enzymatic efficiency compared to unconjugated YfkO-Cys.

Table 4.7Michaelis-Menten kinetic data obtained for NfnB-Cys and YfkO-Cys compared when the enzymes are conjugated to
the cell penetrating peptides: HR9 and Pep-1.

Enzyme/ Enzyme Kcat/Km Enzyme/ Enzyme Kcat/Km
CPP conjugate (UM-1S1) CPP conjugate (UM-1S )
NfnB-Cys 0.01089 YfkO-Cys 0.04714
NfnB-Cys:HR9 0.00263 YTkO-Cys:HR9 0.00278
NfnB-Cys:Pep-1 0.00354 YTkO-Cys:Pep-1 0.00250

4.7 Conclusion

The data presented in this chapter discussed the conjugation of CPPs with NfnB-Cys and YTkO-
Cys. Initially the CPPs: HR9 and Pep-1 were examined for their ability to conjugate to the
enzymes at various ratios, with data showing that conjugation is achievable. The conjugates
have then been assessed for how the conjugation of CPPs at different ratios effects the change
of absorbance over 15 minutes at 420 nm when reacted with CB1954. All sets of conjugates
up to a ratio of 1:5 showed no major effects on the change of absorbance, above a ratio of 1:5
all Pep-1 conjugates again showed no impact on the change of absorbance whilst all HR9
conjugates above a 1:5 ratio showed an impact on the change of absorbance, with the YfkO-
Cys conjugates showing the biggest impact. From these results it was decided to only continue
using the 1:1 ratio for all future work, for which the product reaction profiles were assessed
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using HPLC and Michaelis-Menten kinetics. The HPLC was used to assess the 2-and 4-NHOH
product peak ratios and how conjugation of CPPs affects those peak ratios, with slight changes
to the ratios being observed for the conjugates. The biggest change observed was the enzymatic
efficiency values obtained for the Michaelis-Menten kinetic data of the CPP conjugates. All
conjugates showed dramatic decrease in efficiency with NfnB-Cys conjugates demonstrating
25 % and 33 % efficiency for NfnB-Cys:HR9 and NfnB-Cys:Pep-1 respectively compared to
unconjugated NfnB-Cys, whilst the YfkO-Cys conjugates both demonstrated only a 5.8 %
efficiency compared to unconjugated YfkO-Cys. Cell viability experiments need to be done to
assess if the CPP’s ability to uptake into cells can overcome this issue observed with enzymatic

efficiency.
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Chapter 5:
Cell viability of enzyme:CPP

conjugate

Some of the results discussed in chapter 5 can be found in:

Cell penetrating peptides as a tool for the cellular uptake of a modified nitroreductase for
use in Directed Enzyme Prodrug Therapy.
Submitted to The Journal of Controlled Release for peer review.

S.D. Anderson, P. Ball, VV.V. Gwenin, R. Hobbs, L.A. Bennie, J.A. Coulter, C.D. Gwenin.
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5.0 Introduction to cell culture studies

Cell culture is a generic term for the process of generating cultures of cells in vivo outside of
the cells natural environment.>? Cells are often grown this way in laboratories for ease of
studies involving the cells, from observations of cellular mechanisms, to examining effects of
various chemicals on the viability of the cells.®* It is also a way to carefully control the
conditions in which the cells are grown, such as; temperature, gases (CO2, Oz), growth
hormones and nutrients (i.e. amino acids, minerals carbohydrates etc.), with different cells
having different requirements for healthy growth. Cells used in cell culture studies are often
derived from a single cell removed from tissue,® known as primary cells, with cells replicating
from these cells being secondary cells. These secondary cells exhibit similar characteristics to
the primary cells but will not indefinitely replicate. Traditionally cells will only replicate a
predetermined number of times before natural self-termination occurs, this number is known
as the Hayflick limit.® It is possible however to immortalize cell lines to replicate indefinitely,
either through random mutation, or deliberate modification, such as artificial expression of the
telomerase gene. This cell immortalization allows for prolonged studies of cells in vitro. The

cell culture work discussed in this section involves the use of primary and secondary cells.

When it comes to measuring cell viability, there are a variety of different techniques that can
be used.”® One common method is the MTT (1-(4,5-dimethylthiazol-2-yl)-3-5-diphenyl-
tetrazolium bromide) assay.'%!! The MTT assay is a colourmetric assay utilized in cell culture
experiments for determining the percentage of cells alive compared to a control well.
Mitochondrial oxidoreductase enzymes are capable of reducing MTT into insoluble formazan

crystals.*?*® This reduction is shown in Figure 5.1.
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2-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-2 H- (Z,E)-5-(4,5-dimethylthiazol-2-y1)-1,3-
tetrazol-3-ium bromide diphenylformazan
MTT Formazan

Figure 5.1. The reduction of MTT into insoluble formazan crystals that takes place in the cell, mediated by mitochondrial
reductases.
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Once MTT is treated onto cells and left for a predetermined time, the formed formazan crystals
can be solubilized with a detergent or DMSO, creating a purple solution,*? with the
concentration of the solution being directly proportional to the number of viable cells.** This
solution can be analysed by UV-vis spectroscopy at 570 nm.*! By comparing the absorbance
of different samples treated with MTT, a percentage survival can be compared to control cells
treated with MTT.

The cancer cell line that will be examined in this work is SK-OV-3, an ovarian adenocarcinoma
that has already been examined in use with various nitroreductases and CB1954.%>1" An image
of SK-OV-3 cells can be seen in Figure 5.2 taken when the cells are at close to 100 %
confluency. Confluency is the term used to describe the percentage of growth area in a flask or
plate has live cells growing on it, i.e. 50 % confluency has cells covering 50 % of the growth

area.!8

Figure 5.2. A picture of SK-OV-3 cells taken at 100x magnification at close to 80 % confluency taken under a microscope.

The aim of the cell culture work was to assess the ability for both the NfnB-Cys and YfkO-Cys
nitroreductase to reduce the CB1954 prodrug in living cells and cause cell death in SK-OV-3
cells. These nitroreductases would then be conjugated with the CPPs HR9 and Pep-1, to assess
for an increase in uptake of NfnB-Cys or YfkO-Cys. Increased cell death caused by the
conjugates would be looked for as an indicator of increased cellular uptake. The individual
toxicity of the nitroreductases and CPPs would also be assessed. It is important to note that no
additional NAD(P)H is added to the wells, meaning that for the CB1954 to be successfully
reduced both the CB1954 and nitroreductase would need to uptake into the cells. This allows
for an examination of cell death caused only by internalized nitroreductase, which can allow
for a direct comparison between the nitroreductase and NTR:CPP conjugate cell Kills.
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The MTT assay was performed as previously described with slight modification.!! SK-OV-3
cells were seeded into a 96-well plate (Corning, USA) at a density of 1 x 10 cells per well, in
100 pl Dulbecco’s Modified Eagle Medium (DMEM) containing 10 % FBS, 1 % L-glutamine
and 1 % penicillin-streptomycin and were allowed to attach to the plate overnight ina CO2 (5
%) incubator overnight at 37°C. After 16 hrs, the media was carefully aspirated off and fresh
media containing increasing concentrations from 25 nM to 200 nM of NTR or NTR:CPP
conjugate (50 ul) was added to the wells with CB1954 (50 ul, 20 uM) along with wells only
containing NTR, NTR:CPP conjugate (200 nM), CB1954 (100 pl, 10 uM) or DMEM (100 pl)
as controls. After a 4hr incubation in a CO, ( 5%) incubator at 37°C, the treatment media was
carefully aspirated off and fresh media (100 pl) was added. The cells were left for 48 hrs in a
COz (5 %) incubator at 37°C, after which MTT (20 pl, 5 mg/ml) was added and then left for 4
hrs in a CO2 (5 %) incubator at 37°C. The media was then aspirated off and DMSO (100 pl)
was used to dissolve the purple formazan crystals and the absorbance was read at 570 nm using
a Thermoscientific Varioskan Flash plate reader. All cell culture data presented in this chapter

was carried out using this protocol.
5.1 Cell penetrating peptide toxicity

CPPs ability to penetrate into cells has already been discussed here; however, their ability to
efficiently penetrate cell membranes could lead to overloading the cells at higher
concentrations, inadvertently leading to unwanted cell death, which would lead to cell kill data
showing an ‘improved’ cell kill when CPPs are involved. Whereas the ‘improved’ cell death is
actually caused by the CPP directly. In order to prove this is not the case, the two CPPs under
investigation in this work were treated onto SK-OV-3 cells at a concentration range between
25-200 nM (in line with a 1:1 conjugation ratio with the NfnB-Cys concentration intended to
be used).
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Figure 5.3 is an overlay showing the toxicity of HR9 and Pep-1 to SK-OV-3 at up to 200 nM.
Both CPPs show no specific levels of toxicity towards the SK-OV-3 at any concentration,

indicating that they can be used in cell culture treatments with NfnB-Cys and YfkO-Cys
without risk of additional toxicity towards the cells.

Control 25nM 50nM 75nM 100nM 125nM 150nM 175nM 200nM

120
» HR9

= Pep-1
100

80

60

Cell survival (%)

40

20

Figure 5.3. The cell viability of SK-OV-3 cells treated with HR9 up to 200 nM, the HR9 shows no major toxicity compared to
the control lanes that only had cell culture growth medium added.
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5.2 NfnB-Cys toxicity

The NfnB enzyme has been previously reported to be able to reduce the CB1954 prodrug in
SK-OV-3 cells and cause cell death.'® Here we have genetically modified NfnB with cysteine
tags, the ability for NfnB-Cys to cause cell death in SK-OV-3 will be assessed along with the
individual toxicity of NfnB-Cys towards SK-OV-3 and the toxicity of CB1954.

Statistical analysis was carried out on the results of the cell viability assays to determine if the
results yielded proved to be important or not. 3 statistical test were used for this analysis: Anova
single factor test, Bonferroni correction and the Dunnet’s test. The Anova test was used to
assess if each overall set of cell viability data contained any significant data using a significance
level (a-value/ p-value) of 0.05 (95 % confidence level) the Anova test also provides an f-
statistic which is a significance value determined by the difference between the f-value and the
feritica-value, the f value must be larger than the feritica-value for statistically significant results,
with a larger difference between these values indicating a higher level of statistical significance
(all the Anova data for each test can be found in the appendices). The Bonferroni correction
was used to create a tighter value required for a data set to be considered statistically significant,
and reduce the possibility of a false positive result. This was done by dividing the a-value by
the number of samples in each set, yielding a new a-value of 0.005 (99.5 % confidence)
meaning that we can be 99.5 % confident that if a data set has a a-value below 0.005, then that
data set is statistically significant. The Dunnett’s test was carried out by determining the critical

value for each set of data by using the following equation:

2MS
Daunnet = taunnet T

Where MS is the means squared value determined from the Anova single factor test, n is the
number of groups (9) and taunnet Is determined from the Dunnet table (see appendix). For a data
point to be considered significant the difference between the average means of that data point
from the control value must exceed this critical value. Data points that exceed this critical value
(indicating a significant statistical data point) are marked in green in the data tables in the
appendices, and are circled in red on the graphical representations of the cell viability assay
data. It is of note that the Dunnet’s test could not be performed on the nanoparticle cell viability
data as the minimum number of degrees of freedom (df) required for the test is 5 and these tests

had 4. The degrees of freedom refers to the number of significant data points.
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5.2.1 Unconjugated NfnB-Cys

Figure 5.4 presents the data obtained for the NfnB-Cys cell viability assay with CB1954. As
can be observed the CB1954 shows no toxicity at 10 uM and the NTR shows minimal toxicity
at 200 nM, with the standard deviation being within range of 100 % cell viability. The
concentration range of 25-200 nM NfnB-Cys shows a maximum cell viability of 76 % at 200
nM NfnB-Cys. Each data point (n) was done over 3 96 well micro-titre plates, with the being
8 repeats across 3 plates (shown on graphs). This will be used as the base point, for referencing
the cell kill ability of the NfnB-Cys:CPP conjugates and for further reference against YfkO-

Cys.
120
(n)=3x8
100 +
r 1
% T
_ T 1 T 3
= I 1

__ 80 t O 1
S
=
>
S 60
]
o
© 4t

20

0

Control 10uM 200nM 25nM  50nM  75nM 100nM  125nM 150nM 175nM 200nM
CBonly NTR
only

Figure 5.4. The cell viability of SK-OV-3 treated with NfnB-Cys up to 200 nM and 10 uM CB1954, control lanes were also
run with untreated SK-OV-3, 10 uM CB1954 and 200 nM NfnB-Cys. At 200 nM NfnB-Cys, the SK-OV-3 has a 76 % cell
survival rate. Statistically significant data points are ringed in red, error bars are + 1 standard deviation, and (n) is the

number of repeats each data point had.

5.2.2 NfnB-Cys conjugated with HR9

The cell viability data for NfnB-Cys:HR9 at a 1:1 ratio is presented in Figure 5.5, with the
NfnB-Cys:HR9 control lane showing no major toxicity towards the cells. However in
comparison to unconjugated NfnB-Cys, all conjugate concentrations from 25-200 nM show a

decrease in cell viability, with the 200 nM conjugate concentration presenting a cell viability
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of 58 %. This is an 18 % increase in cell death compared to free NfnB-Cys, indicating that the

HR9 is successfully aiding the cellular internalization of NfnB-Cys.
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Figure 5.5. The cell viability of SK-OV-3 treated with NfnB-Cys conjugated to HR9 at a 1:1 ratio, at a range of 25-200 nM,
with 10 M CB1954. Control lanes of untreated SK-OV-3, 10 uM CB1954 200 nM NfnB-Cys and 200 nM NfnB-Cys:HR9
were also run. The NfnB-Cys:HR9 shows a cell survival of 58 % at 200 nM NfnB-Cys:HR9. Statistically significant data
points are ringed in red, error bars are * 1 standard deviation and (n) is the number of repeats each data point had.

5.2.3 NfnB-Cys conjugated with Pep-1

The data for the cell viability of NfnB-Cys;Pep-1 is presented in Figure 5.6. Similarly to the
NfnB-Cys:HR9 data the NfnB-Cys:pep-1 data shows minimal toxicity for the NfnB-Cys:Pep-
1 conjugate and a decrease in the cell viability shown for the cells treated with NfnB-Cys:Pep-
1 and CB1954. However the decrease in cell viability shown at 200 nM NfnB-Cys:Pep-1 is a
further 8 % to 68 % cell viability. This indicates that the pep-1 is aiding the cellular uptake of
NfnB-Cys but possibly to a lesser extent than HR9.

126



120

(nN)=3x8
100 | —‘—
< 80
S
<
>
S 60 |
@
5
O 40
20
0
> R
'60 0'& Q'@ XC/Q (’)Q (,}QQ /\(’)'Q QQ$ ‘)$ %QQ /\(')$ QQ$
¢S & < %Qb v N v N N )
\°§\ s &
N\ QQ
v >

Figure 5.6. The cell viability of SK-OV-3 treated with NfnB-Cys conjugated to Pep-1 at a 1:1 ratio, at a range of 25-200 nM,
with 10 uM CB1954. Control lanes of untreated SK-OV-3, 10 uM CB1954 200 nM NfnB-Cys and 200 nM NfnB-Cys:Pep-1
were also run. The NfnB-Cys:Pep-1 shows a cell survival of 68 % at 200 nM NfnB-Cys:Pep-1. Statistically significant data

points are ringed in red, error bars are + 1 standard deviation and (n) is the number of repeats each data point had.

5.2.4 Comparison of cell viability

NfnB has been examined for its ability to cause cell death with CB1954 in SK-OV-3,
previously it has been reported that NfnB causes up to 100 % cell death when treated onto SK-
OV-3 cells with: 50 pM CB1954 and 200 pM NAD(P)H.*® However this cannot be directly
correlated to the results presented here as excess NAD(P)H was added into wells with NfnB,
which would begin the reduction of the CB1954 before uptake into cells, whereas this work
with NfnB-Cys exclusively looks at cell death caused after cellular uptake.

When comparing the cell viability of NfnB-Cys with both NfnB-Cys:CPP conjugates, it is of
note that both NfnB-Cys:CPP conjugates show an increase in the cell death caused across the
concentration range of tested nitroreductase, with the NfnB-Cys:HR9 conjugate showing the
most improvement in cell death caused. This result is interesting when compared back to the
Kinetic data presented in section 3.6, the kinetic data indicated that the enzymatic catalytic
efficiency for NfnB-Cys:HR9 and NfnB-Cys:Pep-1 had decreased by 75 % and 66 %
respectively. This would indicate that the NfnB-Cys:CPP conjugates should show a decreased

cell kill, however this increased cell kill gives an indication that when conjugated to CPPs the
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NfnB-Cys does have an increased cellular uptake than unconjugated NfnB-Cys.
Figure 5.7 is a side-by-side presentation of the cell viability data for NfnB-Cys and the NfnB-
Cys:CPP conjugates.
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Figure 5.7. A comparison of the cell viability of cells treated with 10 uM CB1954 and either: NfnB-Cys, NfnB-Cys:HR9 or
NfnB-Cys:Pep-1. The cells treated with NfnB-Cys:HR9 show a major decrease in cell viability compared to NfnB-Cys than
the cells treated with NfnB-Cys:Pep-1. This would indicate that for NfnB-Cys, HR9 is able to uptake a larger number of
NfnB-Cys enzymes than Pep-1. The NfnB-Cys:HR9 control lane shows the same minimal toxicity as NfnB-Cys:Pep-1.
Statistically significant data points are ringed in red.

5.3 YTkO-Cys toxicity

After establishing the cell viability of SK-OV-3 treated with NfnB-Cys and NfnB-Cys:CPP
conjugates had been established, cell viability assays could be performed with YfkO-Cys, a
different nitroreductase, for a comparison of the 2 enzymes behaviour in cell culture, both free
and conjugated with HR9 and Pep-1.

5.3.1 Unconjugated YfkO-Cys

The cell viability data for YfkO-Cys is presented in Figure 5.8. Here as with NfnB-Cys the
enzyme on its own at 200 nM shows no toxicity to SK-OV-3 cells, with the concentration range
of 25-200 nM YTkO-Cys causing cell death with 10 uM CB1954. As a comparison point again
the cell viability at 200 nM YfkO-Cys will be a reference point for other cell viability
experiments. Here the cell viability at 200 nM YTkO-Cys is 64 %, a 12 % decrease from NfnB-
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Cys. This is expected based on the HPLC and kinetic data, the HPLC shows that the YfkO-Cys
produces almost 100 % of the 4-NHOH (the DNA crosslinking product) and the kinetic profile
has an enzymatic efficiency over 4 times greater than NfnB-Cys, both of these together should
lead to an increased cell kill, which is observed in Figure 5.8.
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Figure 5.8. The cell viability of SK-OV-3 treated with YfkO-Cys up to 200 nM and 10 pM CB1954, control lanes were also
run with untreated SK-OV-3, 10 uM CB1954 and 200 nM YfkO-Cys. At 200 nM NfnB-Cys, the SK-OV-3 has a 64 % cell
survival rate. Statistically significant data points are ringed in red, error bars are + 1 standard deviation and (n) is the

number of repeats each data point had.

5.3.2 YTkO-Cys conjugated with HR9

Figure 5.9 is the cell viability data obtained for the YfkO-Cys:HR9 cell viability assay.
Similarly to YfkO-Cys the YTkO-Cys:HR9 conjugate shows minimal toxicity to Sk-OV-3 at
200 nM, with increasing toxicity shown towards the cells when treated with both YfkO-
Cys:HR9 and CB1954. All the treatment concentrations of YfkO-Cys:HR9 show a marked
improvement on the cells treated with just YfkO-Cys in Figure 5.8. Most notably the
YTkO-Cys:HR9 shows a cell survival of 55 % at 200 nM, which is a 9 % increase in cell death
from the unconjugated YTkO-Cys. Since the control cells show no marked increase in cell death
over the unconjugated YTkO-Cys, this increase in cell death could be attributed to the CPP
enabling an increase in the amount of YfkO-Cys able to penetrate into the cells.
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Figure 5.9. The cell viability of SK-OV-3 treated with YfkO-Cys conjugated to HR9 at a 1:1 ratio, at a range of 25-200 nM,
with 10 uM CB1954. Control lanes of untreated SK-OV-3, 10 uM CB1954 200 nM NfnB-Cys and 200 nM YfkO-Cys:HR9
were also run. The YfkO-Cys:HR9 shows a cell survival of 55 % at 200 nM YfkO-Cys:HR9. Statistically significant data
points are ringed in red, error bars are + 1 standard deviation and (n) is the number of repeats each data point had.

5.3.3 YfkO-Cys conjugated with Pep-1

The YfkO-Cys:Pep-1 cell viability assay data is presented in Figure 5.10, here as with the
YTkO-Cys:HR9 treatment samples presented in Figure 5.9 there is an improvement in the cell
kill caused by the conjugate. Initially the data would indicate that at 200 nM YfkO-Cys:Pep-1
and 10 pM CB1954, there is a 51 % cell survival rate, however the YfkO-Cys:Pep-1 control
lane does show a 6 % increase in toxicity towards the cells than the YfkO-Cys control lane on
its own. Taking this into account and adjusting for this toxicity, the cell death caused by the
CB1954 reduction products becomes 57 %, which has a 2 % higher cell survival rate than
YTkO-Cys:HR9. Despite this toxicity shown by the YfkO-Cys:Pep01 conjugate there is an

improvement over the unconjugated YfkO-Cys.
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Figure 5.10. The cell viability of SK-OV-3 treated with YfkO-Cys conjugated to Pep-1 at a 1:1 ratio, at a range of 25-200
nM, with 10 uM CB1954. Control lanes of untreated SK-OV-3, 10 uM CB1954 200 nM YfkO-Cys and 200 nM YfkO-
Cys:Pep-1 were also run. The NfnB-Cys:Pep-1 shows a cell survival of 51 % at 200 nM NfnB-Cys:Pep-1. Statistically
significant data points are ringed in red, error bars are * 1 standard deviation and (n) is the number of repeats each data
point had.

5.3.4 Comparison of cell viability
Figure 5.11 is a side-by-side comparison of the YfkO-Cys, YfkO-Cys:HR9 and YfkO-
Cys:Pep-1 cell viability assay data.
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Figure 5.11. A comparison of the cell viability of cells treated with 10 uM Cb1954 and either: YfkO-Cys, YfkO-Cys:HR9 or
YfkO-Cys:Pep-1. The cells treated with YfkO-Cys:HR9 and YfkO-Cys:Pep-1 both show a decreased cell survival rate, with
the Pep-1 conjugate having 5 % decreased cell survival than the HR9 conjugated. This would indicate that Pep-1 is the
better CPP to use for the uptake of YfkO-Cys. Statistically significant data points are ringed in red.
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Both CPP conjugates show a decrease in cell viability from unconjugated YfkO-Cys, of 9 %
and 13 % for YfkO-Cys:HR9 and YTkO-Cys:Pep-1 respectively. However as mentioned, the
Pep-1 conjugate does show toxicity towards SK-OV-3, so when the data is adjusted the YfkO-
Cys:Pep-1 conjugate has a 7 % increase is toxicity from unconjugated YfkO-Cys. Despite this,
the fact the both CPPs still present an overall increase in cell death indicates that they are

successfully increasing the overall cellular uptake of YfkO-Cys.
5.4 Nanoparticles in cell culture

For the past 20 years or so nanoparticles have been introduced into various medical
applications, such as TiO2 nanoparticles as a UV protection layer in sunscreen,'®? to Fe3Oa
nanoparticles in medical imaging.?! Gold nanoparticles have been explored for their many
possible medical applications, from hyperthermia treatments,?>%* to imaging,>>2° and as
carriers for therapeutic moieties.®® Gold nanoparticles are of interest particularly due to the
low biological interactions gold has with the body.*% The coating of various nanomaterials
with a gold shell has also been widely examined,*¢° with many articles detailing different
molecules and chemicals that can be conjugated onto gold nanoparticles for use in medicinal
treatments.31324142 Gold coated iron oxide superparamagnetic nanoparticles have been
examined for their applications as a targeted magnetic drug carrier, with promise being shown

for their use. 4347

Whilst the MTT assay can be used for our nitroreductases, it is possible that the excess iron in
the AUMNPs may interact with MTT and cause excess production of the formazan crystals
giving a bias in the data.*®*® A brief experiment involving the addition of AUMNPs to cells
does show a bias in the production of excess formazan crystals, this bias can be seen in Figure
5.12 where the 3 right hand lanes show a much paler purple than the rest of the wells, these 3
paler lanes were the control lanes which were seeded at 1000 cells per well of SK-OV-3 cells
and treated with growth media only. Whilst the much darker coloured wells were all treated
with AuMNPs, with the darker colouration indicating an excess production of formazan

crystals, most probably caused by the excess iron in the solution.

132



Figure 5.12. A picture of cells treated with AUMNPS, then further treated with MTT, 3 lanes on the right are cells treated
only with culture media, the other lanes were all treated with AUMNPs which have cross reacted with the MTT causing an
excess production of formazan crystals.

Due to this interaction of the excess iron with MTT, a different method needs to be employed
to determine cell viability, one such method is the Calcein assay, which uses cellular esterases
to reduce non-fluorescent Calcein-AM into Calcein which is fluorescent, with an excitation/
emission bandwidth of 495/515 nm.%° The reduction of Calcein AM into Calcein is shown in
Figure 5.13.

o
R: %OQJ\CH;;

ROOC COOR HOOC COOH

ROOC._ _N N._ _COOR HOOC. __N N.__-COOH

~ ~ Cellular esterase
H3;C o) O. o) CH3 —_——— HO. O. (0]
T T 900
[¢] O
Q o COOH
: 9

Calcein-AM Calcein

Figure 5.13. The reduction of Calcein-AM into the fluorescent Calcein by cellular esterases.

The aim of the experiments presented here is to prove conjugation of NfnB-Cys onto gold
nanoparticles and AUMNPs at a ratio of 1:270.°! This will be followed by subsequent enzymatic
activity assays of the conjugates. The conjugates will then be tested in cell culture for their
ability to reduce the CB1954 prodrug and to assess any toxicity they present towards the cells.
Finally the CPP HR9 will be conjugated onto the AUNP:NfnB-Cys and AUMNP:NfnB-Cys
conjugates at a ratio of 1:270:1, these conjugates will again be tested in cell culture for their

ability to reduce CB1954 in cells causing cell death. Finally, Darkfield microscopy will be
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performed on a variety of nanoparticle:enzyme:CPP conjugates to assess if the nanoparticles
are internalized into the cells. The AUMNP synthesis has a low yield, meaning there was no
excess of AUMNPs to repeat experiments if needs be, due to this AuNPs were used in
experiments initially, as an indication of how the AuUMNPs might behave before they were
used. Also due to the nature of the AUMNPs being difficult to manufacture in bulk, only NfnB-

Cys and the CPP were examined in conjunction with the AUMNPs.
5.5 Conjugation of NfnB-Cys with nanoparticles

Gwenin et al. have previously reported on the ability of NfnB-Cys to conjugate to the surface
of gold spherical nanoparticles at various ratios,>! with Au-S bonds having a bond dissociation
energy of 298 +2 KJ mol?% making the gold coating an ideal carrier material for the
nitroreductases. Conjugation of NfnB-Cys onto the surface of gold nanoparticles involves
adding NfnB-Cys to gold colloid at a ratio of 1 gold nanoparticle:270 enzymes and leaving the
sample at 4 “C for 24 hours to allow the surface of the gold to be coated with NfnB-Cys.>3 UV-
vis spectroscopy can be used to look for a successful conjugation in a sample of gold
nanoparticles. As previously mentioned the A-max of the gold peak on a UV-Vis spectrum
directly relates to the size of the nanoparticle® and, as the size of the nanoparticle increases,
the A-max of the gold peak also increases in wavelength.>* Therefore when conjugating NfnB-
Cys onto the outside of a gold nanopatrticle, the size/ diameter of the nanoparticle technically
increases, which causes the A-max of the gold peak to increase.®® This increase in wavelength
is known as red-shift, which here indicates a change in the dielectric constant of the particles
surface.®® When conjugating NfnB-Cys onto gold nanoparticles, red-shift is looked for to

confirm successful conjugation.®!

5.5.1 AuNPs

AuNPs were conjugated with NfnB-Cys at a ratio of 1:270, a UV-Vis spectrum was obtained
of the nanoparticles before and after conjugation to look for a change in the A-max of the gold
peak, indicating successful conjugation. Figure 5.14 is an overlay of the UV-vis spectra
obtained before and after conjugation, the blue line represents the AuNPs before conjugation
with a A-max of 518 nm, the orange line is the AUNP:NfnB-Cys conjugate, with the A-max of
the gold peak being 524 nm, an increase of 6 nm. This increase indicates successful conjugation
of the NfnB-Cys onto the AuNPs.
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Figure 5.14 The overlay of the UV-vis spectra obtained for the conjugation of NfnB-Cys with AuNPs, the A-max of the gold
peak shifts by 6 nm from 518 nm before (blue line) to 524 nm after conjugation (orange line). This increase in A-max of the
gold peak indicates a successful conjugation of the NfnB-cys onto the AUNPs.

5.5.2 AuNP:NfnB-Cys enzymatic activity

After conjugation of the NfnB-Cys onto the surface of the AuNPs was confirmed, the samples
had to be assessed by UV-vis for their ability to still reduce the CB1954 prodrug to ensure that
the orientation of the NfnB-Cys molecules was correct in the monolayer, leaving the active
sites of the enzymes exposed.>® This was done as described previously in section 4.2. To a
reference cuvette was added; AUNP:NfnB-Cys (25 pg/ml) NADH (15 ul, 20 mM), DMSO (10
pl) and made up to 1 ml with phosphate buffer (50 mM, pH 7.4). A sample cuvette was made
up in exactly the same manner, except no DMSO was added and the total volume was made
up to 980 ul with phosphate buffer instead of 1 ml. A full wavelength scan (200-800 nm) was
performed of the sample cuvette against the reference cuvette to establish a baseline of the
reaction, after which CB1954 (10 ul, 10mM) was added to the sample cuvette. The sample
cuvette then had a full wavelength scan (200 800 nm) performed every 90 seconds for 45
minutes to examine the reaction. As before, a drop at 340 nm and increase at 420 nm was
looked for the NADH being consumed'®®® and hydroxylamine products being formed,'%
respectively. Figure 5.15 is the UV-Vis spectrum of the activity scan performed on the

AuNP:NfnB-Cys conjugate.
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Figure 5.15. Here is presented the spectra for the enzymatic activity assay performed on the AUNP:NfnB-Cys conjugate. As
can be observed over increasing time there is a decrease in the absorbance at 340 nm, which indicates the consumption of
NADH. There is also an increase at 420 nm, however this is masked by an artefact on the spectra at around 520 nm,
possibly cause by the gold nanoparticles local environment changing in the sample cuvette during the reaction.

The drop in absorbance at 340 nm shown in the figure is the NADH being consumed for the
reduction of the CB1954 prodrug, to produce the hydroxylamine products with absorption at
420 nm.*%8 The increase in absorbance at 420 nm cannot be viewed due to an artefact at around
520 nm causing the spectra to drop to a negative absorbance which is masking the increase at
420 nm. This location of the artefact on the spectrum would lead to a conclusion that it is caused
by the gold nanoparticles and are experiencing a change in their environment slightly, causing
the drop in absorbance compared to the reference sample. This change in environment could
be to do with the enzyme reducing the prodrug, leaving NAD+ and hydroxylamine in the local

environment to the nanoparticles.

5.5.3 AUMNPs

After being able to show conjugation of NfnB-Cys onto AuNPs, conjugation needed to be
shown onto AuUMNPs. Conjugation was carried out onto AUMNPSs at a ratio of 1:1080, this
increased ratio is due to the size of the AUMNPs being bigger than the AUMNPSs previously
used. Since their size is increased, so too has the available surface area, so in order to achieve
a full monolayer a higher ratio is required, which has been calculated based on the number of
NfnB-Cys molecules/surface area on the AuNPs and translated over to the AUMNPs. The

conjugation was performed by mixing AUMNPs with a determined volume and concentration
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of NfnB-Cys in order achieve a full monolayer. This mixture was placed at 4 "C over night to
allow binding to the nanoparticle surface. UV-vis was performed on the nanoparticles before

and after conjugation, Figure 5.16 is an overlay of these scans.
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Figure 5.16. The overlay of the UV-vis spectra obtained for the conjugation of NfnB-Cys with AuMNPs, the A-max of the
gold peak shifts by 5 nm from 536 nm before (blue line) to 540 nm after conjugation (orange line). This increase in A-max of
the gold peak indicates a successful conjugation of the NfnB-Cys onto the AUMNPs.

The initial scan before conjugation (blue line) gold peak has a A-max of 536 nm, after
conjugation (orange line) the gold peak of the sample has a A-max of 540 nm. This red-shift
once again indicates successful conjugation of the NfnB-Cys molecules onto the surface of the
AUMNPs.

5.5.4 AUMNP:NfnB-Cys enzymatic activity

The sample which showed successful conjugation of NfnB-Cys onto AuMNPs must be
assessed for the ability of the enzyme to still reduce the CB1954 prodrug. This was done as
before in section 4.2; to a reference cuvette was added; AUMNP:NfnB-Cys (25 pg/ml) NADH
(15 pl, 20 mM), DMSO (10 pl) and made up to 1 ml with phosphate buffer (50 mM, pH 7.4).
A sample cuvette was made up in exactly the same manner, except no DMSO was added and
the total volume was made up to 980 ul. A full wavelength scan (200-800 nm) was performed
of the sample cuvette against the reference cuvette to establish a baseline of the reaction, after
which CB1954 (10 pl, 10mM) was added to the sample cuvette. A full wavelength scan (200
800 nm) was performed every 90 seconds for 45 minutes to examine the reaction. As before a
drop in 340 nm and increase at 420 nm indicated the NADH being consumed!®® and
hydroxylamine products being formed,'*® respectively. Figure 5.17 is the UV-vis spectra of
the enzymatic activity assay performed on the AUMNP:NfnB-Cys conjugate.
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Figure 5.17. The UV-vis spectra of the enzymatic activity assay of the AUMNP:NfnB-Cys conjugate. Here there is a decrease
in absorbance at 340 nm over time, indicating the consumption of NADH. Once again, there is an artefact on the UV-vis
spectra at around 520 nm, which is masking the hydroxylamine absorbance and is probably caused by the change in
environment surrounding the AUMNPs.

The UV-vis spectra of the AUMNP:NfnB-Cys activity assay shows similar features to the
AUNP:NfnB-Cys activity spectra. Firstly, there is a drop in absorbance at 340 nm indicating a
consumption of the NADH. At 420 nm there should be an increasing absorbance which
correlates to the production of the hydroxylamine product, however instead there is a decrease.
There is however, once again an artefact at around 520 nm, which would indicate a change in
the environment surrounding the AUMNPs, this artefact is masking the increase at 420 nm. If
there were no increasing absorbance at 420 nm the decrease in absorbance would be linear with
the decrease in absorbance at around 520 nm, as it is the decrease in absorbance is not a linear
decrease, indicating that the hydroxylamine is absorbing at 420 nm but the artefact of the gold
AUMNPs is masking the hydroxylamine absorbance.

Following the conjugation and activity assays of both AuNPs and AuMNPs with NfnB-Cys,
the conjugates were examined in cell culture for their ability to cause cell death by the reduction
of CB1954.

5.6 AuNP cell viability assays

Gold nanoparticles have been explored by many different research groups in many different
ways for how they can be applied in therapeutics.31:3257-61 Here they will be assessed for their
ability to carry NfnB-Cys into a cell and the subsequent enzymatic reduction of the CB1954
prodrug by the NfnB-Cys conjugated onto the nanoparticles. The CPP HR9 will also be
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conjugated onto a sample of AUNP:NfnB-Cys at a ratio of 1:270:1 (AuUNP:NfnB-Cys:HR9) to
examine if the CPP is able to aid in increasing the uptake of AUNP:NfnB-Cys and therefore
have more enzymes within the cells to reduce CB1954 and cause an increased cell death. This
initial cell culture data should indicate how the AUMNPSs might behave when they are subjected

to cell culture conditions.

5.6.1 Gold nanoparticles

Whilst it would be preferential to know if the gold nanoparticles present any toxicity towards
SK-0OV-3 cells, when added into DMEM, the nanoparticles will immediately aggregate and
change in colour from red to blue, rending them unusable for testing toxicity. Figure 5.18 is a
picture of gold nanoparticles and gold nanoparticles that have been mixed with DMEM. The

colour change from red to blue is associated with nanoparticle aggregation.

—

Figure 5.18. A picture of ‘naked’ gold nanoparticles (1eft) and DMEM added to gold nanoparticles (right). The right hand
photo shows that the nanoparticles have aggregated, as seem by the blue colouration and particulates in the bottom of the
tube.

5.6.2 AUNP:NfnB-Cys

The cell viability assay was performed with AuNP:NfnB-Cys using SK-OV-3 cells. As
mentioned the AUMNPSs are difficult to produce in bulk, due to this the number of concentration
samples was reduced to 4: 25, 50, 100 and 200 nM to ensure that the range of concentrations
was consistent with the previously performed cell culture experiments. Since AuNPs were
being used before the AUMNPSs, this reduction in total number of concentrations was also done

here.

To perform AuNP:NfnB-Cys Calcein cell viability assays; SK-OV-3 cells were seeded into a
96-well plate (Corning, USA) at a density of 1 x 10* cells per well, in 100 ul DMEM containing
10 % FBS, 1 % L-glutamine and 1 % penicillin-streptomycin and were allowed to attach to the
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plate overnight in a CO2 (5 %) incubator overnight at 37 "C. After 16 hrs, the media was
carefully aspirated off and fresh media containing increasing concentrations from 25 nM to
200 nM of AuNP:NfnB-Cys (50 pl) was added to the wells with CB1954 (50 pl, 20 uM) along
with wells only containing AUNP:NfnB-Cys (200 nM), CB1954 (100 pl, 10 uM), dH20 (100pl)
or DMEM (100 pl) as controls. A water control was used as the AuNPs are bought in a very
weak stabilizing agent that is dissolved in water, which may show some toxicity to the
SK-OV-3. After a 4hr incubation in a CO2 (5 %) incubator at 37 "C, the treatment media was
carefully aspirated off and fresh media (100 pl) was added. The cells were left for 48 hrs in a
CO; (5 %) incubator at 37 °C, after which the media was carefully aspirated off and 1x Calcein
DW buffer (100 ul) was added to each well. This was again carefully aspirated off after which
1x Calcein DW buffer (50 ul) was added along with 2x Calcein AM (50 ul).The plate was then
incubated for 30 minutes in a CO; (5 %) incubator at 37 "C. The fluorescence of the sample
was measured using an excitation/emission filter of 495/515 nm using a Thermoscientific
Varioskan Flash plate reader. All cell culture data presented in this chapter was carried out

using this protocol.

The cell culture data obtained for AUNP:NfnB-Cys conjugate is presented in Figure 5.19, here
the 200 nM AuNP:NfnB-Cys control shows some minor toxicity at less than 2 %, around what
can be seen with unconjugated enzymes, the water control also shows no toxicity, indicating
that the minor toxicity for the 200 nM AuNP:NfnB-Cys control is related to the enzyme. The
25 -200 nM treatments show a cell survival that is somewhat comparable to unconjugated
NfnB-Cys with the AUNP:NfnB-Cys presenting a cell survival of 81 % at 200 nM AuNP:NfnB-
Cys: 5 % higher than the unconjugated NfnB-Cys presented at 200 nM. It is unknown however,
how many nanoparticles are actually internalized into the cell, thereby it is unknown if a
comparable number of NfnB-Cys molecules are in the cells as would be seen with the
unconjugated NfnB-Cys. Due to not having the kinetic profiles of the AuNP:NfnB-Cys
conjugates this cannot be a known factor. Further work here would be to examine the uptake

of the conjugate itself.
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Figure 5.19. The cell culture data for the cell viability assay of the AUNP:NfnB-Cys conjugate. The conjugate on its own at

200 nM presents toxicity less than 2 %, whilst the dH20 control shows no toxicity. The value: (n) is the number of repeats

each data point had. error bars are + 1 standard deviation, the data was shown to be statistically significant above the p-
value of 0.005 however there are not enough data points to establish specific significant data points.

5.6.3 Au:NfnB-Cys:HR9

The main aim of this project is to see if CPPs can aid the uptake of a nanoparticle:enzyme
conjugate, here the CPP HR9 was conjugated to an AuNP:NfnB-Cys conjugate at a ratio of
1:270:1 to create an AUNP:NfnB-Cys:HR9 conjugate. The conjugate was treated onto cells in
the exact same manner and the Calcein assay was used to determine the cell survival rate at the
same concentrations of AUNP:NfnB-Cys to assess for an increased cell death, an indication of
increased uptake.

Figure 5.20 presents the data obtained for the AUNP:NfnB-Cys:HR9 cell viability assay. The
AuUNP:NfnB-Cys:HR9 conjugate presents no toxicity at 200 nM control, whilst the sample
range has a decreasing cell viability with increasing concentration of AUNP:NfnB-Cys:HRO,
with the 200 nM sample having a cell survival of 74 %, 7 % lower than the 200 nM sample of
AUNP:NfnB-Cys and 2 % lower than the cell survival for unconjugated NfnB-Cys at 200 nM.
This would indicate that a higher number of AUNP:NfnB-Cys:HR9 conjugates are entering the
cells and reducing CB1954, than with the AUNP:NfnB-Cys conjugates.
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Figure 5.20 The cell culture data of the AUNP:NfnB-Cys:HR9 conjugate. Here the conjugate shows no toxicity on its own at
a 200 nM control. The value: (n) is the number of repeats each data point had. error bars are + 1 standard deviation, the
data was shown to be statistically significant above the p-value of 0.005 however there are not enough data points to
establish specific significant data points.

5.6.4 Comparison

Figure 5.21 is a side by side comparison of the cell kills of; NfnB-Cys, AuUNP:NfnB-Cys and
AuUNP:NfnB-Cys-HR9, showing the percentage of cell survival in each sample at varying
concentrations. The AuNP:NfnB-Cys cell kills are comparable to the free NfnB-Cys with the
200 nM AuNP:NfnB-Cys treatment having a slightly higher cell survival than NfnB-Cys,
whilst the AuNP:NfnB-Cys:HR9 treatment having a decreased cell survival than both the
AuNP:NfnB-Cys and free NfnB-Cys.
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Figure 5.21. A side by side comparison of the cell kills with treatments: NfnB-Cys, AUNP:NfnB-Cys and AuNP:NfnB-
Cys:HR9. The 200 nM treatment concentration for AUNP:NfnB-Cys:HR9 shows the highest cell death with a 74 % cell
survival, compared to a cell survival of 77 % and 81 % for NfnB-Cys and AuNP:NfnB-Cys respectively.

5.7 AUMNP cell Kkills

Once it had been established how gold nanoparticles behaved in cell culture, it gives an
indication of how the synthesised AuUMNPs might behave under similar conditions. Here
AUMNPs will be conjugated with NfnB-Cys at a ratio of 1:1080 to achieve a full monolayer
covering, (as with AuNPs) and treated onto cells to examine its ability to reduce the prodrug
CB1954 causing cell death. HR9 will then be conjugated onto the AUMNP:NfnB-Cys at a ratio
of 1:1080:1 to examine if the addition of the HR9 can cause and increase cell death, indicating
the HR9 increases the cellular uptake of the conjugate.

5.7.1 Gold coated iron oxide nanoparticles

Before examining the ability for the AUMNP:NfnB-Cys conjugate to cause cell death, the
AUMNPs were treated onto cells at 4 concentrations at a range of 25-200 nM. The AUMNPs
show no toxicity at any of the concentrations tested, indicating the AUMNPS were safe to use

in terms of causing excess cell death. Figure 5.22 presents this data.
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Figure 5.22. The AuUMNP cell viability data presented shows that at concentrations up to and including 200 nM, the
AuMNPs present no excess toxicity towards the cells. The value: (n) is the number of repeats each data point had, error bars
are + 1 standard deviation, the data was shown to be statistically significant above the p-value of 0.005 however there are
not enough data points to establish specific significant data points.

5.7.2 AUMNP:NfnB-Cys
After determining the potential toxicity of the AuMNPs, NfnB-Cys was conjugated onto
AUMNPs at a ratio of 1:1080, once conjugation was confirmed as presented in section 5.1.3

the conjugate was then tested in cell culture as previously described.

Figure 5.23 presents the cell viability data for the AuMNP:NfnB-Cys conjugate. The
AUMNP:NfnB-Cys conjugate showed no toxicity towards the cells at a control of 200 nM,
when under test with CB1954 the conjugate demonstrated a cell survival of 89 % at 25 nM,
which decreased with an increasing concentration of AUMNP:NfnB-Cys up to a cell survival
of 74 % at 200 nm AuMNP:NfnB-Cys. This result is the same survival rate as demonstrated
with unconjugated NfnB-Cys. This gives a good basis for the ability of the AUMNP:NfnB-Cys
conjugate to cause cell death and potentially shows promise for its use in MNDEPT.

144



120

(nN)=3x8
100 - = = .|.
-
S L . | .
3 ! :
'S 60
@
§ 40
20
0
Control 10uMCB  200nM NTR 25nM 50nM 100nM 200nM

only only

Figure 5.23. The AuMNP:NfnB-Cys cell culture data shows that with an increasing concentration of AUMNP:NfnB-Cys the
cell survival rate drops from 25-200 nM, indicating an increased internalization of conjugate with increased treatment dose.
This conjugate shows its potential to be used in MNDEPT. The value: (n) is the number of repeats each data point had, error

bars are £ 1 standard deviation, the data was shown to be statistically significant above the p-value of 0.005 however there

are not enough data points to establish specific significant data points.

5.7.3 AUMNP:NfnB-Cys:HR9

The final cell viability experiment is the conjugation of HR9 onto the AUMNP:NfnB-Cys
conjugate to examine if the cellular uptake of the AuMNP:NfnB-Cys conjugate can be
increased by the HR9 causing an increased cell death. As with the AuNP tests, the HR9 will be
conjugated at a ratio of 1:1 compared to the nanoparticle, giving a final ratio of 1:1080:1 of
AUMNP:NfnB-Cys:HR9. The AUMNP:NfnB-cys:HR9 conjugate was treated onto cells in the
same manner as before and the Calcein assay was performed to determine cell viability. Figure
5.24 presents the cell viability data obtained for the treatment of AUMNP:NfnB-Cys:HR9 onto

cells.
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Figure 5.24. Here is presented the data obtained from the cell viability assay performed using the AUMNP:NfnB-Cyus:HR9
conjugate. The value: (n) is the number of repeats each data point had error bars are + 1 standard deviation, the data was
shown to be statistically significant above the p-value of 0.005 however there are not enough data points to establish specific
significant data points.
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Again the 200 nM AuMNP:NfnB-Cys:HR9 control shows no toxicity towards the cells, with
the concentrations under test following the same trend as before with and increasing sample
concentration resulting in a decreasing cell viability. The cell survival at 25 nM is 83 %,
dropping to 69 % at 200 nM AuMNP:NfnB-Cys:HR9. This is a 5 % increase in cell death
caused by an increased uptake from conjugating the HR9 onto the AuMNP:NfnB-Cys

conjugate.

5.7.4 Comparison

The cell culture data for the treatments of; AUMNP, AuUMNP:NfnB-Cys and AUMNP:NfnB-
cys:HR9 are presented side by side in Figure 5.25 for a comparison of the ability of each
treatment to cause cell death. The data indicates that the AUMNP:NfnB-Cys:HR9 treatment
causes the highest cell kill, with a 69 % cell survival, whilst the AUMNP:NfnB-Cys had a 74
% cell survival rate, almost on par with the 76 % of NfnB-Cys. The addition of the CPP onto

the conjugate causes a 5 % increase in cell death at 200 nM treatment concentration.
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Figure 5.25. Here the data for the cell culture treatments of; AUMNP, AUMNP:NfnB-Cys and AuMNP:NfnB-Cys:HR9 are
presented side by side for comparison of cell viability. The addition of the HR9 onto the AuMNP:NfnB-Cys conjugate caused
an increase in cell death of 5 % compared to the AUMNP:NfnB-Cys. Whilst the AUMNP shows no toxicity towards the
SK-OV-3.
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5.8 Comparison of nanoparticle kills with free enzyme and conjugate Kills

The Cell survival at a 200 nM treatment concentration for all cell culture treatments are
presented for direct comparison in table 5.1.
Table 5.1. The compared toxicity for treatments of various cell culture treatments at 200 nM. The treatments all show an

improved toxicity when conjugated with a CPP. Further to this the treatments involving AuNPs or AuMNPs both show
results comparable to the unconjugated NfnB-Cys. Data points that’s showed statistical significance are marked with a *.

Sample Cell survival at ZQO nM
sample concentration (%)

NfnB-Cys* 76+4.92
NfnB-Cys:HR9* 58+0.35
NfnB-Cys:Pep-1* 68+3.54
YTkO-Cys* 65+5.23
YfkO-Cys:HR9* 55+3.56
YfkO-Cys:Pep-1* 57+4.97
AUNP:NfnB-Cys 81+2.35
AUNP:NfnB-Cys:HR9 74+1.94
AuMNP 100+2.16
AUMNP:NfnB-Cys 74+2.03
AUMNP:NfnB-Cys:HR9 69+3.73

When comparing the cell culture data for NfnB-Cys and YfkO-Cys, YfkO-Cys has an initial
19 % greater toxicity at 200 nM than NfnB-Cys. This difference becomes 3 % when comparing
the data for YfkO-Cys:HR9 with NfnB-Cys:HR9, however the change in toxicity presented for
the HR9 conjugates from the unconjugated enzymes is greater for NfnB-Cys, indicating that
HR9 is much more efficient at internalizing NfnB-Cys than YfkO-Cys. For the Pep-1
conjugates, the NfnB-Cys shows an 8 % increase in toxicity, whilst after adjusting for
individual toxicity the YfkO-Cys:Pep-1 conjugate shows an increase in toxicity of 7 % over
unconjugated YfkO-Cys. To conclude, the nitroreductases NfnB-Cys and YfkO-Cys both
uptake into SK-OV-3 and reduce CB1954 to cause cellular toxicity, with YfkO-Cys showing
a higher cell death rate than NfnB-Cys. The conjugation of HR9 and Pep-1 onto these enzymes
at a 1:1 ratio causes an increase in cell death for all conjugate with YfkO-Cys:Pep-1 showing
the least increase in cell kill with a 7 % increase in cell death, whilst NfnB-Cys:HR9 showing
the most increase of 18 % increase of cell death.

When nanoparticles are introduced the percentage survival of cells increases by 5 % when
treated with AuUNP:NfnB-Cys, but has a 2 % decrease when treated with AUMNP:NfnB-Cys.
The addition of HR9 at a 1:1 ratio with the nanoparticle shows an increase in cell death caused
for both nanoparticle treatments. The AuNP:NfnB-Cys:HR9 conjugate demonstrates a 7 %
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decrease in cell viability to 74 %, whilst the AUMNP:NfnB-Cys:HR9 conjugate has a 5 %
decrease in cell viability to 69 %. This data indicates that the nanoparticle conjugates are able
to enter into cells without causing an excess of toxicity and are still able to reduce the CB1954

prodrug, causing cell death.
5.9 Darkfield imaging

Dark-field microscopy is a form of microscopy that is used to produce sample images where
the background of the image is black and uses light scattered by the sample to create the image
compared to bright-field illumination, where the image is produced by shining a light source
directly onto a sample. At CytoViva, Darkfield imaging has been enhanced to produce high
resolution images, able to visualise individual nanoparticles in cells and combined with
hyperspectral imaging to provide a UV-vis spectrum of a point in an image. By using an
untreated sample of cells, a spectrum sample of the untreated call can be taken and compared

with differences when treated with nanoparticles.

A sample of SK-OV-3, SK-OV-3 cells treated with AUMNPs, SK-OV-3 cells treated with
AUMNP:NfnB-Cys and SK-OV-3 cells treated with AUMNP:NfnB-Cys:HR9 were sent to
CytoViva for hyperspectral enhanced Darkfield imaging. The imaging was done to try and
achieve an insight into how the addition of the HR9 improves the cellular uptake and where
within the cell the conjugate was taken after uptake. Figure 5.26 is an example image of cells
treated with 15 nm gold nanoparticles, with the nanoparticles highlighted in red on the right

side image.®?

Figure 5.26. A side by side image of an example Darkfield hyperspectral image of cells treated with 15 nm gold
nanoparticles. The nanoparticles inside the cell are highlighted in red in the right hand side image.5?

148



Figure 5.27 are images of the samples sent for Darkfield imaging, the image consists of 4
images of the cells with various treatments on the left (labelled a) and repeated on the right

with nanoparticles highlighted in red (labelled b).

Figure 5.27. The hyperspectral imaging of SK-OV-3 (la+1b), SK-OV-3 treated with AUMNPs (2a+2b), SK-OV-3 treated
with AUMNP:NfnB-Cys (3a+3b) and SK-OV-3 treated with AUMNP:NfnB-Cys:HR9 (4a+4b). The nanoparticles are
highlighted in red in all the (‘b°) images. Images 2a and 2b show uptake of some AuMNPs, with this uptake greatly increase
for images 3 and 4, of AuUMNP:NfnB-Cys and AuMNp:NfnB-Cys:HR9 respectively. It cannot be said if the uptake is
increased for sample 4, however when comparing with the cell culture data, it would indicate an increase in uptake.

The untreated SK-OV-3 (1a, 1b) is a reference image for the comparison of cells treated with;
AUMNRP (2a, 2b), AUMNP:NfnB-Cys (3a, 3b) and AUMNP:NfnB-Cys:HR9 (4a, 4b). Sample
2 shows some uptake of naked AuMNPs into cells, with a large increase in the uptake when
treated with AUMNP:NfnB-Cys (3a+3b). Whilst when treated with AUMNP:NfnB-Cys:HR9
(4a+4b) there is an increase in the cellular uptake of these nanoparticles, which, when

examining and comparing with the cell culture data would agree with an increased uptake.
5.10 Higher resolution Darkfield imaging

The initial darkfield imaging performed on the set of cells treated with nanoparticles provided
an insight into the ability for the AUMNP/ AuUMNP conjugates to penetrate into cells, however
the quality of the images was lacking so samples were sent to Queens University Belfast,
School of Pharmaceutical Sciences in an attempt to yield higher resolution images. Figure 5.28
are these higher resolution images. There are 4 samples, sample A is untreated SK-OV-3 cells,
B is SK-OV-3 treated with AUMNPs, C is SK-OV-3 treated with AUMNP:NfnB-Cys conjugate
and sample D is SK-OV-3 treated with AUMNP:NfnB-Cys:HR9 conjugate. Samples were also
treated with 4°, 6-diamidino-2-phenylinadol (DAPI) for cell nucleus staining, showing in blue

on Figure 5.2,8.
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Figure 5.28. Improved darkfield imaging with clearer resolutions are shown above. A is SK-OV-3 cells treated with growth
medium, whilst B are SK-OV-3 cells treated with AUMNPs, the yellow dots are the nanoparticles within the cells. C is SK-
OV-3 cells treated with AUMNP:NfnB-Cys conjugates, there is a marked increase in the number of nanoparticles within the
cells, inparticular within the nucleus of the cells. D shows the most drastic change where SK-OV-3 cells were reated with
AuMNP:NfnB-Cys:HR9 conjugates where the cells are flooded with the nanoparticles conugates.

This new darkfield imaging shows a much higher resolution and image quality than the
previous set. Sample A allows us to map untreated SK-OV-3 cells to get a comparison when
AUMNPs are treated, in sample B. Here there is a small increase in the number of bright
yellow/orange spots which are the AUMNPs, Whilst Sample C shows a large increase in the
number of nanoparticles actually within the nucleus of the cell when the cells are treated with
AUMNP:NfnB-Cys. The most striking image however is sample D where cells are treated with
AUMNP:NfnB-Cys:HR9 which shows a visually improved quantity of nanoparticles with the
cells and cell nuclei. This is a very good indication that the addition of the CPP is causing a

large increase in the uptake of the AUMNP conjugate.
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5.11 Conclusions and future work

Here a novel synthesis method for AUMNPS has been demonstrated, along with changes to the
synthesis to improve the morphology of the nanoparticles produced. The AUMNPs are purified
under magnetism to remove any excess non-magnetic gold nanoparticles produced by the
synthesis, also by centrifugation to remove nanoparticles larger than ~ 50 nm and in an attempt
to separate out the excess iron oxide nanoparticles that were uncoated within the synthesis.
These AuUMNPs have been further characterised by: TEM, UV-Vis, DLS and their zeta
potential calculated. The TEM images indicated that experimental changes during the
development of the synthesis had an improvement of the produced nanoparticles. The original
nanoparticle synthesis yielded a low count of nanoparticles as well as a mismatch in both shape
and size of the nanoparticles. By changing the experimental parameters of the synthesis, the
size of the nanoparticles improved to be roughly 50 nm, along with both the shape and size
distribution improving as well as the overall number of nanoparticles present post purification.
This improvement in the nanoparticle morphology was also supported by UV-Vis with the A-
max of the gold peak being in the area of 50 nm as well as the shape of the gold peak improving
in size and smoothness indicating an improved morphology of the nanoparticles. The DLS of
the nanoparticles initially indicated that the nanoparticles had an average size of almost 100
nm, much larger than suggested by TEM and UV-Vis. Further analysis using DLS to scan with
light sources from different angles demonstrated that the nanoparticles were in fact scattering
light in multiple directions that could not be detected by DLS. This DLS imaging demonstrated
the nanoparticles were in fact much closer to the 50 nm suggested by TEM and UV-Vis. The
size distribution done by DLS produced a reported size distribution of 77 nm, with the
calculated zeta potential of the nanoparticles being calculated at -35.2 mV indicating that the
nanoparticles were above the threshold for stability. However it was noted that the distribution
value of the nanoparticles did extend towards 0 mV indicating some of the nanoparticles within
the solution would tend to flocculate or aggregate.

Finally the nanoparticles have been assessed for their stability, as well as the aggregation
behaviour of the AUMNPSs in various mediums. The AUMNPs were first tested for their stability
in dH20 and 1 mM sodium citrate dihydrate, the solution they are ‘washed” with and kept in
post synthesis and purification. The AUMNPSs demonstrated no observable aggregation at up to

and including 96 hours. The experiments were repeated using; phosphate buffer (50 mM, pH
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7.4), phosphate buffered saline (PBS), NaCl (1 mM-5 M) 1 mM sodium citrate dihydrate at
various temperatures (-20°C, 0°C, 25°C, 37 "C), pH altered 1 mM sodium citrate dihydrate (pH
1-12) and finally Dulbecco’s Modified Eagle’s Medium (with 10 % Fetal Bovine Serum, 1 %
L-Glutamine and 1 % Penicillin Streptomycin) to assess of the AUMNPs might behave in cell
culture experiments. The AUMNPs showed aggregation in PBS, NaCl above 200 mM and when
stored at -20 "C and pH altered solutions at pH of 1, 2 and 3. The AuMNPs were stable in all
of the other mediums and experimental parameters used for assessing stability, including
Dulbecco’s Modified Eagle’s Medium (with 10 % Fetal Bovine Serum, 1 % L-Glutamine and

1 % Penicillin-Streptomycin) indicating they could be used in cell culture experiments.

In the work discussed here it has been shown that the previously genetically modified
nitroreductases: NfnB-Cys and YfkO-Cys have been successfully expressed, purified and
characterized by SDS-PAGE. Further to this both the nitroreductases have been successfully
conjugated with the CPPs: HR9 and Pep-1 at varying rations, with conjugation being analysed
using native agarose gel electrophoresis. From this, the NTR:CPP conjugates were assessed for
their ability to reduce the CB1954 prodrug, with the product production being assessed using
UV-Vis by measuring the change in absorbance at 420 nm over time. The results displayed that
up to a 1:1 ratio all NTR:CPP combinations displayed no major change in the change of
absorbance at 420 nm, whilst above this ratio some conjugates displayed no change, whilst
others exhibited a drastic drop in the change at 420nm. From this for all further work involving
nitroreductases and CPPs the ratio would be 1:1, with the exception being when using
nanoparticles, where the CPPs would be in a 1:1 ratio with the nanoparticle itself, not the
nitroreductases. The enzymatic reaction profile of the NTR:CPP conjugates was assessed by
HPLC to determine how (if at all) the conjugation of the CPP changes the hydroxylamine
product formation ratio from the unconjugated nitroreductases. All conjugates showed minimal
changes to the ratio of products, indicating a possible slight structural or kinetic change to the
enzymes. Further to this Michaelis-Menten kinetic parameters of the conjugates were
determined, with the NfnB-Cys:CPP conjugates demonstrating up to a 75 % loss in enzymatic
efficiency, whilst the YfkO-Cys:CPP conjugates showed an enzymatic efficiency of up to 20
times less than unconjugated YfkO-Cys. This drop in efficiency and change in product ratio,

could cause issues when the conjugates are used in combination with CB1954 in cell culture.

Cell culture experiments using the NTR:CPP conjugates demonstrated that for all conjugates,
the addition of the CPP to the enzyme decreased the cell survivability, with differing

152



combinations of NTR:CPP having different increases of cell death, with NfnB-Cys:HR9
demonstrating the largest decrease in cell survivability and NfnB-Cys:Pep-1 displaying the
smallest difference in cell survivability. The CPPs were also assessed independently for any
excess toxicity they displayed towards the cells, of which none was observed, indicating that

the increase in toxicity observed is from an increased uptake of nitroreductase.

After determining a synthetic route for the formation of AUMNPs and the successful use of
CPPs at aiding an increase uptake of nitroreductases, the nanoparticles were conjugated with
NfnB-Cys and HR9 to assess if the CPPs can aid in the increased uptake of the AUMNP:NfnB-
Cys conjugate. Identical experiments were also carried out using single metal gold
nanoparticles (AUNPs) first to assess how the AUMNPs might behave in cell culture. This was
done due to the low yield the AUMNP synthesis produced. The AuNPs were successfully
conjugated with NfnB-Cys with the conjugate retaining enzymatic activity, the conjugate was
then tested in cell culture and further conjugated with HR9 at a 1:1 ratio with the AUMNP. This
final conjugate demonstrated a decrease in cell survivability compared to the AUNP:NfnB-Cys
conjugate on its own, indicating an increase in cellular uptake of the conjugate, again the
conjugate demonstrated no toxicity when tested on its own. This set of experiments was
repeated using AUMNPs with the same trend in results being observed, indicating that the

AUMNP:NfnB-Cys:HR9 conjugate does present a viable system for use in MNDEPT.

Further work for this project would be to continue to improve the synthesis method for
AUMNPSs to attempt to coat a higher percentage of the iron oxide nanoparticles, as well as being
able to produce a tighter size distribution of the AUMNPs and if needs be find a way to remove
the excess uncoated iron oxide nanoparticles. Further to the current established NTR:CPP
conjugate reaction product ratio, the same needs to be done with the nanoparticle conjugates
by HPLC along with the kinetic parameters of the conjugates. Different ratios of CPPs could
also be used on the unconjugated enzymes to assess for an optimum ratio for maximum uptake
and cell death, which could then be further adapted onto work involving AUMNPs. Finally the
testing of a wider range of enzymes on a range of cell types should be done to establish a
database for which enzymes are able to cause the most cell death in different cell types with

and without the use of CPPs and conjugation to AUMNPSs.
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6.1 NfnB-Cys

Ddunnet critical value: 17.71105 (values highlighted in green are individually statisitically

significant points).

Groups | Count Sum Average Variance Ddunnet
Control 3 300 100 0
25 nM 3 243.1913978 | 81.06379928 | 18.42121074 | 18.93620072
50 nM 3 247.3210417 | 82.44034723 | 21.14881561 | 17.55965277
75 nM 3 249.7246508 | 83.24155028 | 3.457153586 | 16.75844972
100 nM 3 259.6474733 | 86.54915777 | 4.222927334 | 13.45084223
125 nM 3 284.8473702 | 94.94912339 | 26.63898452 | 5.050876607
150 nM 3 252.3588561 | 84.1196187 | 22.04051221 | 15.8803813
175 nM 3 263.1460988 | 87.71536627 | 3.875601179 | 12.28463373
200 nM 3 246.2616753 | 82.0872251 | 72.75259255 | 17.9127749
Sou_rce_ of SS df MS F P-value F crit
Variation
Between Groups | 1006.239 | 8 | 125.7799243 | 6.560232 | 0.0004656 | 2.510157895
Within Groups 345.115 | 18 | 19.17308864
6.2 NfnB-Cys:HR9
Ddunnet critical value: 36.45492
Groups | Count Sum Average | Variance | Ddunnet
Control 3 300 100 0
25 nM 3 177.5859 | 59.19531 | 73.36849 | 40.80469
50 nM 3 173.0583 | 57.68611 | 119.7039 | 42.31389
75 nM 3 233.9987 | 77.99956 | 62.91052 | 22.00044
100 nM 3 211.0136 | 70.33787 | 2.928494 | 29.66213
125 nM 3 209.32 | 69.77334 | 6.828988 | 30.22666
150 nM 3 226.9002 | 75.63338 | 26.70435 | 24.36662
175 nM 3 197.2458 | 65.7486 | 166.5157 | 34.2514
200 nM 3 174.3841 | 58.12805 | 0.374847 | 41.87195
Source of Variation SS df MS F P-value F crit
Between Groups | 4263.096 8 532.8871 | 10.44114 | 2.26E-05 | 2.510158
Within Groups 918.6705 18 51.03725
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6.3 NfnB-Cys:Pep-1

Ddunnet critical value: 21.93373

Groups | Count Sum Average | Variance | Ddunnet
Control 3 300 100 0
25 nM 3 243.2237 | 81.07457 | 90.32083 | 18.92543
50 nM 3 247.9613 | 82.65377 | 3.371787 | 17.34623
75 nM 3 245.8808 | 81.96025 | 16.1419 | 18.03975
100 nM 3 2445302 | 81.51005 | 6.835578 | 18.48995
125 nM 3 256.7362 | 85.57875 | 70.24892 | 14.42125
150 nM 3 247.2377 | 82.41256 | 2.560579 | 17.58744
175 nM 3 243.6446 | 81.21485 | 10.95141 | 18.78515
200 nM 3 205.6742 | 68.55805 | 37.61449 | 31.44195
Sou_r ce of SS df MS F P-value F crit
Variation
Between Groups | 1543.256 8 192.907 | 7.293408 | 0.000243 | 2.510158
Within Groups 476.091 18 26.4495
6.4 YTKO-Cys
Ddunnet critical value: 25.64078
Groups | Count Sum Average | Variance | Ddunnet
Control 3 300 100 0
25 nM 3 228.9542 | 76.31806 | 7.682889 | 23.68194
50 nM 3 238.887 | 79.629 | 17.69679 | 20.371
75 nM 3 248.093 | 82.69766 | 8.360731 | 17.30234
100 nM 3 236.1433 | 78.71443 | 53.25972 | 21.28557
125 nM 3 227.7982 | 75.93273 | 31.685 |24.06727
150 nM 3 228.2878 | 76.09592 | 21.21424 | 23.90408
175 nM 3 247.6356 | 82.54518 | 48.4691 | 17.45482
200 nM 3 193.1758 | 64.39193 | 82.19418 | 35.60807
Source of SS df MS F P-value F crit
Variation
Between Groups | 2108.994 8 263.6242 | 8.7692 | 7.39E-05 | 2.510158
Within Groups | 541.1253 18 30.06252
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6.5 YTkO-Cys:HR9

Ddunnet critical value: 35.37663

Groups | Count Sum Average | Variance | Ddunnet
Control 3 300 100 0
25 nM 3 180.5446 | 60.18153 | 76.04447 | 39.81847
50 nM 3 190.0056 | 63.33519 | 80.60588 | 36.66481
75 nM 3 183.5099 | 61.16995 | 20.08791 | 38.83005
100 nM 3 193.1517 | 64.3839 | 53.32479 | 35.6161
125 nM 3 201.87 | 67.29001 | 60.68265 | 32.70999
150 nM 3 188.1368 | 62.71225 | 22.44526 | 37.28775
175 nM 3 207.8888 | 69.29626 | 18.5528 | 30.70374
200 nM 3 167.4792 | 55.82641 | 38.14699 | 44.17359
Source of Variation SS df MS F P-value F crit
Between Groups 4014.564 8 501.8205 | 12.21005 | 7.49E-06 | 2.510158
Within Groups 739.7815 18 41.09897
6.6 YfkO-Cys:Pep-1
Ddunnet critical value: 27.23717
Groups | Count Sum Average | Variance | Ddunnet
Control 3 300 100 0
25 nM 3 186.3891 | 62.12972 | 99.61655 | 37.87028
50 nM 3 189.1314 | 63.04379 | 12.52916 | 36.95621
75 nM 3 187.8567 | 62.61889 | 27.6606 | 37.38111
100 nM 3 183.6297 | 61.2099 | 2.64469 | 38.7901
125 nM 3 192.1744 | 64.05813 | 23.35572 | 35.94187
150 nM 3 196.286 | 65.42867 | 7.271059 | 34.57133
175 nM 3 177.8962 | 59.29873 | 6.904179 | 40.70127
200 nM 3 153.2512 | 51.08375 | 74.32325 | 48.91625
Source of Variation SS df MS F P-value F crit
Between Groups | 4448.016 8 556.0019 | 19.67721 | 2.08E-07 | 2.510158
Within Groups 508.6104 18 28.25613
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6.7 AUNP NfnB-Cys

Groups | Count Sum Average | Variance
Control 3 300 100 0
25 nM 3 240.4865 | 80.16217 | 35.80367
50 nM 3 259.9025 | 86.63418 | 0.22577
100 nM 3 260.4997 | 86.83322 | 35.1631
200 nM 3 2444228 | 81.47427 | 16.5727
Source of Variation SS df MS F P-value F crit
Between Groups 739.3472 4| 184.8368 | 10.53018 | 0.001311 | 3.47805
Within Groups 175.5305 10 | 17.55305
6.8 AUNP NfnB-Cys:HR9
Groups | Count Sum Average | Variance
Control 3 300 100 0
25 nM 3 270.7402 | 90.24672 | 2.601644
50nM 3 264.2661 | 88.0887 | 3.427574
100 nM 3 254.8861 | 84.96204 | 7.648822
200 nM 3 226.5995 | 75.53318 | 11.29132
Source of Variation SS df MS F P-value F crit
Between Groups 940.2992 4 235.0748 | 47.07265 | 1.87E-06 | 3.47805
Within Groups 49.93872 10 4.993872
6.9 AUMNP NfnB-Cys
Groups Count Sum Average | Variance
Control 3 300 100 0
25 nM 3 296.1898 | 98.72992 | 17.12075
50 nM 3 263.6912 | 87.89708 | 41.13312
100 nM 3 235.0575 | 78.3525 | 72.79006
200 nM 3 234.7278 | 78.24259 | 12.40218
Source of Variation SS df MS F P-value F crit
Between Groups 1336.04 4 334.01 | 11.64235 | 0.000883 | 3.47805
Within Groups 286.8922 10 28.68922
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6.10 AUMNP NfnB-Cys:HR9

Groups | Count Sum Average | Variance
Control 3 300 100 0
25 nM 251.5537 | 83.85122 | 132.0112

50 nM 3 239.3294 | 79.77648 | 81.02851

100 nM 3 212.6603 | 70.88675 | 103.3253

200 nM 3 208.7643 | 69.58809 | 41.8097

Source of Variation SS df MS F P-value | Fcrit

Between Groups 1808.924 4 452.2311 | 6.312996 | 0.008416 | 3.47805
Within Groups 716.3493 10 71.63493
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6.11 Dunnett critical value table

o u Number of Groups, Including Control Group
2 3 4 5 6 7 8 9 10
5 05 1.57 3.03 3.29 348 .62 3.73 3.82 3.90 3.97
.01 4.03 4.63 4.98 522 5.41 5.56 5.69 5.80 5.89
6 05 245 2.86 3.10 3.26 33 3.49 3.57 3.64 371
.01 371 4.21 4.51 4.71 4.87 5.00 5.10 5.20 5.28
7 05 2.36 275 2.97 3.12 3.4 3.3 341 347 3.53
.01 3.50 3.95 4.21 439 [ 453 464 [ 474 | 482 | 4.89
8 05 23 2.67 2.88 .02 3.13 3.22 3.29 3.38 341
.01 3.3 377 4.00 [ 417 429 [ 440 | 448 | 456 | 4.62
9 05 2.26 2.61 2.81 2.95 3.05 3.14 3.20 3.26 3.32
.01 3.25 3.63 3.85 4.01 4.12 [ 422 | 430 | 4.37 4.43
10 05 2.23 2.57 276 2.80 2.99 3.07 314 3.19 3.24
.01 3.17 3.53 374 3.88 399 | 408 | 416 | 432 | 428
1 05 2.20 2.53 2.72 284 294 3.02 3.08 314 3.19
.01 3.11 345 3.65 3.79 3.80 398 | 4.05 4.11 4.16
12 05 218 2.50 268 2.81 2.90 298 3.04 3.09 3.14
.01 3.05 i3 3.58 371 3.81 3.89 396 | 402 [ 407
13 05 216 248 2.65 278 2.87 294 3.00 3.06 3.10
.01 3.01 3.3 3.52 3.65 374 3.82 3.89 394 3.99
14 05 2.14 246 2.63 275 284 291 297 3.02 3.07
.01 208 3.29 347 3.59 3.69 3.76 3.83 3.88 3.93
15 05 213 244 2.61 2.73 2.82 2.89 2.95 3.00 3.04
.01 295 3.25 343 3.55 .64 371 378 3.83 3.88
16 05 2.12 242 2.59 271 2.80 2.87 292 297 3.02
.01 292 322 33 3.51 3.60 3.67 3.73 3.78 3.83
17 05 2.11 241 2.58 2.69 278 2.85 2.90 2.95 3.00
.01 2.90 3.19 3.36 347 3.56 3.63 3.69 3.74 3.79
18 05 210 2.40 2.56 268 276 283 2.89 294 2.08
01 288 3.17 3.33 344 3.53 3.60 3.66 371 3.75
19 05 2.09 2.39 1.55 .66 275 2.81 2.87 292 2.96
.01 2.86 3.15 3.31 342 3.50 3.57 3.63 3.68 372
20 05 2.09 238 2.54 2.65 273 2.80 2.86 2.90 2.95
.01 2.85 3.13 3.29 3.40 348 3.55 3.60 3.65 3.69
24 05 2.06 2.35 2.51 2.61 270 276 2.81 2.86 2.90
01 2.80 3.07 322 332 3.40 347 3.52 3.57 3.61
10 05 204 2.32 247 2.58 .66 2.72 277 2.82 2.86
01 275 3.01 3.15 3.25 3.3 33 3.44 3.49 3.52
40 05 2.02 2.29 244 2.54 2.62 268 2.73 277 2.81
.01 270 2.95 3.09 3.19 3.26 3.32 33 341 3.44
60 05 2.00 2.27 2.41 2.51 2.58 2.64 2.69 2.73 277
.01 .66 2.90 3.03 3.12 3.19 3.25 3.29 3.3 33
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