
Bangor University

DOCTOR OF PHILOSOPHY

A Universal Magnetic Carrier for use in Cancer Prodrug Therapy

Hobbs, Robert

Award date:
2015

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 27. Apr. 2024

https://research.bangor.ac.uk/portal/en/theses/a-universal-magnetic-carrier-for-use-in-cancer-prodrug-therapy(37007099-0a46-4837-bdf5-cddc4e52b1d9).html


 

 

  

 A Universal Magnetic Carrier for use in Cancer 

Prodrug Therapy 

A thesis submitted for the degree of 

Doctor of Philosophy 

 

 
 

 

Prifysgol Bangor • Bangor University 

©  October 2015  

by 

Robert John Hobbs 

Prodrugs 

Cytotoxic Reduced 
Prodrug Products 

Cysteine Tagged Modified 
NTRs 

Immobilised to Au-MNPs 



 

 

 

 

 

 

 

 

 

 

 

‘The science of today is the technology of tomorrow’ 

Edward Teller



i 

 

  

Declaration and Consent 

Details of the Work 

I hereby agree to deposit the following item in the digital repository maintained by Bangor 

University and/or in any other repository authorized for use by Bangor University. 

Author Name: Mr Robert Hobbs 

Title: A Universal Magnetic Carrier For Use In Cancer Prodrug Therapy 

Supervisor/Department: Dr Christopher Gwenin/School of Chemistry 

Funding body (if any): KESS/ESF 

Qualification/Degree obtained: Doctor of Philosophy in Chemistry 

 

This item is a product of my own research endeavours and is covered by the agreement below 

in which the item is referred to as “the Work”.  It is identical in content to that deposited in the 

Library, subject to point 4 below. 

Non-exclusive Rights 

Rights granted to the digital repository through this agreement are entirely non-exclusive.  I am 

free to publish the Work in its present version or future versions elsewhere. 

I agree that Bangor University may electronically store, copy or translate the Work to any 

approved medium or format for the purpose of future preservation and accessibility.  Bangor 

University is not under any obligation to reproduce or display the Work in the same formats or 

resolutions in which it was originally deposited. 

Bangor University Digital Repository 

I understand that work deposited in the digital repository will be accessible to a wide variety of 

people and institutions, including automated agents and search engines via the World Wide 

Web. 

I understand that once the Work is deposited, the item and its metadata may be incorporated 

into public access catalogues or services, national databases of electronic theses and 

dissertations such as the British Library’s EThOS or any service provided by the National 

Library of Wales. 

I understand that the Work may be made available via the National Library of Wales Online 

Electronic Theses Service under the declared terms and conditions of use 

(http://www.llgc.org.uk/index.php?id=4676). I agree that as part of this service the National 

Library of Wales may electronically store, copy or convert the Work to any approved medium 

or format for the purpose of future preservation and accessibility.  The National Library of 

Wales is not under any obligation to reproduce or display the Work in the same formats or 

resolutions in which it was originally deposited. 



ii 

 

  

Statement 1: 

This work has not previously been accepted in substance for any degree and is not being 

concurrently submitted in candidature for any degree unless as agreed by the University for 

approved dual awards. 

 

Signed ………………………………………….. (candidate) 

Date …………………………………………….. 

Statement 2: 

This thesis is the result of my own investigations, except where otherwise stated.  Where 

correction services have been used, the extent and nature of the correction is clearly marked in 

a footnote(s). 

All other sources are acknowledged by footnotes and/or a bibliography. 

 

Signed …………………………………………. (candidate) 

Date ……………………………………………. 

Statement 3: 

I hereby give consent for my thesis, if accepted, to be available for photocopying, for inter-

library loan and for electronic storage (subject to any constraints as defined in statement 4), and 

for the title and summary to be made available to outside organisations. 

 

Signed …………………………………………. (candidate) 

Date ……………………………………………. 

NB: Candidates on whose behalf a bar on access has been approved by the Academic 

Registry should use the following version of Statement 3: 

Statement 3 (bar): 

I hereby give consent for my thesis, if accepted, to be available for photocopying, for inter-

library loans and for electronic storage (subject to any constraints as defined in statement 4), 

after expiry of a bar on access. 

 

Signed …………………………………………… (candidate) 

Date ………………………………………………                                                                                       



iii 

Statement 4: 

Choose one of the following options  

a)      I agree to deposit an electronic copy of my thesis (the Work) in the Bangor 

University (BU) Institutional Digital Repository, the British Library ETHOS system, 

and/or in any other repository authorized for use by Bangor University and where 

necessary have gained the required permissions for the use of third party material. 

 

b)      I agree to deposit an electronic copy of my thesis (the Work) in the Bangor 

University (BU) Institutional Digital Repository, the British Library ETHOS system, 

and/or in any other repository authorized for use by Bangor University when the 

approved bar on access has been lifted. 

YES 

c)      I agree to submit my thesis (the Work) electronically via Bangor University’s 

e-submission system, however I opt-out of the electronic deposit to the Bangor 

University (BU) Institutional Digital Repository, the British Library ETHOS system, 

and/or in any other repository authorized for use by Bangor University, due to lack 

of permissions for use of third party material. 

 

Options B should only be used if a bar on access has been approved by the University. 

In addition to the above I also agree to the following: 

1. That I am the author or have the authority of the author(s) to make this agreement and do hereby 

give Bangor University the right to make available the Work in the way described above. 

2. That the electronic copy of the Work deposited in the digital repository and covered by this 

agreement, is identical in content to the paper copy of the Work deposited in the Bangor 

University Library, subject to point 4 below. 

3. That I have exercised reasonable care to ensure that the Work is original and, to the best of my 

knowledge, does not breach any laws – including those relating to defamation, libel and 

copyright. 

4. That I have, in instances where the intellectual property of other authors or copyright holders is 

included in the Work, and where appropriate, gained explicit permission for the inclusion of 

that material in the Work, and in the electronic form of the Work as accessed through the open 

access digital repository, or that I have identified and removed that material for which adequate 

and appropriate permission has not been obtained and which will be inaccessible via the digital 

repository. 

5. That Bangor University does not hold any obligation to take legal action on behalf of the 

Depositor, or other rights holders, in the event of a breach of intellectual property rights, or any 

other right, in the material deposited. 

6. That I will indemnify and keep indemnified Bangor University and the National Library of 

Wales from and against any loss, liability, claim or damage, including without limitation any 

related legal fees and court costs (on a full indemnity bases), related to any breach by myself of 

any term of this agreement. 

 

Signature: ………………………………………………………  

Date ……………………………………………………….



      iv 

Contents 

Covering picture is an illustration of the prodrug CB1954 being activated to a cytotoxic 

hydroxylamine derivative following reduction by a nitroreductase. 

Declaration and Consent ............................................................................................................. i 

Abstract.................................................................................................................................... viii 

Acknowledgments ...................................................................................................................... ix 

Abbreviations .............................................................................................................................. x 

 

CHAPTER 1 - INTRODUCTION ..................................................................................................... 2 

1.1 Introduction ........................................................................................................................ 2 

1.1.2 Cancer treatment ................................................................................................................ 9 

1.2 Directed enzyme prodrug therapy .................................................................................. 16 

1.2.1 Commonly used enzyme-prodrug combinations ............................................................. 16 

1.2.2 Antibody directed enzyme prodrug therapy .................................................................... 18 

1.2.3 Gene directed enzyme prodrug therapy ........................................................................... 18 

1.2.4 Virus directed enzyme prodrug therapy .......................................................................... 19 

1.2.5 Prodrug reduction by nitroreductases .............................................................................. 19 

1.3 Nitroreductases ................................................................................................................. 25 

1.4 Nanoparticle overview and significance ......................................................................... 26 

1.4.1. Gold nanoparticles .......................................................................................................... 26 

1.4.2. Magnetic nanoparticles ................................................................................................... 28 

1.4.3. Gold coated magnetic nanoparticles ............................................................................... 33 

1.5 Immobilisation of nitroreductase .................................................................................... 34 

1.6 Selection of cancer cells .................................................................................................... 37 

1.7. Conclusion ........................................................................................................................ 39 

1.7.1 Conclusion ....................................................................................................................... 39 

1.7.2. Aims of this study ........................................................................................................... 40 

 

CHAPTER 2 – EXPERIMENTAL METHODS................................................................................ 42 

2.1 Enzymes ............................................................................................................................. 42 

2.1.1 Transformation of nitroreductase plasmid into competent cells ..................................... 42 

2.1.2 DNA plasmid digestion and DNA agarose gel ................................................................ 42 

2.1.3 Protein expression ........................................................................................................... 43 



v 

 

  

2.1.4 SDS–PAGE analysis ....................................................................................................... 43 

2.1.5 Enzyme purification ........................................................................................................ 44 

2.1.6 Removal of imidazole from the protein........................................................................... 45 

2.1.7 Determination of cys-tagged modified nitroreductases using cyclic voltammetry ......... 45 

2.1.8 Using Bradford assay for protein quantification ............................................................. 46 

2.2 Synthesis of superparamagnetic iron oxide nanoparticles ........................................... 47 

2.3 Gold coating of the SPIONs ............................................................................................. 48 

2.3.1 Modification of Au-MNP synthesis ................................................................................ 49 

2.4 Immobilisation of NTR onto Au colloid and Au-MNPs ................................................ 50 

2.5 Kinetics of NTR, Au-NTR and Au-MNP-NTR conjugates .......................................... 50 

2.5.1 Activity testing - enzyme reactivity to CB1954 .............................................................. 50 

2.5.2 Determination of enzyme kinetics ................................................................................... 51 

2.5.3 pH and temperature profile kinetics ................................................................................ 53 

2.5.4. Modification to kinetic protocol for 96-well plate analysis ........................................... 53 

2.6 HPLC analysis of DNA cross-linking hydroxylamine products ................................... 54 

2.7 Cell culturing and cell viability assay ............................................................................. 55 

2.7.1 Cell preparation and culturing ......................................................................................... 55 

2.7.2. Cell freezing for long term storage ................................................................................. 56 

2.7.3 Cell viability assay .......................................................................................................... 57 

2.7.4 Modification to cell viability assay ................................................................................. 58 

 

CHAPTER 3 – NITROREDUCTASE PRODUCTION AND DETERMINATION OF KINETICS ............. 60 

3.1 Introduction ...................................................................................................................... 60 

3.2 Plasmid digestion .............................................................................................................. 61 

3.3 SDS-PAGE analysis .......................................................................................................... 62 

3.4 Enzyme assay using ultraviolet-visible spectroscopy .................................................... 65 

3.5 Characterisation of NfsB-his and NfsB-cys .................................................................... 68 

3.5.1 Km and Vmax of NfsB-his and NfsB-cys .......................................................................... 69 

3.5.2 Effect of pH on NfsB-his and NfsB-cys activity ............................................................. 71 

3.5.3 Effect of temperature on NfsB-his and NfsB-cys activity ............................................... 72 

3.5.4 HPLC analysis of reaction products: NfsB-cys ............................................................... 74 

3.6 Characterisation of YfkO-his and YfkO-cys.................................................................. 75 

3.6.1 Km and Vmax of YfkO-his and YfkO-cys ......................................................................... 75 

3.6.2 Effect of pH on YfkO-his and YfkO-cys activity ........................................................... 78 



vi 

 

  

3.6.3 Effect of temperature on YfkO-his and YfkO-cys activity ............................................. 79 

3.6.4 HPLC analysis of reaction products: YfkO-cys .............................................................. 80 

3.7 Discussion of nitroreductase kinetic properties ............................................................. 81 

3.8 Concluding remarks ......................................................................................................... 82 

 

CHAPTER 4 – PARTICLE SYNTHESIS ........................................................................................ 84 

4.1 Superparamagnetic nanoparticles .................................................................................. 84 

4.1.1 Introduction to superparamagnetic iron oxide nanoparticles .......................................... 84 

4.1.2 Characterisation of synthesised superparamagnetic iron oxide nanoparticles ................ 85 

4.2 Hydroxylamine coating of superparamagnetic iron oxide particles with chloroauric acid ... 89 

4.3 Pre-seeding superparamagnetic iron oxide nanoparticles with 5 nm Au nanoparticles . 90 

4.4 Modified gold coated magnetic nanoparticle synthesis ................................................. 95 

4.5 Concluding remarks on magnetic nanoparticles ........................................................... 98 

 

CHAPTER 5 – IMMOBILISATION AND CELL VIABILITY OF NITROREDUCTASES .................... 101 

5.1 Characterising Au-S bonding and nitroreductase immobilisation ............................ 101 

5.2 Activity of immobilised nitroreductases ....................................................................... 105 

5.2.1 Activity of Au colloid immobilised NfsB-cys............................................................... 105 

5.2.2 Effect of pH on Au colloid immobilised NfsB-cys ....................................................... 107 

5.2.3 Effect of temperature on Au colloid immobilised NfsB-cys ......................................... 108 

5.2.4 Activity of Au colloid immobilised YfkO-cys .............................................................. 109 

5.2.5 Effect of pH on Au colloid immobilised YfkO-cys ...................................................... 110 

5.2.6 Effect of temperature on Au colloid immobilised YfkO-cys ........................................ 111 

5.2.7 Activity of Au-MNP immobilised YfkO-cys ................................................................ 112 

5.3 Enzymatic kinetics of immobilised nitroreductases .................................................... 113 

5.3.1 Kinetics of Au colloid immobilised NfsB-cys .............................................................. 113 

5.3.2 Kinetics of Au colloid immobilised YfkO-cys .............................................................. 115 

5.3.3 Kinetics of Au-MNP immobilised YfkO-cys ................................................................ 117 

5.3.4 Comparison of immobilised kinetics ............................................................................. 119 

5.4 Cell Viability ................................................................................................................... 123 

5.4.1 Setup, design and implementation of cell culture facilities ........................................... 123 

5.4.2 Viability assay introduction ........................................................................................... 124 

5.4.3 Determination NfsB-cys cell viability ........................................................................... 125 

5.5 Concluding remarks ....................................................................................................... 126 



vii 

 

  

 

6. GENERAL CONCLUSIONS ................................................................................................... 129 

6.1 Conclusion ....................................................................................................................... 129 

6.2 Future Work ................................................................................................................... 131 

 

7. APPENDIX ...................................................................................................................... 134 

 

REFERENCES .......................................................................................................................... 139 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

  

Abstract 

 

A Universal Magnetic Carrier for use in Cancer Prodrug Therapy 

Magnetic nanoparticles have attracted huge amounts of interest in the scientific and healthcare 

communities. Fe3O4 and γ-Fe2O3 are magnetic nanoparticles of particular interest in 

nanotherapeutics and have already been approved for use by the Medicines and Healthcare 

Products Regulatory Agency along with the United States Food and Drug Administration. 

Magnetic nanoparticle directed enzyme prodrug therapy is a novel drug delivery system being 

developed in this project to allow targeted cancer treatment. Magnetic nanoparticle directed 

enzyme prodrug therapy hopes to utilise gold coated magnetic nanoparticles to deliver 

nitroreductases; immobilised to the particle surface, to the tumour site under a magnetic field. 

At the tumour site the nitroreductases will convert prodrugs into their active cytotoxic forms 

destroying the tumour cells.  

Gold coated magnetic nanoparticles have been successfully synthesized and the previously 

modified nitroreductases; NfsB and YfkO in both a –His and –Cys tagged form were expressed 

and purified. The nitroreductase YfkO-cys was then immobilised onto the synthesised gold 

coated magnetic nanoparticles via gold-thiol bonds. The YfkO-cys retained its enzymatic 

activity towards the prodrug CB1954 whilst conjugated to the particles and this is believed to 

be the first successful attempt and report of this system. Furthermore the genetically modified 

nitroreductase NfsB-cys has been tested on a cell line in vitro. Using a combination treatment 

of nitroreductase (200 nM), cofactor NADH and the prodrug CB1954 (10 µM) the system 

exhibited an average cell survival rate of ~ 20%.  
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Chapter 1 - Introduction 

1.1 Introduction 

Cancer is an aggressive and complex disease and is a leading cause of death worldwide, 

accounting for ~ 8 million deaths annually (2012).1,2 It is a massive strain on health services 

across the globe and although mortality rates have been slowly but steadily falling for around 

the last 30 years, predominately in western countries, this decline is expected to eventually 

plateau to a fixed share of the population.3–5 The main reason for this decrease in mortality is 

attributed to both the scientific and medical professions gathering more information about the 

disease and therefore reaching a better understanding of its biology and progression.6 Through 

substantial funding and investment in cancer treatment research, treatments available to patients 

are now far more advanced. This is helping to decrease mortality rates further, with approx. £12 

billion spent per annum.7 Whilst there is a current trend of decline in the mortality rates 

associated with cancer; the global death rate for the disease is set to peak at ~17 million by the 

year 2030.8 It is predicted that cancer will still present a considerable problem for many years 

to come unless even further advances in diagnostics, treatment and patient care come to 

fruition.9,10 One of the main and most widely available treatment options accessible to cancer 

patients is chemotherapy but this has a major disadvantage in that it has prevalent toxic side 

effects and an inability to be used at an effective/efficient dosage due to its dose limiting toxicity 

(DLT).11,12 Thus recent research is swaying heavily to the development of tumour targeting or 

tumour specific drugs.13  

The area of research that this project focuses on is facilitating the targeted delivery of the toxic 

compounds utilising enzymes; it is suggested that this is a promising system for controlling 

cancerous tumours.14 It is promising because by directing and only activating the compound to 

be cytotoxic at the site of a tumour, the treatment would be localised. This would not only limit 

the damage to non-cancerous cells but by being controlled and localised would allow an 

increase in dosage of the active compounds; making the treatment more effective due to not 

being constrained by the DLT of the compounds. This study will look at using a magnetic 

nanoparticle system as the delivery mechanism to control and localise the targeting of the 

treatment. 
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1.1.1 Cancer background  

Cancer is currently responsible for approximately 30% of all deaths in the world each              

year.15 In the UK more than 1 in 3 people will develop cancer in their lifetime with greater than 

300,000 new cases diagnosed each year.16 Breast, lung, bowel and prostate cancer account for 

over 50% of all the new cases of cancer.16 Cancer initiates from alterations to deoxyribonucleic 

acid (DNA) sequences, this causes a cells biological processes to alter. The conversion of a 

normal functioning cell into a malignant tumour cell is a complex multi-stage process.17  

The alteration in DNA sequences leads to the formation of a neoplasm, a new growth of tissue 

which is not coordinated with the tissue around it and does not behave or function as the 

neighbouring cells do.18 Neoplasms occur in three forms; benign, premalignant and malignant. 

A benign tumour does not aggressively invade neighbouring tissue or grow to an unlimited size 

or metastasise. A premalignant neoplasm shows uncontrolled growth but as a group of 

proliferating cells does not invade or spread. Finally, a cancerous/malignant tumour will grow 

to an unlimited size, invade neighbouring tissue and spread. Ultimately a malignant tumour can 

be fatal;18 around 90% of human cancer deaths are attributed to metastasis.19 

Metastasis is the process whereby cells from a localised tumour spawn and colonise new sites 

where nutrients and space are not prohibiting; metastasis can be preceded by invasion where 

the local tumour itself invades the neighbouring tissue.20 Mutations can occur in DNA 

sequences by many different methodologies. They can be caused via a chemical reaction which 

occurs when there is direct contact with mutagens or carcinogens;21 exposure to radiation,22 

infection by viruses,23 and harmful bacteria.24 Mutations can also be caused by infection from 

fungi.25 The inheritance of certain genetic markers is also linked to the development of cancer 

with these inherited genes potentially encouraging malignant traits to develop within the 

individual.26–28 

Cancer research has, over the years been studied in great detail and as such a complex body of 

knowledge has been formed on the disease.29 This research has led to the conclusion that cancer 

is a disease which involves dynamic changes in the genome.29 Oncogenes and tumour 

suppressor genes have been identified as the two classes of cancers genes produced from 

mutations.29,30 Oncogenes have a dominant gain of function whereas tumour suppressor genes 

are the opposite with a loss of function. These have been identified through alteration of both 

human and animal cancer cells along with experimental models.30 
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Enabling 
replicative 

immortality 

Hanahan and Weinberg proposed that there are rules that direct the transformation of normal 

human cells into malignant cancers.29 They suggest that there are a small number of traits and 

acquired capabilities that are shared by most if not all human cancer types. These are proposed 

as the hallmarks of cancer in their study in 2000,29 and were subsequently revised in 2011.31 

They proposed that the large catalogue of cancer cell genotypes is an appearance of six essential 

changes in cell physiology that, together, dictate malignant growth. These six hallmarks were 

updated to include a further two emerging hallmarks and two enabling characteristics, seen 

below in Figure 1.1.  

 

 

 

 

 

 

 

 

  

Figure 1.1. An illustration depicting the six hallmarks of cancer (blue text) as proposed by Hanahan and 

Weinberg in 200029 along with the two proposed emerging hallmarks (green text)31 and the two proposed 

enabling characteristics (red text).31 

Sustaining proliferative signalling is one of the six original hallmarks. The ability to sustain 

continuing proliferation is possibly the most fundamental trait of cancer cells.31 Normal cells 

require mitogenic growth signals before they can move from an inactive state to a proliferative 

state. These signals are transmitted into the cell by transmembrane receptors that bind 

distinctive classes of signalling molecules. Hanahan and Weinberg surmise that no normal cell 

can proliferate without such signals and that many of the oncogenes in the cancer catalogue act 

by mimicking normal growth signalling in one way or another.29 The deregulation of these 

signals allow the cancer cells to seize control. Intracellular tyrosine kinase domains, found in 

cell-surface receptors emit signals via branched intracellular signalling pathways that control 

the cell cycle progression and increases in cell size. There is still a gap in the understanding of 

the mechanisms that control the release of the mitogenic signals, however the mitogenic 

signalling in cancer cells is better understood and well reviewed by both Hynes and MacDonald 

in 200932 as well as Lemmon and Schlessinger in 2010.33 Cancer cells can develop the ability 
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to maintain proliferative signalling in a variety of altering ways; they can produce growth factor 

ligands themselves,34 simulate normal cells in supporting tumour-associated cells that then 

proceed to supply cancer cells with growth factors.35 

Cancer cells must also overcome the action of tumour suppressor genes with control programs 

that can reversely regulate cell proliferation. There are numerous tumour suppressors that can 

limit cell proliferation and growth, via various mechanisms. Most of the discoveries of these 

have occurred due to emergence of the inactivation of animal and human cancers. The majority 

of the genes have been characterised as tumour suppressors based on loss or gain of function 

experiments in the mouse model.31 Two model suppressors encode the retinoblastoma gene 

(RB) and TP53 gene; they work as central control nodes within two important cellular 

regulatory circuits that control a cells ability to proliferate and activate apoptosis. Sherr and 

McCormick studied the RB and p53 pathways in cancer.36 The RB protein determines whether 

or not a cell will proceed through its growth and division cycle; it does this by integrating 

signals from primarily extracellular sources. Cancer cells that have a defect in the RB function 

are subsequently missing the control of cell-cycle progression which in turn leads to persistent 

proliferation.36 TP53 predominately receives inputs from stress and abnormality sensors that 

operate within a cell’s intracellular system. TP53 can stop cell-cycle progression whereby it 

detects that genome damage is excessive or if certain parameters are non-optimal such as 

growth promoting signals and oxygenation; it will stop the cycle progression until optimal 

conditions are returned.36 TP53 can also in certain circumstances initiate apoptosis; this can 

occur if TP53 is presented with alarms such as overwhelming or irreparable damage to cellular 

subsystems.36 

Studies conducted by Adams and Cory, 200737 alongside Lowe et al, 200438 have established 

that apoptosis serves as a natural barrier to cancer development., this alongside many other 

studies have shed light on the signalling circuits that control apoptotic programming and this 

discovery has led to the conclusion that apoptosis is initiated in response to a number of 

physiological stresses that can be experienced by cancer cells during tumorigenesis or as a result 

of therapy via anticancer treatment. Damage to DNA associated with hyperproliferation and 

raised levels of oncogene signalling, which results in signalling imbalances are significant 

stresses that can induced apoptosis.39 The research by Lowe et al. alongside Adams and Corey’s 

studies have shed light on the possible that apoptosis is weakened in tumours that successfully 

progresses to high levels of malignancy and resistance to treatments and therapies.37,38 Adams 

and Corey also went on the conclude and define that the apoptotic mechanism consists of both 



Chapter 1 - Introduction                           Page 6 of 156 

 

  

downstream effector components and upstream regulators and that these regulators can be 

further subdivided into two main circuits. Briefly, the two circuits are responsible for obtaining 

and handling extracellular signals that induce cell death and the second for detecting and 

collating signals that originate intracellularly.37 Both of these circuits results in the activation 

of caspases which lead to the disassembly of the cell and leads to it being consumed by both 

neighbouring cells and phagocytic cells, more detail can be found by referring to the study by 

Adams and Corey.37  

By the time Hanahan and Weinberg published their first study into the hallmarks of cancer in 

200029 it had been widely concluded and accepted that cancer cells require an unlimited ability 

to replicate to produce tumours; unlike normal cell lines in the body that can only undergo a 

limited passage of growth and division cycles.31 This limit can be attributed with two main 

barriers to proliferation. The two barriers to proliferation are senescence; being defined as an 

irreversible step into a non-proliferative but still viable state and the second is entry into a crisis 

phase if this barrier is circumnavigated leading to apoptosis. On very few occasions the cells 

can emerge from the crisis phase avoided cell death and can then produce and unlimited 

replicative potential.31 This transition has been termed immortalization and both Blasco, 200540 

alongside Shay and Wright, 200041 have indicated that telomeres protecting the ends of 

chromosomes to prevent them from being detected as damaged DNA is a core reason for the 

cells ability to produce unlimited proliferation. Interestingly telomerase isn’t present at any 

significant level in non-immortalized cell, yet it is seen to be expressed at functionally 

significant levels in ~ 90% of cells that become immortalized spontaneously.31  

The importance of angiogenesis has historically only been deemed significant when rapidly 

growing large tumours had formed. However more recent research leads to the notion that 

angiogenesis also factors in the microscopic premalignant stage of tumour formation, leading 

to its confirmation as one of the six integral hallmarks of cancer.31 Tumours require sustenance 

from the body such as oxygen and other various nutrients; as well as the facilities to dispose of 

wastes and carbon dioxide, this is a need is in common with normal tissues.  

Tumour associated neovasculature addresses these needs, the development of vasculature 

involves both vasculogenesis; the initiation of new endothelial cells and their subsequent 

assembly into tubes and angiogenesis; the sprouting of new vessels from pre-existing vessels. 

After this change normal vasculature becomes predominately inactive. During tumour 

progression an ‘angiogenic switch’ is nearly always in use and remains active which results in 

normally dormant vasculature to constantly sprout new vessels which aid in the support  and 



Chapter 1 - Introduction                           Page 7 of 156 

 

  

sustenance of enlarging cancerous growths.42 This proposal is backed up by various further 

studies which designate that the angiogenic switch is influenced and controlled by 

countervailing factors that can lead to an induction of angiogenesis to oppose it.43,44 

Angiogenesis can be triggered at a very early step in the multistage development of cancers. A 

study by Raica et al has revealed that the angiogenic switch can be ‘tripped’ early following 

histological analyses of various lesions.42,45 

Talmadge and Fidler, 2010 illustrated that the multistep process of invasion and metastasis is a 

sequence of discrete steps and is often referred to as the invasion-metastasis cascade, see    

Figure 1.2.46 This was building on Fidler’s earlier research from 2003.47 

 

Figure 1.2 A schematic representation of the multistep process of invasion and metastasis.46 

This illustration indicates a succession of biologic cellular changes, beginning with local 

invasion and subsequent intravasation of the cancer cells into neighbouring lymphatic and blood 

vessels, followed by the transport of cancer cells through the haematogenous and lymphatic 

systems. After this transportation the cancer cells discharge from the lumina of blood and 

lymphatic vessels into distant tissues; known as extravasation. This leads to the formation micro 

metastases and the final step is the growth of these micro lesions into a larger tumour, this is 

defined as colonization.46 Berx and van Roy, 200948 building on Cavallaro and Christofori 

research in 200449 studied a key suppressor of this hallmark; whereby, they determined that the 

often observed downregulation and occasional mutant inactivation of E-cadherin in human 

carcinomas lead to the suppression of invasion and metastasis.48,49  
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The developed functional capabilities that allow cancers cells to survive, proliferate and 

disseminate have been identified and characterised as the six hallmarks mentioned. There are 

other avenues of ongoing research that suggest there may be other functionally important 

characteristics to enable development of cancer.50 Two of the characteristics are of particular 

importance and have been included in Hanahan and Weinberg’s updated review on the 

hallmarks of cancer.31 Negrini et al. proposed in 2010 that genomic instability in cancer cell is 

an important attribute.51 This can lead to random mutations; in genes such as TP53, it is believed 

that genomic instability results from mutations on DNA repair genes and oncogene-induced 

DNA damage.51 The second characteristic revolves around the inflammatory state of 

premalignant and malignant growths that is driven by cells present in the immune system; 

leading to the promotion of tumour progression through varying means, see Colotta 2009 for a 

more in-depth discussion.52 Further defined attributes have been studied and discussed for their 

importance to the development of cancer and their inclusion into the list of core hallmarks of 

cancer. Deregulation of cellular energetics is the first attribute proposed for inclusion into the 

hallmarks of cancer and is included in the updated review by Hanahan and Weinberg.31                  

It involves reprogramming cellular energy metabolism to enable the support of continuous 

proliferation and growth; it replaces the program present in normal tissues to feed the physical 

work of associated cells and has been recently well defined in 2014 by Stine et al.53 The second, 

proposed by Teng et al. involves cancer cells avoiding attack and elimination by immune 

cells.54 

With all of the above mentioned factors and causes it is clear to see that a whole host of routes 

are available for a cell to acquire malignant traits and as such there is a vast array of mechanisms 

and biological pathways in which a cell can acquire the functionality to become malignant. It 

is therefore imperative that a variety of treatments are needed to combat the various forms this 

disease can take.29 
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1.1.2 Cancer treatment 

Current conventional cancer therapies include a wide range of treatments ranging from surgery, 

chemotherapy and radiotherapy to hormonal therapy including; antibody therapy, 

immunotherapy and angiogenesis inhibitor therapy.55 These wide range of treatments that 

patients can undergo are administered based on a number of deciding factors. The factors that 

affect which type or combination of treatments the patient receives are typically the type of 

cancer affecting the patient; the grade of the cancer, and the stage of cancer.56 The grade of 

cancer is determined by how abnormal the tumour cells and tumour tissue look under a 

microscope and also how quickly a tumour is likely to grow.57 The stage of cancer is used to 

describe the size of a cancer and its growth progression.58 Using a universal staging system 

called tumour, node, metastasis (TNM) it allows doctors to have a common system to describe 

cancers. It allows for treatments to be standardised between different hospitals and treatment 

centres. It also allows for the results of the treatment to be accurately compared on a like for 

like basis between research studies.59 To further complicate matters treatment can also be based 

around a patient’s individual needs and circumstances.59 

Cancer is a complex disease and with it affecting normal functioning parts of the body the need 

to destroy the affected cells brings a dilemma that needs to be balanced. Cancer treatment needs 

to be tailored to reach a compromise between the harm caused by many forms of the current 

treatments and the harm being caused by the cancer.60 Surgery was once a very invasive and 

potentially risky treatment with often more harm than good caused.61 However, with advances 

in surgical techniques; such as the use of cameras and more advanced surgical tools alongside 

tighter and more stringent hygiene practises and regulations the invasiveness of surgical 

procedures can be significantly reduced. Therefore, what was once a very risky treatment option 

has now become a far more successful and viable option.62 

The other main form of treatment available is the administration of drugs. This has many 

disadvantages including their inability to discriminate between the different bioavailable cell 

types.63 This means that for them to prove effective; they may need significant chemical design 

and a detailed understanding of their biological interactions in a physiological environment, in 

order to avoid the well-known and documented side-effects associated with cancer treatment. 

The need to eliminate or at the very least minimise these side-effects has led to the development 

of specific tumour-targeting drugs.64 The research area behind the production of these drugs, 

well defined by R. Langer in 1998,65 has increased at a rapid rate in recent years.66,67 
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One of the main disadvantages surrounding chemotherapies is that at high concentrations severe 

side-effects can begin to occur; chemotherapy has a DLT and it is when the concentrations 

breach the DLT there is often damage to healthy cells alongside the target cells preventing 

higher more effective dosages from being administered.11 The DLT is a real disadvantage and 

as a consequence the treatment cannot potentially be administered at an effective concentration 

with a sufficient frequency of recurring treatment to effectively combat the disease and the 

treatment may cause considerable harm to the patient.11,12 The development of tumour-targeting 

therapies where functionalised biologically active groups can be delivered only to cancer cell 

sites, is paramount to the reduction of harmful side-effects.68  

Chemotherapy drugs are cytotoxic to the cancerous cells and broadly speaking they work by 

impairing the mitosis (cell division) of the cancerous cells.69,70 Some chemotherapy drugs cause 

the cells to undergo apoptosis, which is so-called self-programmed cell death.71 The process of 

reducing low toxicity compounds to highly cytotoxic drugs by enzymes has shown to be a 

promising system for controlling cancerous tumours.14 

Chemotherapy drugs can be further spilt into subdivided mechanistic categories based on how 

they work. These categories include; alkylating agents, antimetabolites, microtubule inhibitors, 

intercalating agents and a newly defined category of targeted drugs that inhibit specific proteins 

in the cells. 

Many different cancer therapies have been used through the ages with modern day 

chemotherapy beginning development in 1942 using mustine, see Figure 1.3.72  

 

Figure 1.3 Structure of mustine. 

1.1.2.1 Alkylating agents  

Alkylating agents are the oldest group of chemotherapeutics in use today. Originally derived 

from mustard gas used in World War I, there are now many types of alkylating agents in 

use.73 Alkylating a variety of molecules such as; DNA, RNA and proteins is how the name for 

this groups of compounds was derived and it is their ability to covalently bind to DNA via  the 

alkyl functional group that is the main reason for their derived anti-cancer properties.74 The 

compounds can either undergo intrastrand crosslinking; whereby they bind twice to one of the 

DNA’s two strands, or, they can undergo interstrand crosslinking where they bind once to both 
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strands of the DNA. During cell division a cell trying to replicate or repair cross-linked DNA 

can cause the DNA strands to break which leads to apoptosis.75,76 The alkylating agent group 

of compounds are cell cycle independent drugs due to their ability to work at any given point 

in the cell cycle process; this leads to the effect they have on cells being dose dependant with a 

linear correlation between the dosage of drug and the percentage of cell death.77 

Due to the vast number of compounds defined as alkylating agents they have been further split 

into six subtypes which are; nitrogen mustards, nitrosoureas, tetrazines, aziridines, cisplatins 

and their derivatives and finally non-classical alkylating agents. Figure 1.4 defines a name and 

a structure of an example compound from each subtype.75,78  

 

Figure 1.4 Structures of various alkylating agents; (A) Cyclophosphamide, from the nitrogen mustard subtype 

(B) Carmustine, from the nitrosoureas subtype(C) Dacarbazine, from the tetrazine subtype (D) Mitomycin, from 

the aziridine subtype (E) Carboplatin, from the cisplatin and derivative subtype and (F) Hexamethylmelamine, 

from the non-classical alkylating agent subtype. 
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1.1.2.2 Antimetabolites 

The group of molecules classified as antimetabolites work by impeding DNA and RNA 

synthesis. The antimetabolites share similar structures to the nucleotides of DNA and RNA, 

they mimic either the nucleobases or nucleosides with alteration to some of the chemical 

groups.79 The antimetabolites work by either blocking the enzymes required to synthesis DNA; 

preventing mitosis,  or by being incorporated into DNA/RNA causing damage and inducing 

apoptosis.79 In contrast to alkylating agents mentioned previously, antimetabolites are cell cycle 

dependant, meaning that the percentage of cell death plateaus above a certain dosage and also 

that they only have an effect during a specific part of the cell cycle, the DNA synthesis step 

known as the S-phase.79 Antimetabolites are also divided into further subtypes, these being; 

anti-folate, thiopurines, fluoropyrimidines and deoxynucleoside analogues.74,79 see Figure 1.5 

for names and structures of examples from each subgroup. 

 

Figure 1.5 Structures of various antimetabolites; (A) Methotrexate from the anti-folate subtype, (B) Fluorouracil 

from the fluropyrimidine subtype, (C) Cytarabine from the deoxynucleoside analogue subtype and finally 

Thioguanine from the thiopurine subtype. 
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1.1.2.3 Microtubule inhibitors 

The microtubule inhibitor class of chemotherapy agents work by directly interfering with the 

tubulin system instead of the DNA.74 Tubulin binding molecules work by binding to the tubulin 

protein within the mitotic spindle and prevent polymerisation or depolymerisation into the 

microtubules which inhibits cell mitosis.80,81 Paclitaxel, also known as Taxol (Figure 1.6) is one 

of the most utilised molecules. It was originally isolated from the pacific yew tree in 1962.82 It 

is the first line of treatment for ovarian, breast, lung and colon cancer and it is incredibly 

effective, it is included on the World Health Organisation’s list of essential medicines.83 

 

Figure 1.6 Structure of paclitaxel; also known as Taxol, a microtubule inhibitor. 

1.1.2.4 Intercalating agents 

An intercalating agent is so named because it wedges itself between the bases along DNA, this 

affects the structure of the DNA subsequently preventing DNA binding proteins such as 

polymerase, from functioning properly. This in turn stops DNA synthesis, inhibits transcription 

and prompts mutations. Doxorubicin, Figure 1.7, is an example of an intercalating agent and it 

works by intercalating with DNA and inhibiting macromolecular biosynthesis.84–86 What this 

leads to is the inhibition of  topoisomerase II; which relaxes supercoils in DNA for transcription, 

the doxorubicin stabilizes the enzyme complex after the breaking of the DNA chain for 

replication  the DNA double helix is unable to reseal and therefore replication is stopped.84  
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Figure 1.7 The structure of doxorubicin, an intercalating agent used in cancer therapy. 

1.1.2.5 Recently targeted drugs that inhibit specific proteins in the cells  

Signalling through proteins; known as signal cascade is a necessity in keeping cells alive. 

Certain proteins in this process utilise a phosphate group to act as an ‘on’ switch. In healthy 

cells this is controlled by a tyrosine kinase enzyme; which adds phosphate groups, and is cycled 

between on and off as required by the cell. In certain cells such as Philadelphia-positive chronic 

myelogenous leukaemia cells this process is disrupted by the BCR-Abl tyrosine kinase being 

stuck on and therefore continually adding the phosphate group.87 The BCR-Abl is retained 

within the cytoplasm, this retention leads to uncontrolled proliferation. The BCR-Abl tyrosine 

kinase enzyme isn’t present in normal healthy cells and as such only exists in cancer cells. A 

targeted form of therapy; whereby, only cancer cells are killed through a drug or therapies action 

is the use of imatinib, see Figure 1.8.88 The ability to inhibit the BCR-Abl. One form of targeted 

therapy born out of a desire to inhibit this process is imatinib, and is often classed as a model 

for research into cancer therapeutics.89 

 

Figure 1.8 Structure of imatinib, a targeted drug that inhibits the BCR-Abl tyrosine kinase enzyme. 
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Another targeted drug that has been developed is vemurafenib; which has been shown to cause 

apoptosis in certain melanoma cell lines, see Figure 1.9.90 It works by disturbing the                       

B-Raf/MEK step on the B-Raf/MEK/ERK pathway, as long as the B-Raf exhibits a common 

mutation (V600E). This mutation is means that at the 600 amino acid position the normally 

present valine is replaced by a glutamic acid.91 This leads to vermurafenib only being a viable 

treatment for melanoma patients who exhibit this V600E mutation on the B-Raf protein.91 

 

Figure 1.9 Structure of vermurafenib, an inhibitor of the B-Raf/MEK step. 

Alongside working on the melanoma patients which have the V600E mutation, ~ 60% of all 

melanoma patients have the mutation. Vermurafenib has also shown to be have some 

effectiveness towards the rarer V600K B-Raf mutation. Any melanoma cells without these 

mutations are not inhibited by the drug. The main disadvantage of Vermurafenib is that is can 

lead to stimulation of non-mutated B-Raf, which can in turn potentially lead to promotion of 

tumour growth.92,93 

Herceptin; the common trade name of trastuzumab is a monoclonal antibody that works by 

interfering with the HER2/neureceptor.94 Herceptin is needed to inhibit the HER receptors as 

these are proteins which are imbedded into cell membrane. They communicate epidermal 

growth factor signals from outside the cell to intracellular positions, allowing genes to be turned 

on and off.95 The HER proteins stimulate proliferation and in certain types of breast cancer the 

HER2 protein is overexpressed, causing cancer cells to uncontrollably reproduce.94,95 

Therefore, by inhibiting this process and preventing the over expression of HER2 proteins 

Herceptin is an effective treatment for breast cancer cases where HER2 is overexpressed. 
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1.2 Directed enzyme prodrug therapy  

Directed enzyme prodrug therapies (DEPT) utilise low toxicity prodrugs which are activated to 

cytotoxic compounds by specific enzymes.96–98 In order for targeted tumour therapies to work 

they require the enzyme or cofactor in the treatment to be exclusively present in cancer cells 

and to be lacking in normal functioning cells. Targeted therapies can also work if the enzymes 

that originate within the cell or tissue can only be expressed in specific target organs where a 

tumour is localised.99 Achieving a therapy by which enzymes or cofactors are exclusively 

present in cancer cells has led to the development of a range of strategies to deliver enzymes 

not native to the host exclusively to tumour cells.  

1.2.1 Commonly used enzyme-prodrug combinations 

There are many different enzyme-prodrug combinations that have been developed and 

researched.100 Research by Denny lead to a review of 12 enzymes and 42 prodrugs used in 

various combinations towards an effective gene directed enzyme prodrug therapy.100 Table 1.1 

lists the 12 enzymes and 42 prodrugs studied, with the most common combinations highlighted 

red.  

Table 1.1 A table showing the combinations of 12 enzymes alongside 42 prodrugs studied by Denny, with the 

most common combination highlighted in red.97,100 

Enzyme Prodrugs 
Thymidine Kinase Ganciclovir Ganciclovir 

elaidic acid 

ester 

Penciclovir Acyclovir 

Valacyclovir (E)-5-(2-

bromovinyl)-

2′-

deoxyuridine 

Zidovudine 2′-Exo-

methanocarbathymidine 

Carboxypeptidase 4-[(2-chloroethyl)(2-

mesyloxyethyl)amino]benzoyl-

L-glutamic acid 

Hydroxy- and 

amino-aniline 

mustards 

Anthracycline 

glutamates 

Methotrexate  

α-peptides 

CYP Enzymes Cyclophosphamide Ifosfamide Acetaminophen 4-Ipomeanol 

Nitroreductase CB1954 SN23862 4-Nitrobenzyl 

carbamates 

Quinones 

Purine Nuceloside 

Phosphorylase 

6-Methylpurine deoxyriboside Fludarabine   

Horse-Radish 

Peroxidase 

Indole-3-acetic acid 5-

Fluoroindole-

3-acetic acid 

  

Carboxylesterase Irinotecan Anthracycline 

acetals 

  

Glycosidase 

Enzymes 

HM1826 Anthracycline 

acetals 

  

Thymidine 

Phosphorylase 

5′-Deoxy-5-fluorouridine    

Methionine-α, γ-

Lyase 

Selenomethionine    

Guanine 

Ribosyltransferase 

6-Thioxanthine    

Cytosine 

Deaminase 

5-Fluorocytosine    
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Denny concluded that prodrugs of DNA alkylating agents, seem to be in general more active 

prodrugs and require shorter dosing schedules to be effective.100 These prodrugs of DNA 

alkylating agents are also less cell cycle specific than some of the antimetabolite based prodrugs 

systems and are more effective against non-cycling tumour cells. This is important as the key 

criteria for a prodrug is their ability to be activated by the enzyme efficiently and selectively, 

they must also be metabolised to strong cytotoxins and be able to effectively kill cells regardless 

of the stage of the cell cycle they are in.100 Both the prodrug and the metabolised activated 

product must have good distributive properties to allow for maximum efficiency of the 

bystander effect.  

The six most common enzyme-prodrug combinations have been highlighted and include the 

following: herpes virus 1 thymidine kinase/ganciclovir, carboxypeptidase/                                                    

4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoyl-L-glutamic acid, CYP enzymes/ 

cyclophosphamide, NTR/CB1954, horseradish peroxidase/indole-3-acetic acid and cytosine 

deaminase/5-fluorocytosine.97  

The thymidine kinase/ganciclovir system requires active DNA replication in order for the 

system to become cytotoxic, whereas the NTR/CB1954 and cytosine deaminase/5-

flurocytosine systems require further metabolisation by endogenous enzymes present in the 

cells in order for them to exhibit cytotoxicity.97  

The cytosine deaminase system produces an activated drug with a long half-life allowing it 

more time to work. The thymidine kinase system is disadvantaged by having to rely on cell to 

cell contact to initiate diffusion into neighbouring cells. Gap junctions are required in order for 

the activated metabolites of the prodrug, due to it being non-membrane permeable.97  

The NTR/CB1954 system based on initial studies shows that it appears to react faster than most 

combinations, this was characterised by both Bridgewater et al.101 and Cui et al.102 who reported 

significant cytotoxic effects after 4 hours in vitro and 24 h in vivo respectively. This has been 

explained in part due to the fact that the cytotoxic activated drug is a DNA cross-linking agent 

and it is able to kill cells in both a non-proliferating and proliferating state, without the need for 

the DNA to enter an active replication phase.103 

Initial research into these therapies proved promising and three notable areas of interest are; 

antibody-DEPT (ADEPT),104,105 gene-DEPT (GDEPT)106 and virus-DEPT (VDEPT).107,108 
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1.2.2 Antibody directed enzyme prodrug therapy 

The main principle of ADEPT is the use of an antibody that can be directed towards a tumour 

associated antigen to immobilise an enzyme to a tumour site.104 The selectivity of a target 

tumour is achieved using specific antibodies (Ab) that can form Ab-enzyme conjugates that 

will preferentially bind to antigens that are expressed on the surface of the tumour cells.54 This 

in turn enables the enzyme to be retained at tumour sites even after it has been allowed time to 

clear the blood and other normal tissue systems.104 The next step is to administer a non-toxic 

prodrug which when reacted with the tumour immobilised enzyme will produce a high 

cytotoxic agent.104 An advantage of this system of delivery is that a relatively small cytotoxic 

agent can be created within a tumour site which is much easier to diffuse than an antibody 

molecule which is much larger in size comparison.104 Another main advantage of the system is 

that it can undergo an amplification, meaning that just a single molecule of enzyme will catalyse 

the conversion of multiple molecules of prodrug into the desired cytotoxic agent.105 The 

cytotoxic agent can also diffuse to neighbouring cells due to the prodrug being reduced 

extracellularly, killing the cells via the bystander effect.109 The main disadvantage to ADEPT 

systems is the immunogenicity of the antibody-enzyme conjugate; this is a problem because it 

can seriously limit multiple cycles of treatment.110 Other disadvantages include the difficulty 

and cost associated with the development of antibodies and ensuring their purity.110  

1.2.3 Gene directed enzyme prodrug therapy 

Gene directed therapy otherwise known as suicide gene therapy, this is where the enzyme that 

is required for the conversion of the prodrug is actually produced within the targeted cell this is 

done by encoding the enzymes to the target cells.106 For non-viral delivery there is a variety of 

methods that generally include either chemical methods such as being aided by cationic 

liposomes or physical methods such as electroporation, ultrasound utilization and 

magnetofection among others, see Nayerossadat, 2012 for more in depth discussion.111 This 

allows the gene when expressed to locally reduce the administered non-toxic prodrug to its 

cytotoxic product. This in turn allows for the therapeutic effect to not only occur in the tumour 

cells but in surrounding cells due to the by-stander effect.106 The main advantages of the 

GDEPT approach is that it allows the use of prodrugs which have no activity in unmodified 

human cells.106 It also allows for much higher concentrations of prodrug to be used due to 

reduction to its cytotoxic product only occurring in the target cells or within close proximity.106 

The suicide gene and prodrug combinations can also be designed to either increase tumour 

specificity/selectivity.106,112 The prodrugs can also be designed to be preferentially active in 

hypoxic cells which will limit toxicity toward non-target cells.106,113 Where the prodrug is 

reduced extracellularly the main disadvantage is the potential re-diffusion of the cytotoxic drug 

into the general circulation system.114 
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1.2.4 Virus directed enzyme prodrug therapy 

Virus directed therapy is in principle the same as GDEPT however; it uses a viral vector to 

deliver the gene instead of relying on genes alone.107 This again enables the production of 

enzyme to convert a non-toxic prodrug to its cytotoxic product within tumour cells.107,108 There 

are currently several viruses which have been used in VDEPT systems such as; retroviruses,115 

adenoviruses116,117 and Epstein-Barr virus (EBV).118 The advantages are similar to those in 

GDEPT with the main advantages being the ability to administer higher concentrations of 

prodrug to create higher concentrations of the cytotoxic drug within the microenvironment of 

the tumour. Due to the bystander effect VDEPT does not have to rely on full transfer of the 

genes to all tumour cells.108 The main disadvantages of VDEPT are that by using retroviral 

vectors the retrovirus can only target dividing cells, which most human tumour cells are slow 

dividing which results in a low transduction rate.119 Another disadvantages associated with 

retroviral vectors but also with adenoviral vectors is that they can lead to immunogenicity. 

Replication-competent retroviruses have the potential to be regenerated to wild type viruses by 

recombining with helper functions.120 This problem has been addressed in later generations of 

retro and adenoviruses; with the use of nonmurine cells that carry fewer endogenous retroviral 

sequences, enabling the decrease the frequency of recombination.120  

1.2.5 Prodrug reduction by nitroreductases 

The interaction of the nitroreductase (NTR) class of enzymes with nitro-aromatic prodrug 

compounds such as 5-(1-aziridinyl)-2,4-dinitrobenzamide (CB1954), which in its native form 

(compound A); see Figure 1.10, is minimally toxic but undergoes reduction by the NTRs to 

form its cytotoxic hydroxylamine derivatives has attracted considerable attention as a viable 

DEPT for the treatment of cancer. Principle investigations of this system carried out by Knox 

et al.121,122 and subsequent studies and clinical trials have helped to drive the research into this 

methodology forward.101,108,121–129 The prodrug CB1954 is reduced by nitroreductases to four 

cytotoxic derivatives and can undergo further reaction with thioester such as acetyl coenzyme 

A in physiological conditions. The NTR NfsB reduces the CB1954 to form 2- and                                           

4-hydroxylamine derivatives (compounds B and D respectively) in equal proportions. It is the 

4-hydroxylamine derivative that can undergo the further reaction with acetyl coenzyme A to 

form a potent DNA crosslinking agent as shown by compound (F) in Figure 1.10. 
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Figure 1.10 The reduction of 5-(1-aziridinyl)-2,4-dinitrobenzamide (CB1954) (A) to its hydroxylamine 

derivatives (B) and (D) and the further reduction to the amino derivatives (C) and (E). Compound (F) shows the 

potent DNA crosslinking agent formed from the reaction of 4-hydroxylamine product (D) with thioesters in a 

physiological environment.124,130  

It is demonstrated that CB1954 can be reduced to four cytotoxic intermediates by NTRs prior 

to the reaction with a thioester.124 The four products are the 2- and 4-hydroxylamines shown by 

compounds (B) and (D); the hydroxylamine products can be further reduced to their 

corresponding amines shown by compounds (C) and (E), with the 4-hydroxylamine reduction 

product being the most cytotoxic of the four. Interestingly the 2-amino derivative (C) has a 

similar cytotoxicity to the compound (D).130 The diffusion of the cytotoxic derivatives to 
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neighbouring cells which are not expressing the enzyme is an effect known as the                    

“bystander effect” and is both highly important and well documented occurrence exhibited by                   

DEPT.131–133 It is believed that compound (C) the 2-amino derivative of CB1954 produces the 

greatest “bystander effect” in vitro due to its superior diffusion properties.130 The “bystander 

effect” is of particular importance because it allows a transduced cell to produce cytotoxic 

compounds that can kill multiple cells by diffusing through a tumour and killing multiple 

neighbouring cells.130 This is also a potential disadvantage if left to occur in an uncontrolled 

manner.130  

Prodrugs are now being researched and developed to allow increased potency in vitro and a 

faster efficacy.126,130 Prodrugs for the various DEPT treatments being created need to be 

constantly improving to provide better suitability to cancer therapy, stable when in contact with 

naturally occurring enzymes, be as quickly reduced by the NTR as possible and have a large 

increase in cytotoxicity between the reduced and oxidised forms of the prodrug.134 They should 

also be very soluble in physiological conditions and the cytotoxic products it produces should 

have high diffusion rates.125 All these properties should lead to increased efficiency of DNA 

crosslinking.134 It is believed that DNA crosslinking occurs via the reaction of the N-acetoxy 

group (compound (F)). It is reported that this compound can cross link with DNA at the N7 

position of the guanine on opposite strands forming an interstrand crosslink.124,135  

Many different analogues of CB1954 have been synthesised in order to improve these 

properties; both with singular and multiple/combinations of alterations. This often leads to some 

properties being improved with others weakened, it is a fine balance to get the best compound 

overall.136,137 

There are some promising alternative prodrugs to CB1954 in development and                                       

under study.138,139 Below we will discuss some of these that have displayed greater efficiencies 

than CB1954 when used in combination with NTRs.  

Dinitrobenzamide mustard prodrugs are a class of prodrugs that provide great interest. They 

contain a latent nitrogen mustard moiety, this becomes the active part of the prodrug when 

either of the nitro groups is reduced to the hydroxylamine product.126 This process allows for 

the generation of reactive nitrogen mustard metabolites that is a selective process occurring in 

hypoxic cells; cells with a lack of oxygen. This allows these class of prodrugs to have hypoxia 

selective cytotoxicity.140 The two main features of the dinitrobenzamide mustard prodrugs are 

that it undergoes activation at very low oxygen concentrations allowing for improved selectivity 
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towards hypoxic tumours which are classed as severely hypoxic. Its other main feature is that 

the activated metabolites exhibit a significant and efficient bystander effect due to their ability 

to locally diffuse in tumour tissues.130,131 

One of the novel NTR prodrugs that has been developed and studied is the                                         

3,5-dinitrobenzamide-2-bromomustard, SN 27686 (Figure 1.11). This was necessitated by the 

poor tolerance of humans to CB1954 and as such is an analogue of CB1954. The 

dinitrobenzamide mustard prodrug class are of interest as they have been determined to be a 

great substrate for nitroreduction by NTRS, particularly the 3,5- dintiro isomer 

structure.134,136,137 It has been shown that only the 3-nitro group position of SN27686 is reduced 

to the corresponding cytotoxic hydroxylamine product, which has also been demonstrated by 

the reduction of a related compound PR-104 in hypoxic tumour cells.141 This backs up studies 

into other analogues in the dinitrobenzamide mustard series and is consistent with NTR active 

site constraints that have been observed in the series.126,142  

           

Figure 1.11 Structures of SN 27686 (right) and its water soluble phosphate ester SN 28343 (left). 

This has been shown to provide a number of advantages over CB1954.138 Singleton et al. 

compared SN 27686 to CB1954 by determining their growth inhibition across a selection of 

cell lines.138 The study showed that SN 27686 was on average 12.8x more dose potent than 

CB1954 and possess an increased bystander effect alongside increase selectivity.138 

To ascertain whether SN 27686 is a better substrate than CB1954 in vivo; Singleton et al. 

prepared a water soluble pre-prodrug which was the phosphate ester of SN 27686, this 

compound was classified as SN 28343 and its structure can be seen in Figure 1.11.138 The                           

SN 28343 exhibited a 3.75x greater maximum tolerated dose than CB1954 as when tested with 

CD-1 nude mice the SN 28343 was capable of reaching a maximum dosage of 750 µmol kg-1 

compared to 200 µmol kg-1 for CB1954.138 It also exhibited no loss of activity towards tumour 

growth inhibition when tested again tumours containing relatively small amounts of NTR; this 
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was conducted as it was perceived as more comparable to the levels of NTR present in 

exogenous delivery of NTRs via VDEPT. This was in comparison to CB1954 which was 

minimally active.138 The use of SN 28343 is termed a two-stage system; initially the compound 

undergoes phosphatase mediation which produces the SN 27686 compound, this is then in turn 

reduced by NTRs to form the cytotoxic alkylating products which have a great diffusion quality 

and allow for a localized bystander effect.138 

PR-104, Figure 1.12, is a 3,5-dinitrobenzamide-2-mustard that can be readily reduced in 

hypoxic cells and the nitrogen mustard group is asymmetrical and has bromide and mesylate 

leaving groups which are very reactive. As with the case of SN 28343, PR-104 is a water soluble 

phosphate pre-prodrug. Undergoing the similar phosphatase mediation it produces its 

corresponding alcohol, PR-104A. This product is a cytotoxic, DNA crosslinking and hypoxia 

selective product. The reduction of PR-104 to the cytotoxic product is a two-stage process in 

replication of that of SN 28343. The alcohol product formed after the 1st stage is lipophilic at 

such a level to be able to penetrate multiple layers of tumour cells, a trait required to reach 

hypoxic cells. 

Patterson et al. studied PR-104 and its associated metabolites and concluded that PR-104 

successfully satisfy the two key features that the dinitrobenzamide mustards.141 They found                    

PR-104A exhibited cytotoxicity at significantly lower concentrations of oxygen than other 

hypoxia selective prodrugs.143 They concluded that the effective inhibition of cytotoxicity at 

normal tissue oxygen levels along with a strong bystander effect provides a smart system for 

taking advantage of the hypoxic conditions associated with tumour hypoxia.    

 

Figure 1.12 Structure of PR-104 (left) and PR-104A (right) 
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There are many other promising compounds being developed; Hu et al. has synthesised and 

tested a 4-nitrobenzyl phosphoramide mustard, see Figure 1.13.144 It has been determined as 

being a substrate of NTR that is 19x greater than CB1954 and that it exhibited better selectivity 

and better activity when compared to CB1954 in cell culture assays.144 

 

Figure 1.13 Structure of 4-nitrobenzyl phosphoramide mustard 

Magnetic nanoparticle enzyme prodrug therapy (MNDEPT) hopes to overcome the problems 

in determining the best compound/combination for effective treatment and is being developed 

with genetically modified NTRs as an enzyme prodrug therapy. In this study CB1954 is being 

used as the prodrug simply because it is commercially available. 
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1.3 Nitroreductases 

Nitroreductases are a class of enzymes which reduce organic nitro groups.145 They are produced 

by a range of organisms; many of which produce more than one type of NTR. The enzymes 

come in two specific classes; type I and type II,145,146 with type I being oxygen insensitive and 

type II which are oxygen sensitive. Type II NTRs are believed to be involved in a single electron 

process. Type I NTRs are flavoproteins; which undergo a two electron transfer process, 

producing hydroxylamine derivatives. Type I NTRs are further divided into two groups; NfsA 

and NfsB. NfsA proteins reduce nitro compounds in the presence of a nicotinamide adenine 

dinucleotide phosphate, reduced (NADPH), whereas NfsB uses both NADPH and nicotinamide 

adenine dinucleotide, reduced (NADH) as an electron source. Directed enzyme prodrug 

therapies are involved in the delivery of prodrug activating enzymes or their encoding genes to 

the tumour before administering the prodrug and DEPT is helped by type I NTRs and their 

ability to produce hydroxylamine derivatives.129 Figure 1.14 shows the redox cycle of a type I 

NTR which; as a homodimeric flavoprotein contains flavin mononucleotide (FMN) this FMN 

is bound to the active site of NTR. A redox cycle is formed due to the FMN reversibly oxidising 

in the reduction of a nitro group and it is then reduced by the NAD(P)H.  

 

 

 

Figure 1.14 Redox cycle of Nitroreductase (NTR) with cofactor and substrate 

The nitro reducing group of enzymes first established their use in application for a DEPT 

treatment when Knox et al. applied CB1954 to Walker carcinoma cells in 1988.122                         

DT-diaphorase (DTD) was found to be the responsible enzyme for the generation of a DNA 

cross-linking agent from the CB1954. Walker carcinoma cells are rat breast carcinoma cell lines 

and the equivalent DTD that is produced in humans is shown to be less efficient at activating 

these prodrugs than the rat DTD.147,148 The NTR NfsB from Escherichia coli was subsequently 

found to be substantially more active with CB1954 than the Walker rat DTD in vitro123 with a 

turnover rate; the rate defining how much substrate is converted to product per second, of over 

80x greater.125 Nitroreductases such as NfsB have the potential to be introduced into unreactive 

cells that contain no native NTRs significantly increasing their sensitivity towards the prodrug. 

The NTR nfsB was successfully incorporated into a virus and tumours in mouse studies showed 

a doubling of the median survival with the administration of CB1954.116 In a different study the 

percentage of the population of mice that showed long term remission stood at 80% with nfsB 

2NAD(P)H 

2NAD(P)+ 

FMNH2 

FMN R-NO2 
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gene transduction, meanwhile 0% of the mice that were not given the NfsB VDEPT showed 

any signs of remission.108 Some preliminary phase I human clinical trials have been conducted 

and have shown that the patients were able to tolerate the NTR, virus and administration of 

CB1954.127,128  

The reaction of CB1954 and an NTR proceed via a mechanism known as the ping-pong Bi-Bi 

pathway.149 This mechanism occurs whereby the FMN of the NTR is first reduced by the 

cofactor, NAD(P)H. This reduction releases NAD(P)+ and allows the FMN to donate two 

electrons to the prodrug, which allows the reduction of one of the nitro groups to a nitroso 

group.149 The NAD(P)H and CB1954 cannot occupy the space where the FMN is bound at the 

same time as one another due to there being only one available pathway to the active site. It is 

for this reason that this reaction must proceed by the ping-pong Bi-Bi mechanism.150 The 

nitroso group of the reduced prodrug can then undergo further reduction to form the 

hydroxylamine derivatives of the CB1954. This can only occur after it has left the active site, 

this means the reaction rate is held up by the rate at which the nitro group is reduced at the FMN 

site.149  

1.4 Nanoparticle overview and significance 

1.4.1. Gold nanoparticles 

Michael Faraday is accredited with the first scientific study of gold colloids in the early              

19th century.151 However, gold nanoparticles (GNPs) have been used in dyes and stains since 

around 500 BC.152 Since his studies research into gold nanoparticles has grown to a phenomenal 

size; with GNPs being researched for all kinds of applications ranging from diagnostics153 to 

electronics.154 Gold nanoparticles are also being researched for cancer therapies155–157 and their 

use as hyperthermia agents158–160 as well as cell labelling161,162 and drug delivery.161,162 One of 

the main focuses of research into GNPs is to be able to fully control the synthesis of the particles 

and a review conducted by Grzelczak et al. summarises the wide array of methods and 

research.163 This control is imperative as many of the properties of the particles such as shape, 

size and surface chemistry have an effect on both the chemical and physical properties of the 

nanoparticle colloids which will have an impact on their potential use.164  

For this study the research and use of GNPs within both the biological and medical fields is the 

main interest. The particles can be synthesised and then functionalised with biologically active 

compounds.158 In vitro studies have found that in the majority of circumstances GNPs are      

non-toxic165 and proceed to cell uptake via endocytosis.166,167 GNPs with immobilised proteins 
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are taken up by this method.168–170 Spherical gold nanoparticles that are 50 nm in size have been 

shown to be taken up into mammalian cells at a higher concentration and faster rate than GNPs 

that are smaller (14 nm) or larger (74 nm).171  

Gold by its very nature is deep yellow in its colouration of the elemental form. However, GNPs 

have a distinct deep pink/red colouration. The reason for this difference in colour is surface 

plasmon resonance (SPR). This is a property displayed by various metal nanoparticles and is 

the process whereby electromagnetic radiation excites conducting electrons over a 

nanoparticles surface at a defined wavelength, see Figure 1.15.  

 
Figure 1.15 A graphic showing the principal behind surface plasmon resonance (SPR)172,173  

 

For GNPs the wavelength at which SPR occurs and is observed is typically 520 nm.172 This is 

an important property of gold nanoparticles which aids in the characterisation of synthesised 

gold coated magnetic nanoparticles (Au-MNPs).174 The SPR of gold nanoparticles allows, via 

ultra-violet visible spectroscopy, the spherical nature of the particle to be determined by 

observing the distinct absorption peak at 520 nm; spherical particles and particles such as gold 

nanorods exhibit differences in their optical absorption.175 Aggregation/agglomeration of GNPs 

can be indicated by a colour change from red to blue.176  

Surface plasmon resonance is a very sensitive phenomenon and is easily effected by change at 

the nanoparticle surface; these changes can occur due to conjugation of ligands and other 

compounds to the surface, the properties of the solvent in which the nanoparticle is suspended 

and both the nanoparticle shape and size.177–179 The role of ligands and other compounds 

conjugated to the surface of the nanoparticles play an important role in how the particle is taken 

into a cell.166,171,180 As previously mentioned GNPs typically undergo cellular uptake by 
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endocytosis into vesicles, however the surface chemistry can be modified with different 

hydrophobic and anionic compounds enabling the particles to pass directly through the cell 

membrane with little or no damage to the membrane.180  

The differences between in vivo and in vitro studies of gold nanoparticles is typified by the 

observation that GNPs between 8-37 nm caused severe damage to mice and even fatality after 

just 3 weeks whereas 3, 5, 50 and 100 nm particles caused no discernible issues in the mice 

over a period of 8 weeks.181 The particles in the mice which suffered health issues and death 

had accumulated predominately in the lungs, spleen and liver;181 Renal excretion is considered 

the most typical excretion route for particles < 8 nm.182 De Jong et al.176 studied the                     

bio-distribution of GNPs in mice and concluded that 10 nm had the widest distribution across 

the samples test; the highest were the blood, liver and spleen.176 Whereas 50 nm GNPs were 

found to accumulate predominately in the blood, liver, spleen and lungs, with the highest 

concentration present in the lungs.176 For particles larger than 50 nm; 100 nm and 250 nm were 

tested and these accumulated in the liver, blood and spleen with concentrations in the liver 

nearly double that found in the blood and spleen.176 It has been suggested that whilst the 

mechanism for the abnormalities and fatalities is unclear the particles themselves are not 

cytotoxic; it is in fact the interactions that occur when the particles are in the complex conditions 

of a physiological environment which leads to their toxicity.183  

There is an abundance of research being conducted with gold nanoparticles of various shapes 

and sizes and in combination with a wide array of animal models and cell lines that is helping 

to piece together the reason for inconsistent toxicity of the particles.184,185 One thing is however 

clear throughout is that having control of the surface chemistry of the particles is of paramount 

importance to ensure the particles are biocompatible.186  

1.4.2. Magnetic nanoparticles  

Magnetic nanoparticles play a significant role in cancer therapy, they have been approved by 

the Federal Drug Agency (FDA) for use against certain solid tumours.187,188 They have been 

approved for use both on their own and in combination with conventional radiotherapy.189 The 

MNPs and their application for biological purpose have consequently been the subject of 

numerous review articles.190–194 To ensure that the MNPs that will be used in an MNDEPT 

system are suitable for purpose it is a desired preference that the MNPs must be 

superparamagnetic, have a strong magnetic response, be biocompatible and must maintain 

stability in a physiological environment. Superparamagnetic iron oxide nanoparticles have 

emerged as a strong contender in the field of MNPs. Their prominence is due to their 
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superparamagnetism, high magnetic saturation and their subsequent approval by the Medicines 

and Healthcare Products Regulatory Agency (MHRA); the European Medical Agency (EMA) 

and the FDA for their use in medical applications.190 Other MNPs are being researched with 

potentially higher magnetic saturation and improved properties.195 However, the issue of their 

biocompatibility and toxicity casts doubt over their use.196,197 Some of the MNPs under study 

contain platinum to form a superparamagnetic iron platinum nanoparticles;198 Iron platinum 

nanoparticles have often been used in various magnetic storage devices by high temperature 

annealing of superparamagnetic iron platinum particles (SIPPs).199,200 These superparamagnetic 

particles have been studied for use as an MRI contrast agent.201–203 The reported high volume 

magnetizations of SIPPs has led to the possibility of them being optimised to provide better 

contrast agents for MRI.204,205 SIPPs have been compared to SPIONs for use as T2 weighted 

MRI contrast agents. They have shown an increased r2 and r2/r1 than that of  commercially 

available SPIONs leading to the conclusion that SIPPs may be greater contrast agents for T2 

weighted MRI.198  

Cobalt nanoparticles have also come under study.194,206 They appear to have significant 

advantage of SPIONs due to having a 3.5 fold higher room temperature saturation 

magnetization.187 This increase gives rise to cobalt nanoparticles possessing an improved 

magnetic resonance contrast, it also allows for the use of much smaller particles than that of 

already approved iron nanoparticle agents without compromising the sensitivity obtained.187 

One of the main drawbacks of cobalt nanoparticles is the difficulty of synthesising them in 

aqueous solvents, producing water soluble particles, this is mainly due to the fact they are 

particularly prone to oxidation.187 There has however been a breakthrough in the ability to 

produce water stable cobalt nanoparticles which has allowed for them to be evaluated as a 

potential MRI agent.207,208  

Fe3O4 and γ-Fe2O3 are two forms of iron oxides which are of interest in nanotherapeutics.143 

These MNPs must be surface functionalised for their application as a MNDEPT treatment, 

without modification the particles are have a greater risk of flocculation.209,210 Gold is a 

preferred material for this with its ability to be bound to the cysteine modified NTRs; using 

strong covalent gold-sulfur (Au-S) thiol bonds, it is biocompatible in the body, provides 

stability for the colloid and it is nearly inert in its chemical reactivity.211,212 For the particles to 

work in these various applications one of the most important properties of the particles is their 

magnetic properties and the applied magnetic fields used to manipulate them. Magnetic 

materials are split into different classes and are characterised by their magnetic susceptibility. 
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It is a measure of the parallel and anti-parallel alignment of the magnetic moments contained 

within a specified material and the magnitude of its magnetisation when present in an applied 

magnetic field that causes an amplification of the applied field. The relationship between 

magnetic susceptibility (𝜒), magnetisation (M) and H-field (H) is shown in Equation 1.1.213 

𝜒 =  
𝑀

𝐻
 

 

Equation 1.1. The relationship between magnetic susceptibility( 𝜒), 

magnetisation (𝑀) and an H-field (𝐻)213 

 

If the magnetic susceptibility of a material is less than zero than it is classified as a diamagnetic 

material.195 A diamagnetic material will weaken an applied field due to its magnetic moments 

opposing the external field. Diamagnetic materials can be sub-divided further; if a material has 

a susceptibility 𝜒 of ~ -10-6 then it can be classified as non-magnetic and if it possess a 

susceptibility of exactly -1 then it can be termed a superconductor.213,214 When a material’s 

magnetic susceptibility is greater than zero it can be classified as paramagnetic, this means that 

when placed in an applied field the material will actually amplify the magnetism. Paramagnets 

when removed from an external field will no longer exhibit a net magnetic moment as its 

magnetic moments become disordered.195 When the magnetic moments remain aligned after 

the removal of the external field the material can be classified ferromagnetic.213 Due to these 

properties both paramagnets and diamagnets are unsuitable for use as an in vivo nanoparticle 

system. This is because paramagnets have low magnetic saturation and a poor response to an 

applied field and diamagnets have a much greater response but due to the retention of a 

permanent magnetic field it is considered they would flocculate and aggregate rather than exist 

as a stable colloid.213  

To characterise magnetic materials a hysteresis loop gives the best visual representation of the 

different magnetic classifications. A hysteresis loop is seen in Figure 1.16 below. The saturation 

is the point when all the magnetic domains in a material are aligned and increase in the H-field 

whilst no longer increasing in the B-field. H-field is defined as the magnetic field strength 

whereas B-field is defined as magnetic induction or magnetic flux density. The remanence 

magnetisation shows the proportion of magnetic domains that have remained aligned when the 

applied field is removed. Finally the coercive field show us the strength of the H-field that is 

required to return the B-field to zero.213,214  
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Figure 1.16 A hysteresis loop of the various classes of magnetic materials; ferromagnets in black, diamagnets in 

red, paramagnets in green and superparamagnets in blue.214  

It can be determined from Equation 1.2 that materials that have a higher number of aligned 

magnetic domains within a smaller volume will show a greater response when exposed to an 

external applied magnetic field.214 The early domain theory offers an initial explanation to the 

large difference in magnetisation that is observed between paramagnets and ferromagnets.213 

 

𝑀 =  
𝑁

𝑉
𝑚 

Equation 1.2. M represents magnetisation, N is the number of magnetic moments, m 

is the magnetic moment and V the volume of the material.214  

  

For magnetic nanoparticles to have a significant response to an applied field then they must by 

virtue of Equation 1.2 contain a large number of aligned magnetic domains. Ferromagnetic 

materials exhibit such a property, however they suffer the disadvantage of particle aggregation 

to the remanence magnetisation. To avoid this disadvantage the MNPs must be single order 

domains so that when the applied magnetic field is removed they retain very little or no 

remanence magnetisation allowing them to stay stable in solution. An overview of magnetic 

domains and alignment can be seen in Figure 1.17.213,214  

 
Remanenc

e 
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Figure 1.17 A graphical illustration of the ideal responses of various magnetic materials before, during and 

after exposure to an applied magnetic field H↑. The arrows are representative of magnetic moments.213,214  

The chemical stability of a magnetic metal nanoparticle is of grave importance, especially in a 

physiological environment and the majority of metals will oxidise changing both their physical 

and chemical properties.215 Due to this it can be an advantage to use a metal that is already 

oxidised or partially oxidised but yet still stable and biocompatible.  

The rapid oxidation of magnetite (Fe3O4) to maghemite (γ-Fe2O3) due to magnetite 

nanoparticles small size and high surface area to volume ratio means it is more applicable to 

term them iron oxide nanoparticles rather than specifically maghemite or magnetite.215  

To be stable as a colloidal suspension at physiological pH’s, those of around pH 7, then the iron 

oxide nanoparticles must be functionalised.216 Both polyethylene glycol (PEG) and dextran are 

popular surface coating compounds due to their stability and biocompatibility within 

physiological systems.217–220 The ability of PEG to supress a response from the 

reticuloendothelial system (RES) and therefore give nanoparticles that have been coated with 

PEG a longer permeation and retention effect in the body is an added advantage over the use of 

dextran.218 To conclude iron oxide magnetic nanoparticles have a promising application for use 

in MNDEPT but their surface chemistry needs to be suitable for enzyme immobilisation.         

The use of gold for this surface modification will be discussed in the next section. 
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1.4.3. Gold coated magnetic nanoparticles 

Due to its desirability the coating of superparamagnetic iron oxide nanoparticles (SPIONs) with 

gold is an area of intense interest, considerable research has been conducted to synthesise 

core/shell magnetic/gold nanoparticles.221 However if gold coated magnetic nanoparticles are 

to be successfully utilised for use in an MNDEPT treatment then the colloid needs to exhibit a 

significant response to an applied magnetic field, possess an NTR which can efficiently reduce 

a prodrug and be successfully immobilised to the Au-MNPs. Given that MNPs and NTRs have 

in their respective fields been trialled in humans and approved for use,222,223 the key behind this 

study is in developing a MNDEPT by binding a modified protein NTR to gold coated magnetic 

nanoparticles.224 The first stage of this research is the modification of the surface of iron oxide 

nanoparticles which is essential in biomedical application.209,225 The iron oxide nanoparticles 

will provide the response to an applied magnetic field that is desired for the MNDEPT 

treatment, but without surface modification the possibility for particle flocculation is highly 

likely.210 The research activity in the area is mainly due to the fact that gold is biocompatible, 

provides good stability to a colloidal solution is nearly inert in its chemical reactivity but 

ultimately provides a strong binding surface for biological compounds via gold thiol (Au-S) 

bonds.226 Thus the synthesis and development of Au-MNPs is a stepping stone to allow the 

conjugation of genetically modified NTR to Au-MNPs for use in a MNDEPT for cancer. 

An approach to synthesis of Au-MNPs that seems to exhibit the greatest control over size and 

morphology of the particles is the use of a reverse micelle system.227 This methodology allows 

for significant control over the nanoparticle formation because of the number of parameters that 

can be changed/modified to determine the outcome of the final nanoparticle.228 Solvent type, 

concentration of reagents, the ratios of surfactant to solvent and the type of surfactant or co-

surfactant can all be adjusted to effect the final nanoparticles produced.228,229 A reverse micelle 

process has been established to create iron-gold core-shell nanoparticles using iron sulphate 

(FeSO4).
230 This system first creates the iron oxide nanoparticles in a cetyltrimethylammonium 

bromide (CTAB) solution that also contains 1-butanol and octane. This solution of the micelle 

is reduced by the same micellar solution containing sodium borohydride (NaBH4). Once this 

process is complete chloroauric acid (HAuCl4) is added almost immediately after the addition 

of NaBH4 to prevent the growth of the iron nanoparticles.230 The use of this reverse micelle 

process allows for some control over the thickness of the Au shell that forms on the surface and 

the morphology of the particles.231–233 The overall particle size is controlled simply by the speed 

of the addition of HAuCl4.
230  

Although this process offers greater control over the particles there is a major disadvantage to 

the system and that is the use of harsh organic solvents and surfactants such as octane and 

CTAB. For the Au-MNPS to be biocompatible234 and to be used for enzyme immobilisation 

then the particles must be removed from the organic solvents and into an aqueous system.235     



Chapter 1 - Introduction                           Page 34 of 156 

 

  

It is paramount that the gold surface of the particle is available for the self-assembly of cysteine 

residues.236  

For the MNDEPT application this study focuses on, the drawback of the extra work and 

processes required for washing and transferring the phase of the particles formed in the micelle 

process, the most desirable of all the systems is developed to create hybrid nanoparticles are 

those that are carried out in aqueous solution.237  

There are two main procedures which work in aqueous solution, one of them uses chloroauric 

acid that heated until boiling with sodium citrate to directly reduce the gold salt onto synthesised 

iron oxide cores.238 The second is an iterative hydroxylamine seeding approach which uses the 

hydroxylamine to reduce the gold salt onto the surface of the iron oxide nanoparticle and 

iteratively grow the thickness of the gold coating.239 Due to the aqueous nature of both of these 

methods they are highly suited for use in a DEPT system. Several of the synthesis methods to 

create the Au-MNPs use capping agents to bind to the particle surface and help the control of 

the particle morphology and size.240 One of the commonly used capping agents for Au-MNPs 

are thioalkanes, these can control both particle growth and increase the stability of the colloidal 

sols.241–243 The control of the size and morphology is again an advantage for the production of 

Au-MNPs along with the increased stability. However, for their use in a DEPT system, if the 

Au-MNPs are already thiolated from the use of thioalkane capping agents, then self-assembly 

immobilisation for the cysteine modified NTRs will be hindered and may not be possible at 

all.244 This is due to the surface already having a layer of bound cysteine residues from the 

thioalkane preventing the modified NTRs from accessing the gold surface to allow the 

formation of the NTR on the surface via self-assembly with control of the enzymes orientation. 

1.5 Immobilisation of nitroreductase  

The main focus in the production of a MNDEPT system is to create a successful pathway to 

allow the binding of the NTRs to the nanoparticles. There are some interesting and significant 

advantages to immobilising enzymes onto nanoparticles such as the fact the particles often show 

increased stabilities and the immobilised enzymes show either similar or improved enzymatic 

activities.245–249 Over the last decade there has been significant research into the subject of 

biotechnologies,250 and their potential applications and the sheer scale and diversity of the wide 

range of nanomaterials and biological compounds that are of interest has been well reviewed in 

detail by Sapsford et al.251  

The activity of an enzyme with a given substrate is controlled by the amino acid structure that 

surrounds the active site of the enzyme. Due to this fact any amino acid sequence that needs to 

be added to the enzyme in order to bond it to an inorganic surface is typically added to the end 
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of a polypeptide chain, minimising the impact of the modification on the active site.252 Amino 

acid immobilisation is regularly utilised, the most common method is the His6 method, whereby 

six consecutive histidine units are added to the enzyme.253,254 This was developed by E. Hochuli 

et al.255 at Roche Ltd. in the 1980’s. The six consecutive histidine residues are added to either 

the C-Terminus or N-Terminus of the amino acid sequence, this is achieved by inserting a 

genetic code to the end of the gene sequence.255 The advantage of using the His6-tag method is 

that this allows the specified sequence to be purified from other proteins using a Ni2+ chelating 

column. The His-tags bind to the nickel (Ni) purification column and isolates the required 

protein from the others by competitively eluting the sample with imidazole at varying 

concentrations. The sequences without the histidine modification will be eluted at weak 

concentrations as they will not bind to the column properly, the modified sequence will elute at 

a higher imidazole concentration due to it being bound more tightly onto the nickel column.256 

Another advantage to the His6-tagged proteins is that the bonding to nickel and subsequently 

nickel oxide nanoparticles is done via self-assembly.257,258 Nickel oxide nanoparticles are 

however an unsuitable material for use in bio-applications due to their defined toxicity.259 This 

method of self-assembly however has led onto further research and has shown that it can occur 

when working with gold surface and gold nanoparticles.260 In other words the His6-tagged 

proteins can bind to gold surfaces and nanoparticles via self-assembly just like they can with 

nickel.260,261 The bond strength of a self-assembled thiol bond on an Au surface is in the region 

of 210 kJmol-1.262 When this is compared to that of a Ni-S bond which has a bond strength of 

163 kJmol-1, it indicates that Au has stronger binding and is therefore more desirable.263  

Gold is a desirable material for biomedical application and as previously described it has 

undergone extensive research as a bio-nanomaterial given its ease of controlled synthesis, 

biocompatibility and its chemical stability.262,264 The strength of this bonding coupled with the 

ease of thioalkane modification of gold makes the combination a preferred choice when 

selecting a self-assembly system for biological application.262 The introduction of the use of 

cysteine residues as a functional bonding sequence allowing enzymes and proteins to be 

immobilised to gold has been well studied154,236,265–269 and has also seen an important review 

compiled by J.C Love et al.262 into its use in nanosystems. Cysteine is non-toxic and both S-H 

and S-S groups bond to Au.267 The di-sulphide bridges formed by the S-S bonds allows for the 

bond strength to increase to nearly 400 kJmol-1. It has been shown that the introduction of 

cysteine tags can improve enzymatic activity compared to the corresponding unmodified 

enzyme.270–272 The presence of naturally occurring cysteine amino acids in the protein sequence 
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could lead to self-assembly of the proteins to an Au surface. This could lead to the orientation 

being effected as both the natural cys-tags and the added modified cys-tags could both form 

self-assembled immobilisation. In order to ensure the modified cys-tag is the preferential 

binding site for immobilisation to an Au surface Gwenin et al.224 introduced a series of six 

cysteine sequences in consecutive order into a NTR sequence mimicking the His6-tag 

immobilisation. This was shown to be an effective route in controlling the immobilisation of 

proteins onto an Au surface in the development of a biosensor used to detect explosive 

compounds using amperometric potential.224  

This led to the development of a similar approach in the successful immobilisation of NTRs 

onto inorganic substrates. This was developed and patented as a potential application to be 

utilised in a novel directed enzyme prodrug therapy.15,273 Figure 1.18 details how the six 

cysteine residues present in each monomer sequence of a dimeric NTR allow controlled 

orientation of the enzyme onto an Au surface via Au-S thiol bonds.224 This illustration depicts 

the enzyme immobilising to a flat gold surface but the same approach should be applicable for 

conjugating the enzyme to a curved surface of a nanoparticles for example. It also shows that 

the addition of the cys-tags to the N-terminus allows the amino acids to access and bind to the 

gold surface without in theory altering the native enzyme’s structure. 

 

Figure 1.18 An illustration detailing the six consecutive cysteine tag residues included at the N-terminus in each 

monomer unit of a NTR allowing the dimeric enzyme to successfully immobilise onto an Au surface via Au-S 

bonds with controlled orientation.224  

Nitroreductases have been used to reduce a large range of nitroaromatics and hold an interest 

in not only biomedicine but also the aforementioned nitroaromatic detection alongside 

bioremediation and biocatalysis.274 The kinetic efficiency (kcat/Km); sometimes referred to as 
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the specificity constant of a NTR with the nitroaromatic compound CB1954 is a very important 

parameter to be considered when developing an MNDEPT system. There has recently been 

three novel NTRs isolated from Bacillus lichenformis which have a similar amino acid structure 

including their structure around the FMN site of the enzymes to that of the NTRs which have a 

known activity to nitroaromatic compounds.275 These previously uncharacterized enzymes have 

shown activity towards a range on nitro containing explosives; they also showed the ability to 

retain this activity after both His6-tag and cys-tag modification.275 Amongst these enzymes is 

yfkO which will be used in this study to determine its activity towards the prodrug CB1954 and 

compared to the activity of the enzyme nfsB.  

1.6 Selection of cancer cells 

To allow the largest comparison of a potential MNDEPT system the cell line chosen for study 

in this project is the HeLa cell line. The HeLa cell employed in the work is a cell line that has 

been utilised for both research and industrial settings to establish cancer cell biology and 

processes.276 HeLa is the oldest and most commonly used cervical cancer cell line.277 The cell 

line is derived from cervical cancer cells that were isolated from the glandular cervical cancer 

of an African-American women named Henrietta Lacks.278 Unfortunately she died from the 

disease on the 4th October 1951 but the preservation of her cells has enable research to 

continue.278 HeLa cells; see  

Figure 1.19, have been used to obtain knowledge about nearly every process that occurs in 

human cells, in combination with subsequent cells line that have now been isolated.279 HeLa 

cells have been used for 60 years, from their first use in William F. Scherer’s study280 of the 

first polio vaccine in the 1950’s to the present day.281 It is estimated that more than 65,000 

scientific research articles have been published using HeLa cells as the investigated cell line 

and this number is continually increasing.280,282  
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Figure 1.19 HeLa cell morphology shown with an image obtained of confluent HeLa cells growing in vitro,  

 scale bar 100 µm 

The importance of the HeLa cell line can also be further contributed to the fact that cervical 

cancer is the seventh most prevalent cancer overall and the third most common in women. It is 

estimated that approximately 530,000 women are being diagnosed with cervical cancer every 

year and that approximately 50% of the diagnosed cases lead to death.283 Of the top 4 most 

prevalent cancers; breast and prostate cancer are most prevalent in women and men 

respectively, alongside lung and colon cancer.284 Alongside the HeLa cell line it is hoped that 

the MCF-7 cell line can be studied. MCF-7 has been isolated from the breast cancer suffered 

by a 69 year old Caucasian women and is named after the Michigan Cancer Foundation, the 

institute where the breast cancer cell line was first established in 1973.285 An advantage of using 

MCF-7 is that it is a robust cell line with a long passage life being able to maintain for over 90 

weekly passages.285 Compare this to HeLa cells being able to be passaged approximately 40 

times before they lose their viability. 

 

 

 

 

 

 

100 µm 
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1.7. Conclusion 

1.7.1 Conclusion 

Many DEPTs are currently being trialled128 with the efficacy of those being tested being low 

and needing further research and modifications to improve them.128 One of the main drawbacks 

of the therapies is the reliance of the reduction of CB1954 by NfsB and as such different 

enzymes need to be identified and tested to increase the efficacy of the treatment.275 The NTR 

YfkO from B. Licheniformis has been identified as a potential candidate for the therapy.275  

In this study YfkO will be expressed, purified, assayed with CB1954 and compared to the NTR 

NfsB. Both of these NTRs will then be tested for their activity and enzymatic kinetics when 

immobilised to both gold nanoparticles (~50 nm) and synthesised 50 nm gold coated magnetic 

nanoparticles. The final step in the study is to determine the cell toxicity of the both the enzymes 

free in solution, the enzyme-gold nanoparticle bioconjugate and the enzyme-gold magnetic 

nanoparticle bioconjugates via cell viability assays initially tested on the HeLa cell line and 

followed by further cell lines. These assays will also hopefully give an initial indication to the 

cell uptake of the NTR/Au-MNPs and help set the basis for a multi enzyme screening process 

for MNDEPT to determine which NTRs have the highest efficacy and best potential for use in 

the treatment. 

Sosnovik et al. specify that the FDA approved dosage for iron oxide nanoparticles is                        

3 mg Fe/kg.286 A 50 nm Au-MNP that has a 10 nm Fe core calculates as ~1.10x1015 particles/kg; 

which when combined with the previously determined and published optimal ratio of              

NTR-Au-MNP conjugation15 equates to 2.97x1017 particles of NTR/kg. An FDA approved 

antibody drug conjugate call Kadcyla® is used in clinical applications to treat patients with 

metastatic breast cancer and its recommended dosage is 3.6 mg/kg which is comparable to the 

dosage enabled to FDA approved iron oxide nanoparticles.287 Francis et al reported that when 

using A5CP antibody-enzyme conjugate in combination with a bi-iodo phenol mustard prodrug; 

ZD2767P, in a phase I clinical trial, the maximum tolerated dose was reached at 15.5 mg/m2. 

Based on an average body surface area (1.8 m2)288 for a human this dose equates to 27.9 mg. 

The average weight of a human has been calculated at 62 kg289 so this gives the A5CP/ZD2767P 

system an effective dose of 450 µg/kg which is ~ 7-fold lower than for the proposed Au-MNP 

system. 

Magnetic nanoparticles have been approved for use as MRI contrast agents with applications 

as both bowel contrast agents and liver/spleen contrast agents.290 Lumiren® and Gastromark® 

are two commercially approved and available contrast agents for use in imaging the bowel. 

Endorem® and Feridex IV® are examples of magnetic nanoparticle products that have been 
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commercialised for use in liver/spleen imaging.290 Magnetic nanoparticles have also found use 

in magnetic hyperthermia; this utilises MNPs under a time-varying magnetic field to induce 

heating of tumour cells and subsequently damaging the cells. This has been approved for use 

as a clinical therapy in the European Union.291 Both of these applications have led to the use of 

magnetic nanoparticles in the proposed Au-MNP DEPT system. The ability of the MNPs to 

both be localised to the tumour site and the potential for the system to undergo magnetic 

hyperthermia; which could act as a secondary attack for the system has cemented the use of 

MNPs going forward in this study. 

1.7.2. Aims of this study 

The primary objective in this study is to ensure that the immobilisation of NTRs to MNPs is 

achieved in such a way that the enzymes do not subsequently dissociate from the nanoparticle 

surface. A covalent bond is the obvious choice to bind a particle to an enzyme which therefore 

leads to the use of gold to surface functionalise the MNPs. The production of Au-MNPs is 

therefore another important aim of the study along with the immobilisation of NTRs to these 

Au-MNPs. The control over size and morphology of the particles is required for the successful 

development of Au-MNPs for MNDEPT, with 50 nm in size and a spherical morphology the 

desired target. The kinetic and cell viability testing is important as it will help to characterise 

their enzymatic activity and cell toxicity and prove that it is retained as close as possible to that 

of NTRs reacting free in solution. This study also hopes to explore the possibility that the 

genetic modification of the enzymes and the surface functionally of the magnetic nanoparticles 

may even increase the activity of the enzymes when they are controllably immobilised. 
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Chapter 2  

Experimental Methods 

 

The majority of the work discussed in this chapter is published in the following 

paper. 

YfkO nitroreductase immobilised with controlled orientation onto superparamagnetic 

nanoparticles; towards a direct enzyme cancer therapy approach. Publication suited to 

Biomacromolecules, (in DRAFT) 
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Chapter 2 – Experimental Methods 

All Chemicals used were obtained from Fisher Scientific (UK) or Sigma-Aldrich (UK), unless 

specified otherwise. 

2.1 Enzymes  

2.1.1 Transformation of nitroreductase plasmid into competent cells 

In order to transform the nitroreductase plasmids, eppendorf tubes of prepared competent cells                     

(200 µL) were taken from cold storage (-20°C) and placed on ice. Typically DH5α is used for 

plasmid preparation and Rosetta is used for protein expression. The Rosetta competent cells are 

an efficient bacterium for the expression of heterologous genes; this is because it overexpresses 

rare tRNAs that are uncommon in other E. coli strains. This ensures that any heterologous gene 

carrying such rare codons will be expressed efficiently.292 The prepared pET28a plasmid 

containing the NTR gene (2 µL) was added to the eppendorf’s of competent cells and the 

samples where then left on ice for 30 minutes. The samples are then heat shocked at 42°C for 

exactly 50 seconds before being returned to ice for a further 2 minutes. The samples are then 

mixed with sterile Lysogeny broth (LB) ((500 µL) (Yeast (2.5 g), tryptone (5 g), NaCl (5 g) 

makes 500 mL)) before being incubated for 45 minutes at 37°C. To labelled, sterile agar plates 

(containing kanamycin (50 µg/mL)) the incubated plasmid/LB sample is added (125 µL) and 

spread across the plate using a sterilised glass spreader. The agar plates are then inverted and 

left to incubate at 37°C overnight. The agar plates are checked for colony growth and then 

removed from the incubator and stored for future use. 

2.1.2 DNA plasmid digestion and DNA agarose gel 

To perform a DNA plasmid restriction digest, purified pET28a plasmids containing the NTR 

gene (7 µL) were carefully transferred to a sterile eppendorf. To the eppendorf restriction 

enzymes (1 µL) were added; these correspond to the restriction enzyme sites present at the 

either end of the NTR insert (typically BamHI or HindIII) along with the appropriate restriction 

enzyme buffer (1 µL). The samples were then incubated at 37°C for 60 minutes. Whilst the 

samples are incubating the agarose gel can be prepared; first the gel mould is cleaned with 

industrial methylated spirit (IMS) and prepared by taping the ends of the cast closed. A 1% 

agarose gel is made by dissolving agarose (1 g) in 100 mL of 0.5% TBE (540 mg trisbase,       

275 mg boric acid and 200 µl 500 mM Ethylenediaminetetraacetic acid (EDTA)). The solution 

is then heated gently to allow the agarose to completely dissolve before cooling; but not setting, 

to allow the addition of ethidium bromide (2.5 µL, 10 mg/mL). The gel can then be poured into 

the casting unit and the loading well comb added before being left to set. Once the gel has set 
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the loading comb and end tape can be removed. The gel should then be transferred into the 

running tank which contains 0.5% TBE buffer doped with ethidium bromide (2.5 µL, 10 

mg/mL). Next 2 µL of 6x DNA gel loading dye was added to the 10 µL of digested plasmid 

and 5 µL of the resulting solution was added to the wells present in the agarose gel. 5 µL of 

DNA ladder was added into the wells contained at either end of the agarose gel to provide a 

reference point for the samples. The gel was then run for 45 minutes at 100 V before being 

removed from the running tank and placed on a UV transilluminator (UVP Benchtop 

transilluminator, UK) and an image of the resulting gel was taken. 

2.1.3 Protein expression 

Previously prepared and sequenced NTR plasmids were expressed using a method that has been 

previously described.224 In brief; the bacteria containing the plasmids were picked and 

transferred to a mixture of LB media (5 mL) containing kanamycin (50 μg/mL), then grown 

overnight. The 5 mL of solution was mixed with 500 mL of LB solution (made as described 

above and autoclaved to sterilise) and kanamycin (50 μg/mL), and then the bacteria was grown 

at 37°C (shaken at 200 rpm) until a measured optical density (O.D.600 nm) of 0.6 was achieved. 

The solutions was inoculated with isopropyl-beta-D-thiogalactopyranoside (IPTG) (2 mL, 100 

mM, 0.4 mM (final)). The cells were then harvested by centrifuging (8000 rpm, 4°C for 10 min) 

and the resulting pellets were placed on ice and re-suspended in imidazole solution (10 mM, 10 

mL); consisting of phosphate buffer (PB) (pH 7.4, 6.25 mL, 100 mM), and imidazole (2 M, 250 

µL), made up to 50 mL with distilled water. The resulting suspensions were then placed in a 

beaker containing ice to avoid overheating the solution whilst they were sonicated four times 

for 30s, to break open the cells. The solutions were then centrifuged (20,000 rpm, 4°C, for 1h). 

The resulting solution contains the NTR and the pellet contains the cell debris. The solutions 

were then run on a sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

to check that the protein was overproduced and that its molecular weight was as expected. 

2.1.4 SDS–PAGE analysis 

The glass plates were cleaned with ethanol and the 12% acrylamide sodium doecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) resolving gel was prepared with doubly 

deionised (DDI) H2O (3.4 mL), degassed acrylamide (30%, 4.0 mL), Tris-Cl pH 8.8 (2.5 mL), 

and SDS (10%, 100 μL). The stacking gel was prepared in the same way except that the pH of 

the Tris-Cl used was lower measuring pH 6.8. Immediately prior to the gel being poured; 

ammonium persulfate (APS) (10%, 100 μL) was added, followed by finally adding                      

N,N,N’,N’-tetramethylethylene diamine (TEMED) (10 μL) to the appropriate solution, 

initiating gel polymerisation once swirled. The resolving gel was poured into the plate until it 
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was 1 cm from the top, then water-saturated ethanol was poured on top of the gel to prevent the 

gel from contact with the air and possible contamination. When the resolving gel was set, the 

ethanol was washed away with distilled water, the stacking gel was poured onto the resolving 

gel, and a comb was pushed into the stacking gel. The samples were mixed with loading buffer, 

made up with: electrophoresis buffer (1 mL), glycerol (3 mL), 0.5% bromophenol blue (200 

µL), and deionised water (5.8 ml), and then heated to 95°C for 5 min to denature the protein. 

These samples were then loaded onto the gel, which was run at 200 V for 45 min in an 

electrolyte solution of 1 x SDS. The gel was then stained with coomassie solution for 30 min 

made up with Coomassie Blue (1.25 g), methanol (500 mL), and acetic acid (100 mL), made 

up to 1 L with distilled water. The gel was then de-stained with a mixture of acetic acid (50 

mL) and IMS (100 mL), made up to 500 mL with distilled water. 

2.1.5 Enzyme purification 

The imidazole solutions and the binding buffer were prepared as stated in Table 2.1 seen below, 

with filtered (450 nm filter) distilled water. 

Table 2.1 Imidazole purification 

PB 8x stock solution pH 7.4  

(mL) 

Imidazole 

(conc.)(mM) 

Filtered dH2O  

(mL) 

Imidazole (2M)  

pH 7.4 (mL) 

 

30 

10  

(binding buffer) 

 

208.8 

 

1.2 

6.0 50  40.8 1.2 

6.0 100  39.6 2.4 

6.0 150  38.4 3.6 

6.0 200 37.2 4.8 

6.0 300  34.8 7.2 

6.0 500  30.0 12.0 

6.0 800  22.8 19.2 

6.0 1000 18.0 24.0 

A syringe (5 mL, plastipak) was filled with distilled water, and then connected to the column 

through a Luer adaptor. The nickel-agarose column (HiTrap chelating column, Amersham 

Biosciences, UK) was washed out with distilled water (5 mL) at approx. 1 drop/sec. The syringe 

was then filled with nickel salt solution (NiSO4, 500 µL, 100 mM), which was applied to the 

column, followed by a further wash with filtered distilled water (5 mL). The column was then 

equilibrated with binding buffer (10 mL), the protein expression samples were then applied to 

the column and the flow-through collected. The column was then washed again with binding 

buffer (10 mL) and the flow-through collected. Increasing concentrations of imidazole were 

passed through the column and collected in 1 mL samples (5 for each concentration) to avoid 
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dilution. Finally, the column was washed with the remaining binding buffer (4 mL) and stored 

below 5°C ready for reuse. The second 1 mL aliquot of each elute was subjected to SDS-PAGE 

analysis; see section 2.1.4 for method, along with both of the sample flow-through’s, an 

unpurified sample and an induced unpurified sample. 

2.1.6 Removal of imidazole from the protein 

In order to remove the imidazole from the resulting purified NTR the solution was passed down 

a PD-10 column (Amersham Biosciences). The PD-10 column is a polypropylene column that 

is gravity operated and contains 8.5 ml of Sephadex™ G-25 medium this is used for desalting 

and buffer exchange. The sealed column needs to be prepared before the NTR is passed through 

it. The top and bottom cap of the column were removed and the end of the column tip cut. Once 

this had been done the column was washed and equilibrated with PB (25 mL, 50 mM, pH 7.4). 

Then the NTR sample to be purified (2 mL) was applied to the column and eluted with 10 mL 

of PB. The enzyme was collected in a centrifuge tube (~2.5 mL) as a clear yellow band eluted 

from the column. The rest of the clear liquid was discarded as this contained the imidazole salt. 

2.1.7 Determination of cys-tagged modified nitroreductases using cyclic 

voltammetry 

All measurements were performed using an Autolab PGSTAT 30 computer-controlled 

electrochemical measurement system (Eco Chemie, Holland). The analysis was carried out with 

a three-electrode cell; using a saturated calomel reference electrode and a platinum counter 

electrode. Prior to use; the cell (Figure 2.1), was cleaned using ddH2O followed by IMS and 

then acetone. The working electrode was an enzymatically-modified gold coated glass slide. A 

seal was made between the working electrode and the electrolyte solution with O-rings defining 

a geometric area of 0.6 cm2.                                                                                             

The solution in the cell contained sodium hydroxide (20 mL, 100 mM), all the chemicals used 

were of an analytical grade. Prior to the formation of the enzyme layer, the gold (111)-coated 

glass slides (Winkler GmbH, Germany) were flame annealed in a Bunsen burner until they 

glowed red around the corners of the slides 3 times. This procedure produces a flat gold surface 

with strong Au (111) characteristics.293  After cooling in air for a short time, 2 gold slides were 

placed glass back to glass back and transferred to a centrifuge tube containing the purified 

desalted NTR. The gold surface was modified by leaving the slides immersed in this solution 

for 48h at 5°C.  
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Figure 2.1 Diagram to show the set-up of cyclic voltammogram electrode cell. (1) Platinum counter electrode; 

(2) Salt bridge, (3) Saturated calomel electrode, (4) PTFE cell lid, (5) PTFE cell, (6) Rubber O-rings,               

(7) Au (111) gold coated glass slide working electrode, (8) Working electrode connection, (9) PTFE cell base. 

After the electrode cell was assembled nitrogen was purged through the system for 20 minutes 

to remove all bubbles which could affect the scanning of the electrode. The cell was then placed 

in the faraday cage and the software was run using the following parameters (scan 0.0 V to           

-1.1 V, 50 mV/s, and scanned twice). The data was then collected and processed using 

Ecochemie GPES software and presented using Microsoft excel. 

2.1.8 Using Bradford assay for protein quantification 

To calculate the concentration of protein the method employed was using the Bradford reagent 

assay. The purified and desalted protein was compared to a set of bovine serum albumin (BSA) 

standards. The BSA standards are tested and a calibration graph was compiled; the unknown 

concentration of protein is them tested in triplicate and using the equation of the straight line 

from the calibration graph the protein concentration can be quantified from the gradient. The 

protocol for the Bradford reagent assay is as follows; Bradford reagent (BIO-RAD, UK) is 

removed from the fridge and allowed to equilibrate to room temperature (approx. 25°C), the 

BSA standards are prepared as per Table 2.2. A volume of 20 µL of BSA standard is pipetted 

into a cuvette along with 1mL of the Bradford solution, the same is done for the 3 samples of 

protein whose concentration is unknown. A reference cuvette is also prepared by adding 20 µL 

1 

2 

3 

4 

5 

7 
8 

9 
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of PB (50 mM, pH 7.4) to 1 mL of the Bradford reagent. All of the cuvettes are left to react for 

5 minutes. The cuvettes are then tested for their optical density at a wavelength of 595 nm and 

each reading is recorded, the results are then analysed by plotting concentration against optical 

density and a calibration graph is produced. Using the straight line of the graph the unknown 

concentrations can be calculated. 

Table 2.2 BSA standard solution calculation 

Volume BSA stock 

solution (µL) 

BSA stock 

concentration 

(µg/mL) 

50 mM PB 

Volume (µL) 

Final Protein 

Concentration 

(µg/mL) 

70 2000 0 2000 

75 2000 25 1500 

70 2000 70 1000 

35 1500 35 750 

70 1000 70 500 

70 500 70 250 

70 250 70 125 
 

 

2.2 Synthesis of superparamagnetic iron oxide nanoparticles  

Due to its prominence in the literature, co-precipitation of iron ions in aqueous solution was 

chosen as the route to produce superparamagnetic iron oxide nanoparticles. Depending on the 

reagents and reaction conditions used both the size and morphology of the particles can be 

altered.187,192,209 In a non-oxidising, basic environment, the reaction will proceed as         

Equation 2.1 to produce magnetite. 

2𝐹𝑒3+ + 𝐹𝑒2+ + 8𝐻𝑂−  → 𝐹𝑒3𝑂4 + 4𝐻2𝑂 

Equation 2.1 Formation of magnetite from aqueous iron ions in a non-oxidising environment 

The co-precipitation method used for the synthesis of SPIONs is an adaptation of the methods 

previously described by Massart216 and Lyon et al.239  A 2:1 molar ratio of Fe3+:Fe2+ was 

dissolved in HCl (10 mM, 25 mL) and added to NaOH (1.5 M, 250 mL) under vigorous stirring 

and in an Argon protected environment. The magnetite particles were then magnetically 

separated; washed with water, dispersed in HNO3 (100 mM, 250 mL) and centrifuged (Thermo 

Scientific Heraeus Primo R, UK) at 5000 rpm for 45 mins. The precipitate was then redispersed 

in HNO3 (10 mM, 250 mL) and heated to 90-100°C whilst stirring vigorously. During heating 

the solution changes colour from black/brown to brown/red. After 30 mins the heat was 

removed and the solution was allowed to return to room temp. The particles were then isolated 

via centrifugation at 5000 rpm for 45 mins. The precipitate was then redispersed and isolated 
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using centrifugation twice more, first using ddH2O and then followed by 

Tetramethylammonium hydroxide (TMAOH) (100 mM, 100 mL). The supernatants were 

discarded and the final precipitate was suspended in TMAOH (5 mM, 250 mL). 

2.3 Gold coating of the SPIONs   

Two methods were investigated due to their success in the literature, the iterative 

hydroxylamine seeding method which was principally investigated by Lyon et al.,239 and the           

pre-seeding method adapted from the principles in Brown et al.’s work.294 The Lyon et al.,239 

method was conducted using the following procedure; to coat the iron particle cores with Au; 

Fe3O4 SPION cores (7.5 mL, 20.5 mM) were diluted to 1.1 mM using 140 mL water and this 

was stirred with Na citrate (100 mM, 7.5 mL)  for 10 minutes. Upon successful reaction with 

Na citrate; NH2OH.HCl (200 mM) and HAuCl4 (1% w/v) were then added incrementally, see 

table 2.3 on the following page for addition volumes. 

Table 2.3 Composition of the incremental additions of HAuCl4 and NH2OH 

Addition 200 mM NH2OH.HCl (µL) 1% HAuCl4 (µL) 

1 750 625 

2 281 500 

3 188 500 

4 188 500 

5 281 500 

 

The final solution was subjected to magnetic separation by placing it in a conical flask with a 

1T magnet (e-magnetsUK, NiCuNi plated Nd magnet) attached to the base. The solution was 

left overnight and then the resulting supernatant was decanted. The remaining magnetic 

particles were then washed with a citrate/ddH2O solution (100 mM, 7.5 mL citrate,                                           

140 mL ddH2O), and magnetically separated again, the resulting particles were resuspended in 

ddH2O stabilised with Na citrate (100 mM) and subjected to UV/Visible analysis (200-800 nm 

scan at a rate of 1000 nm/s, 200 µL sample: 800 µL ddH2O against a blank of 1 mL ddH2O). A 

50 nm Au colloid standard was also subjected to the same UV/Visible analysis. Finally aliquots 

taken out during the course of the reaction; between iterations, were subjected to the UV/Visible 

spectrometer for analysis. The Lyon et al.239 method was then adapted and combined with the 

principles of Brown et al.’s method.294 The methodology is exactly the same as the above 

procedure with the only change coming in the composition of the incremental additions, see  

Table 2.4. This 2nd method was created to try and avoid the potential for the Au3+ to nucleate 

and grow to become non-magnetic particles.  
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Table 2.4 Composition of the incremental additions of 5 nm Au Colloid, HAuCl4 & NH2OH 

Addition 200 mM NH2OH.HCl (µL) 5 nm Au Colloid (µL) 

1 750 625 

 200 mM NH2OH.HCl (µL) 1% HAuCl4 (µL) 

2 281 500 

3 188 500 

4 188 500 

5 281 500 

2.3.1 Modification of Au-MNP synthesis 

The gold coating procedure, section 2.3, was further adapted to optimise the production of fully 

coated monodispersed Au-MNPs. Fe3O4 SPION cores (3.5 mL, 3.3 mg/mL) were diluted with 

dH2O (144 mL) and sodium citrate (5 mL, 100 mM). The solution was placed into a round 

bottom flask and degassed by bubbling argon through the solution for 30 minutes. To this 

solution 5 nm Au colloid was added (1 mL) and the solution was then heated to 30°C and 

vigorously stirred using a mechanical overhead stirrer (IKA, 8500 rpm) for 1 hour. A 

chloroauric acid solution (5 mL, 1% w/v) was then added to the reaction and the stirring 

continued for the duration of the experiment, the colour of the reaction at this point is observed 

as being orange. After the addition of the chloroauric acid; hydroxylamine (NH2OH) (1.5 mL, 

200 mM) was added at a drop rate of 1 mL/min. During this addition a colour change in the 

reaction is observed; as the first few drops of NH2OH are added the colour changes from orange 

to a dark blue, as the addition of NH2OH reaches 500 µL the reaction solution turns purple and 

after the remaining NH2OH is added the solution is dark red in colouration. This is indicative 

of spherical gold particles.295,296  The resulting solution is heated to 50°C and remains stirring 

vigorously for 1 hour. A 1:1 ratio solution of sodium citrate and ascorbic acid (5 mL, 100 

mM:100 mM) is then added to the reaction. The solution is then left to continue to stir 

vigorously for 1 hour. The solution is then removed from the heat and the stirring is stopped. 

The resulting solution is then placed in a conical flask placed over a 1T magnet (e-magnetsUK, 

NiCuNi plated Nd magnet) and left to magnetically separate overnight. The supernatant of the 

solution is then decanted and the resulting Au-MNPs that are left attached to the magnetic 

attachment area are washed with dH2O (5 mL) 3 times with a short magnetic separation period 

between washes ~1 hour. After the final wash the Au-MNPs are resuspended to an optical 

density of 1 OD525 nm in 100 mM Na citrate stabilised ddH2O and are stored in glass vials at 4°C 

for analysis and further use. 
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2.4 Immobilisation of NTR onto Au colloid and Au-MNPs 

Purified and desalted NTRs were immobilized onto Au colloid by the formation of a                        

self-assembled monolayer due to the cysteine tags present in the protein. According to previous 

research15 the optimum ratio for Au-NTR conjugation is 270:1, To an Eppendorf tube 

containing Au colloid (50 nm, 15OD, Bioassay Works, 1 mL) the calculated volume of NTR 

was added and this Au-NTR solution was left to conjugate (1h, 25°C). 

Immobilisation of NTRs onto Au-MNPs was achieved using the same optimised ratio. The 

calculated volume of NTR was added to the Au-MNPs (1 mL) and allowed to conjugate                   

(1h, 25°C). After conjugation the Au-MNP immobilised NTRs were subjected to magnetic 

separation and then resuspended in ddH2O. 

2.5 Kinetics of NTR, Au-NTR and Au-MNP-NTR conjugates 

2.5.1 Activity testing - enzyme reactivity to CB1954  

Purified recombinant NTR were added to two solutions (one test and one reference solution) 

and made up to 1 mL using PB (50 mM, pH 7.4); see Table 2.5  for exact composition.  

Table 2.5 Composition of reference and test cuvettes for activity testing. 

 NTR activity Au-NTR activity Au-MNP-NTR 

activity 

Chemical Volume 

(Reference) 

(µL) 

Volume 

(Test)  

(µL) 

Volume 

(Reference) 

(µL) 

Volume 

(Test)  

(µL) 

Volume 

(Reference) 

(µL) 

Volume  

(Test) 

(µL) 

CB1954  

(10 mM) 
- 10  - 10  10  10  

NADH  

(10 mM) 
60  60  60  60  60  60  

PB (50 mM,  

pH 7.4) 
925  925  890  890  830  830  

NTR 5  5  - - - - 

Au-NTR - - 40  40  - - 

Au-MNP-NTR - - - - - 100  

Au-MNP - - - - 100 - 

DMSO 10  - 10  - - - 

To each solution, NADH (10 mM) was added and then to the reference solution dimethyl 

sulfoxide (DMSO) was added. The test and the reference sample were both heated to 37°C for 

3 minute in a digital heat block (Stuart Heat block SBH130D, UK); before being transferred to 

the UV/Visible spectrophotometer (Jasco V-550, UK) one scan was completed before CB1954 

(10 mM) was added to the test solution and then both solutions absorbance spectra                            

(800 nm - 200 nm) was recorded every 1 minute for 15 minutes. The results were then 

analysed.15 This was then repeated for Au-NTR with the amount of PB being used adjusted as 
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the volume of Au-NTR was increased. To test the Au-MNP-NTR activity the prodrug is added 

to both reference and test cuvettes, meaning no DMSO is added to either cuvette. 

2.5.2 Determination of enzyme kinetics 

The initial determination of the enzyme kinetics follows similar principles as the enzyme 

activity testing (section 2.5.1 above), but the focus is on the specific wavelength 420 nm. This 

wavelength is associated with the formation of the cytotoxic hydroxylamine products from the 

reduction of the prodrug CB1954.  Varying concentrations of CB1954 were prepared and the 

change of absorbance at 420 nm was determined using time course management on UV/Visible 

spectrometer. A reference sample was prepared; PB (50 mM, pH 7.4), NADH (10 mM) DMSO 

(10 µL) and NTR.  A test sample was also prepared in the same way with the omission of 

DMSO, see Table 2.8 for exact composition. Both the reference and test samples were 

incubated at 37°C for 3 minutes. The CB1954 was added last to the test cuvette just before 

commencing the UV/Visible scan and after inversion the cuvette was inserted into the 

UV/Visible spectrometer along with the reference cuvette and the 60 second analysis at 420 nm 

is started. Each concentration of CB1954 was tested in triplicate and at least 7 concentrations 

of prodrug were tested. The results are then compiled using Microsoft Excel and analysed using 

Sigmaplot®.  

2.5.2.1 Modification to kinetic protocol for 96-well plate analysis 

The final enzymatic kinetics were run using a 96-well plate microplate reader (Thermo 

Scientific Varioskan, USA). The methodology follows a similar principle to the kinetic analysis 

conducted above; just in a scaled down form, to reduce the quantity of compounds used and the 

cost. This method was developed by Dr. J. Halliwell, a fellow research group member. The 

microplate reader was turned on and the protocol loaded in advance of sample preparation to 

allow the microplate reader to heat up to 37°C. The protocol was set so that the microplate 

reader would measure the kinetic reaction over a time period of 60 s at a fixed wavelength of 

420 nm. The microplate reader would take a reading at 4 defined time points which were; 1, 5, 

25 and 60 seconds. To prepare the samples and ensure consistent experimentation a standard 

plate layout was created (see Figure 2.2). The procedure below was followed; the 

concentrations and volumes of the chemicals can be found in Table 2.6. 

Table 2.6 Composition of the sample wells on the 96 well plate assay 

Chemical Volume (µL) 

Prodrug CB1954 5  

NADH (20 mM) 20  

PB (50 mM, pH 7.4) 100 – everything else = X  

Nitroreductase Y (to give 10 µg/mL final concentration) 
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Firstly the prodrug CB1954 was added to the bottom of the 96-well plates in the wells indicated 

in Figure 2.2, then NADH was added to the wells. After the addition of both of these chemicals 

PB was added. The 96-well plate was then incubated (37°C, Stuart Incubator, UK) for 10 

minutes along with a microcentrifuge tube containing the purified and desalted NTR. After 10 

minutes the 96-well plate is removed from the incubator and positioned in the instrument tray 

of the microplate reader. Nitroreductase is then added to each of the wells and then the protocol 

is started for analysis. The results obtained from the 96-well plate assay had to be adjusted to 

account for the smaller path length utilised in the 96-well plates (3 mm) to allow for direct 

comparison to assays run using the traditional 10 mm path length in a UV/Visible spectrometer. 

This was done using photometric pathlength correction in the SkanIt software that is used to 

run the microplate reader. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A  Blank           

B  2 4 8 12 16 24 32 40 64 100  

C  2 4 8 12 16 24 32 40 64 100  

D  2 4 8 12 16 24 32 40 64 100  

E  2 4 8 12 16 24 32 40 64 100  

F  2 4 8 12 16 24 32 40 64 100  

G             

H             
Figure 2.2 Plate layout for 96-well plate kinetic analysis, numbers correspond to concentration of prodrug added 

(mM) 

The data imported into Sigmaplot® is the calculated product formed (µMol/L.s), see equation 

2.2 for methodology and table 2.7 for an example set of values. The change in absorbance at 

420 nm is measured typically between 5 and 25s, as long as this section is linear. 

Table 2.7 Example set of data calculated in excel, prior to non-linear regression analysis in Sigmaplot®. 

Molar extinction coefficient of hydroxylamine products of CB1954 = 1200 Lmol-1cm-1 

420 nm absorbance at time (B) – 420 nm absorbance at time (A) = Change in absorbance (C) 

Time (B) – Time (A) = Difference in time (D) 

Product formed (µmol/L) = 
(0.03021)

1200
× 1 × 106 = 25.175 

Product formed (µmol/L.sec) = 
25.175

20
= 1.259 

Equation 2.2 Example calculation to illustrate how the product formed (µMol/L.s) is calculated from the 

UV/Visible spectroscopy data for later use in Sigmaplot®. 

Final Substrate 

Concentration 

CB1954 

(µmol/L) 

420 nm 

Absorbance 

at 5s (A) 

420 nm 

Absorbance 

at 25s (B) 

Change in 

Absorbance (a.u.) 

(C) 

Difference 

in time (s) 

(D) 

Product 

(µmol/L) 

Product 

(µmol/L.sec) 

3000 0.53505 0.56526 0.03021 20 25.175 1.259 
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This data in triplicate is then inputted into Sigmaplot® along with the final prodrug 

concentrations tested. A nonlinear regression is applied to the data which produces a         

Michaelis-Menten hyperbolic curve (Figure 2.3) and a report containing the key kinetic 

parameters, see table 2.8 for example set of data. 

 

Figure 2.3 Typical Michaelis-Menten hyperbolic curve showing the relation between the substrate concentration 

[S] and the reaction rate (v), and defining the kinetic parameters Vmax and ½ Vmax.297 

The data is derived from the Michaelis-Menten equation297 (Equation 2.3).  

𝑣 =  
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚 + [𝑆]
 

Equation 2.3 Michaelis-Menten equation 

The reaction rate (v) is plotted along the y-axis and along the x-axis the substrate concentration 

[S] is plotted. The value Vmax represents the maximum rate achieved by the system, at maximum 

(saturating) substrate concentrations. The Michaelis constant (Km); defines the substrate 

concentration at ½ Vmax. kcat is the turnover number and defines the maximum number of 

substrate molecules that are converted to product per enzyme molecule per second. Finally [E]0 

is the enzyme concentration.297 

Table 2.8 Example set of kinetic data obtained from Sigmaplot (Vmax and Km) kcat is calculated using Vmax/Et. 

Vmax Km kcat [E]0 kcat/Km 

(µmolL-1s-1) (µmolL-1) (s-1) (µM) (M-1s-1) 

3.42 5755.30 58.01 0.0588 10,080 

The procedure was then repeated for Au-NTR conjugate adjusting the volume of PB due to an 

increase in volume of Au-NTR; seen in table 2.9. 
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Table 2.9 Composition of reference and test cuvettes for enzyme kinetics testing 

 NTR activity Au-NTR activity 

Chemical Volume 

(Reference) 

(µL) 

Volume 

(Test) 

(µL) 

Volume 

(Reference) 

(µL) 

Volume 

(Test) 

(µL) 

Prodrug CB1954  - 10  - 10  

NADH (10 mM) 60  60  60  60  

PB (50 mM, pH 7.4) 925 925  890  890 

NTR 5  5  - - 

Au-NTR - - 40  40 

DMSO 10  - 10  - 

2.5.3 pH and temperature profile kinetics 

The same protocol as described in the previous above was followed. However for the 

temperature profile, samples were heated for 3 mins at 20, 30, 40, 50, and 60 °C respectively. 

The CB1954 was then added to the test cuvette and then 60 second time drive analysis was 

conducted on the UV/Visible spectrophotometer at 420 nm. The samples were only tested at 

one concentration of CB1954 and this was set as the Km concentration obtained from the initial 

kinetic testing. The pH profile was conducted again using the same protocol and parameters 

from section 2.5.2 but the PB (50 mM, 925 µL) was prepared at the following differing pH’s; 

pH 4, pH 6, pH 7, pH 8 and pH 10. The samples were then left for 5 minutes before the CB1954 

was added and the UV/Visible analysis conducted. 

2.6 HPLC analysis of DNA cross-linking hydroxylamine products 

Samples were prepared for analysis via High performance liquid chromatography (HPLC) to 

determine the products formed from the enzymatic reaction of the NTRs with the prodrug 

CB1954 along with the co-factor NADH. To create a sample for HPLC (Thermo Scientific, 

Dionex UltiMate 3000 HPLC System, USA) analysis the following compounds; 120 μL NADH 

(10 mM), 20 μL CB1954 (50 mM), a calculated volume of NTR to give a final concentration 

of 116 µg/mL in 1080 μL, and PB (50 mM) were  added to give a final sample volume of 1080 

µL. The reaction is then left for 30 minutes and kept wrapped in foil throughout the reaction to 

prevent degradation of the light sensitive components. The sample is then degassed for 15 

minutes using N2 to remove any dissolved oxygen from the electrolyte. This is done by 

removing the lid of the falcon tube and creating a parafilm seal to which a glass pasteur pipette 

is then inserted through the film to allow the sample to be degassed. Once de-gassed, 600 μL 

of the reaction mixture is removed and transferred to a Chromacol Select 2 mL vial  this is also 

wrapped in foil to prevent light degradation and then the sample is taken to the HPLC. The 

sample vial was loaded into the machines auto sampling tray and the machine was prepared for 
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analysis. A C18 column was used for the analysis (Waters Spherisorb® 5 µm ODS2 4.6 mm x 

250 mm C18 Column, UK). The sample was run using the following protocol; 50 µL sample 

injection volume, ambient temperature (~21°C), 30 minute duration and the UV wavelengths 

used for detection were 260, 350, 400, 420 nm. The solvent gradients and composition can be 

seen in Table 2.10 below. This methodology was developed by George Robinson, a research 

technician within the research group.  

Table 2.10.  Overview of solvent gradient for HPLC analysis 

 0 mins 20 mins 22 mins 24 mins 26 mins 30 mins 

Water (A) 90% 70% 0% 0% 90% 90% 

Acetonitrile (B) 10% 30% 100% 100% 10% 10% 

 

2.7 Cell culturing and cell viability assay 

All experiments relating to the viability assay were carried out in a class II tissue culture lab 

and all experiments were conducted in the tissue culture fume hood with aseptic practices in 

place. 

2.7.1 Cell preparation and culturing 

HeLa and MCF-7 cells (Public Health England, UK) were grown, maintained and cultured in 

preparation for testing in a cell viability assay, Figure 2.4, seen below provides a flow diagram 

of the procedure for the cell viability assay. 

 

Figure 2.4 A condensed overview flow diagram of the procedure for cell viability assay298 

On-
going

•Maintain cells on 10ml culture plate

•Aspirate medium; wash with PBS and calculate cell density

Day 1

•Transfer cells to 96 well plate, incubate overnight

•Aspirate medium; wash with DPBS and apply CCK8 dye for absorbance 
reading

Day 2

•Apsirate medium & dye; wash cells and add fresh medium

•Apply enzyme/NADH/prodrug and leave to incubate for 3 hours

Day 2

•Aspirate treated medium; wash with DPBS and add fresh medium

•Leave to incubate for 72 hours 

Day 5

•Apply viability assay and leave for 30 minutes to incubate

•Use fluroescence plate reader to determine viable cells and export data for 
analysis
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The frozen cell lines were thawed by removing the vial of cells form vapour phase liquid 

nitrogen storage and allowed to thaw quickly at 37°C in a temperature controlled water bath. 

Just before the cells are completely thawed they are transferred to a 10 mL culture dish 

containing 9 mL of complete growth medium. For HeLa cells the complete medium contains; 

Dulbecco’s modified eagle’s medium (DMEM) containing 10% Foetal bovine serum (FBS) 

and 1% penicillin/streptomycin. For MCF-7 cells the complete medium consists of; DMEM 

containing 10% FBS, 1% penicillin/streptomycin, 1% Non-essential amino acid (NEAA) and 

L-glutamine (2 mM). The culture dish is then allowed to incubate for 2-4 hours at 37°C in a 5% 

CO2 incubator (Thermo Scientific Heracell™ 150i CO2 Incubator, UK); The medium is then 

removed and replaced with 10 mL of fresh medium and the cells are further incubated 

overnight. After 24 hours the cell again have the medium removed and replaced and are then 

re-incubated until the cells are ~80% confluent. 

2.7.2. Cell freezing for long term storage 

The cells should be approximately 80% confluent before preparation for freezing. Appropriate 

storage vials, e.g. cryovials should be used and labelled prior to use along with the preparation 

of the freezing medium. Freezing medium should be freshly produced before each set of 

freezing experiments. To make the freezing medium 900 µL of fresh complete cell medium and 

100 µL anhydrous DMSO should be mixed for every 1 mL of freezing medium needed. The 

freezing medium should be kept on ice until used and any remaining medium should be 

discarded immediately using the appropriate disposal methods. 

To prepare the cells for freezing the medium should be vacuum aspirated and the cells washed 

once with 5 mL Dulbecco’s phosphate-buffered saline (DPBS). The DPBS should then be 

aspirated and 1 mL of trypsin-EDTA (5.0 g/l porcine trypsin and 2.0 g/l EDTA•4Na in 0.9% 

sodium chloride, 10X, cell culture tested) should be applied to the culture dish before replacing 

the culture into the CO2 Incubator at 37°C for 5 minutes. Cell culture dishes are then removed 

from the incubator and 4 mL of complete medium is added to stop trypsinisation; the solution 

is then gently pipetted to ensure no clumping of the cells occurs. The cell solution is then 

transferred to sterile 15 mL centrifuge tubes and pelleted at 250 xg for 5 minutes at room 

temperature. Once pelleted the resulting supernatant medium is aspirated from the tubes. The 

freezing medium is then pipetted into the centrifuge tubes; 1 mL per tube and the cells 

resuspended in the freezing medium. The solutions are then transferred to cryovials and are 

transferred to a manual controlled freezing container, containing isopropyl alcohol and placed 

in a -80°C ultra-low temperature freezer (Thermo Scientific, USA) for 24 hours to allow the 

cells to cool by 1 °C per minute. After 24 hours the cryovials containing the frozen cells are 

transferred to the vapour phase liquid nitrogen for long term storage at -196°C. 
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2.7.3 Cell viability assay 

Once the cells have reached the desired level of confluence the medium is removed from the 

culture dish by vacuum aspiration; the cells are then washed with 5 mL of DPBS to remove any 

excess medium or serum. The DPBS is then removed and 1 mL of trypsin/versene® is added to 

the culture dish and it is then incubated for 5 minutes. This process is done to allow the cells to 

detach from the bottom of the culture dish ready for resuspension. To stop the trypsinisation,     

9 mL of the complete growth medium is added to the culture dish. To use the cells for the 

cytotoxicity assay the cells need to be resuspended to a certain density; to do this take 10 µL of 

the resuspended cell solution, apply it to the top side of a haemocytometer and then repeat for 

the bottom half. The number of cells present in the 4 x 4 grid outlined by 3 bright lines need to 

be counted for both the top and bottom half and then the 2 readings need to be averaged, if the 

average is below 25 then incubate the cells for a further 24 hours to allow further growth.   

After the cell density is calculated the solution for the 96 well plate preparation is adjusted to 

the required cell density by diluting with complete DMEM, then carefully 100 µL of cell culture 

solution is added to each well and they are left to incubate overnight. On day two the cells need 

to be checked for their growth before the treatment step. The medium is aspirated from the 

plates, DPBS is used to wash the cells and then 100 µL of fresh medium is added. CCK-8 dye 

(NBS Bio, UK) is used to measure the absorbance of the cells so that based on a calibration 

graph conducted with cells only and the CCK-8 dye the plates can always be grown to the same 

starting point (OD650nm 0.2).  The dye is placed into the wells of the plate (10 µL) and the plate 

is then left to incubate for 2 hours. The absorbance of the plate is then read and analysed 

(Thermo Scientific Varioskan, USA) at 450 nm for the background reading (this is the region 

in which the phenol red from the growth media absorbs) and 650 nm. The two values are then 

subtracted from one another and when the absorbance has reached 0.2 then the plates proceed 

to the treatment stage. In the treatment stage 2.5 µL NADH (final conc. 250 µM), 2.5 µL 

CB1954 (final conc. 10 µM) and 1 µL enzyme (final conc. 2 µg) are added to the wells in 

various combinations; and then the plate is left to incubate for 3 hours (37°C, 5% CO2).  

After incubation the medium is removed, the cells washed with DPBS (100 µL) and fresh 

growth medium (100 µL) added to the plates. The plates are the incubated (37°C, 5% CO2) for 

a further 72 hours. After this period of incubation the cells are then tested for their viability 

using the acetomethoxy derivative (AM) Calcein dye. Firstly the Calcein buffer is prepared 

using 5 mL of a 10x Calcein AM dilution/wash (DW) buffer (Trivegen, UK) and 45 mL of 

ddH2O. To a tube containing one pellet of the Calcein AM dye (E-Biosciences, UK) 25 µL 
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anhydrous DMSO is added to make a 2 mM stock; for one 96 well plate take 5 µL of this stock 

and dilute it in 5 mL of the 1x Calcein AM DW buffer. The next step is to aspirate the media 

from the 96 well plates and then wash the cells with 100 µL of the 1x Calcein AM DW buffer. 

Remove the buffer and replace with 50 µL of the 1x Calcein AM DW buffer and 50 µL of the 

Calcein AM dye solution to each well.298 The plate is then incubated for 30 mins (37°C, 5% 

CO2); after this time the plate is removed and taken to the fluorescence reader (Thermo 

Scientific Varioskan, USA) for analysis. The plate is read using a pre-saved protocol which 

measures the excitation at 490 nm and the emission at 520 nm. The plate is then analysed and 

the data exported for further analysis. This assay was used in preliminary experimentation and 

was subsequently replaced by the assay detailed in section 2.7.4.  

2.7.4 Modification to cell viability assay  

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue (MTT) cell 

viability assay was performed following the method previously developed by Mossman, 1983 

with some slight modification.299 In brief; the cell lines were seeded at a density of 1x104 cells 

per well, in 100 µL of complete DMEM medium and were allowed to attach to the bottom of 

the wells overnight (37°C, 5% CO2). At the end of this period the media was carefully aspirated 

from the wells. Complete DMEM medium containing differing concentrations of NTR (50 µL) 

were added to the wells along with complete media (50 µL) containing the prodrug CB1954 

(final concentration 10 µM) and NADH (200 µM). After 4h, the media was carefully aspirated, 

and the wells washed with 100 µL DPBS. This was then again carefully removed by aspiration 

and the cells were replenished by adding 100 µL of complete DMEM medium to the wells. 

After a period of 48h, 20 µL of MTT (5 mg/mL) was added to each well and the 96 well plate 

was incubated for 4h (37°C, 5% CO2). The media was carefully aspirated from the wells with 

caution taken to not disturb or remove any of the resulting purple formazan crystals that formed. 

The formazan crystals were dissolved by adding 100 µL of DMSO to each of the wells. The 96 

well plate was then placed in a microplate reader (Thermo Scientific Varioskan, USA) and the 

data was analysed at a wavelength of 570 nm. 
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YfkO nitroreductase immobilised with controlled orientation onto 

superparamagnetic nanoparticles; towards a direct enzyme cancer therapy 
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Chapter 3 – Nitroreductase production and determination of 

kinetics 

3.1 Introduction 

Previous work by Gwenin et al.,15 has seen recombinant DNA techniques used to insert NTR 

genes into pET-28(+) vectors and be genetically modified to obtain a cysteine tag residue. 

Agarose gel, SDS-PAGE analysis and UV/visible spectroscopy were used to evaluate the 

enzymes along with 96-well plate enzymatic kinetic assays. This chapter details these 

experiments and their interpretation, comparing and contrasting the similarities and differences 

between NfsB and YfkO for their application in a magnetic nanoparticle directed enzyme 

prodrug therapy (MNDEPT). Appendix 7.1 shows the amino acid alignments of the two gene 

sequences which were compared and their divergences were chosen to enhance the chance of 

obtaining NTRs with a variety of reaction pathways, this comparison presented as a percentage 

of similarity is seen in Table 3.1. The complex nature of these genetically modified NTRs leads 

to a range of differences observed in kinetic properties for even the most similar NTRs.300 This 

problem arises due to many different reasons as even enzymes with very similar structures can 

have varying kinetics properties to a given substrate or prodrug.301  

Table 3.1 Amino acid sequence alignment comparisons 

Sequence nfsB yfkO 

nfsB 100% 25% 

yfkO - 100% 

Previous worked conducted by Gwenin et al.15; concluded that the addition of 12 cysteine tag 

residues to a dimeric NTR; enabled maximum thiol-gold linkage which was confirmed using 

cyclic voltammetry.224 

 

 

 

 

 

 

 



Chapter 3 – Nitroreductase production and determination of kinetics                 Page 61 of 156 

  

3.2 Plasmid digestion 

Restriction endonucleases for yfkO-cys from Bacillus Lichenformis were used to digest the 

genes from the pET-28a(+) vector following the experimental procedure set out in section 2.1.2. 

Confirmation of successful cloning of the yfkO-cys gene into the plasmid can be seen in Figure 

3.1 (left). Figure 3.1 (right); shows the resulting agarose gel from the use of restriction 

endonucleases for nfsB-cys from Escherichia coli K12 to digest the genes from the pET-28a(+) 

vector. 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Agarose gel stained with ethidium bromide under exposure to UV light; showing (Right) the yfkO-cys 

genes after digestion form the from pET-28a(+) vectors; observed at 5.30kb (Left) the nfsB-cys gene after 

digestion from the pET-28a(+) vectors; observed at 5.30kb, both using the restriction enzymes BamHI and 

HindIII see Appendix 7.2. 

The NTR gene sizes and protein weights for all the enzymes are shown in Table 3.2. 

Table 3.2 The sizes of the genes and resulting proteins of the generated NTRs 

NTR Gene size (bp) Monomer Mw (kDa) 

yfkO-his 693 29.74 

yfkO-cys 711 30.38 

nfsB-his 750 27.46 

nfsB-cys 770 28.1 
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3.3 SDS-PAGE analysis 

The NTRs were expressed and then purified; next the cell free extracts analysed by SDS-PAGE 

to determine the molecular weight of the NTR protein monomer. The protocol for this can be 

found in section 2.1.4. 

The NfsB-cys monomer was expressed and has an expected mass of 28.1 kDa this is due to the 

incorporation of the 6 cys- tags as without these the his-tagged NfsB monomer has an expected 

mass of 27.46 kDa. Figure 3.2, shows the successful induction process of the protein by 

comparison on the induced and uninduced samples. 

Figure 3.2. SDS gel showing the induced and uninduced expressed NfsB-cys samples 

The proteins were then purified using the method set out in 2.1.5. By passing imidazole buffer 

(IB) through the nickel-agarose column at concentrations of 50 mM and 100 mM the imidazole 

displaces the naturally occurring proteins which have adsorbed to the nickel column, while the 

more strongly bound NfsB-cys remains immobilised to the column. 
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At concentrations of 200 mM IB the NfsB-cys elutes. Figure 3.3, below shows that the 

increasing imidazole concentrations used in the purification process are necessary for an 

effective elution of the NTR. The 200 mM imidazole run eluted the largest amount of NTR 

whilst the lower concentrations elute other fragments bound to the column. 

Figure 3.3. SDS gel showing the crude, flowthrough & 50-200 mM imidazole purification for NfsB-cys 

The 200 mM sample was then run on a separate SDS gel in 5 x 1 ml samples (Figure 3.4) along 

with the induced and uninduced crude samples. The gel in Figure 3.4 shows that the 2nd ml 

aliquot of the sample contains the largest amount of protein and therefore needs to be the only 

sample used and tested in future expressions. The other aliquots have a decreased clarity on the 

gel. 
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Figure 3.4. SDS gel showing the 5 sequential 1 mL aliquots of the 200 mM imidazole purification fraction for 

NfsB-cys 

The YfkO-cys monomer was expressed and has an expected mass of 30.38 kDa this is due to 

the incorporation of the 6 cys-tags as without these the his-tagged YfkO monomer has an 

expected mass of 29.74 kDa. Figure 3.5 (left), shows that the increasing imidazole 

concentrations used in the purification process are necessary for an effective elution of the NTR. 

The 500 mM imidazole run eluted the largest amount of NTR whilst the lower concentrations 

possibly elute other fragments bound to the column. 

 

 

 

 

 

 

 

      

  Figure 3.5. SDS gel showing (left) the flowthrough and 100 mM-800 mM imidazole purification runs for YfkO-

cys (right) the 1-5 mL aliquots of the 200 mM imidazole purification fraction for YfkO-cys. 

The 500 mM eluted sample was then run on a separate SDS gel; from the sequential 1 mL 

aliquots, 12 µL were loaded into separate wells on the gel (Figure 3.5 (right)). The gel shows 

that the 2nd ml aliquot of the 500 mM IB elution contains the largest concentration of protein 

indicated by the strength of the band present. The other aliquots have a decreased band intensity 

on the gel. 
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3.4 Enzyme assay using ultraviolet-visible spectroscopy 

UV-Visible spectroscopy was used to measure the activities of the purified and desalted NTRs. 

The prodrug to be tested was CB1954 and in aqueous solution it has poor solubility and as such 

a 1 M master stock in DMSO was initially created and subsequent dilutions of the prodrug were 

made using PB (50 mM, pH 7.4). This was done to allow the concentration of DMSO present 

in the prodrug samples to stay below 5%. At concentrations above 5% DMSO has shown to 

inhibit the activity of NTR with the prodrug and would therefore affect the results obtained.302  

The concentration and therefore absorbance of the cofactor NADH and CB1954 are expected 

to decrease during the enzymatic activity reaction, whilst at the same time an increase in 

absorbance of NAD+ and the hydroxylamine reduced derivatives of CB1954 should be 

observed. The reaction scheme for the production of the hydroxylamine derivatives of CB1954 

is shown in Figure 1.10 in the introduction section of this study. The UV-Visible spectra of the 

reaction between YfkO-cys, NADH and CB1954 over 10 minutes is shown in Figure 3.6, with 

respective increases and decreases in absorbances at wavelengths corresponding to the different 

reaction species present.  

Peak (1) of Figure 3.6 at approximately 280 nm is indicative of the absorbance region of NTRs. 

This region is also the area in which NAD+ and NADH absorb, they have a λmax = 260 nm.303 

During the course of the reaction NADH is oxidised to NAD+, which solely absorb at ~260 nm 

meaning that as the reaction proceeds the peak will decrease due to oxidation of NADH but 

increase due to the formation of NAD+. This means that the concentrations of the oxidised and 

reduced forms of the cofactor cannot be quantified and therefore related directly to the reduction 

of the prodrug. The noise that is observed below 270 nm can be attributed to the cuvettes used 

in the activity scans having a transmission range of 230-900 nm, alongside the cancelling out 

of NADH due its presence in both the test and reference cuvette. 
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Figure 3.6. UV-Visible spectra of yfkO-cys (10 µg/mL) showing the enzymatic activity assay. (1) NTR 

absorbance ~ 290 nm. (2) Reduction of CB1954 λmax = 327 nm. (3) Oxidation of NADH λmax = 340 nm. (4) 

Production of CB1954 reduction products λmax = 420 nm. 

The broad peak observed at ~340 nm overlaps the λmax of both CB1954 (2); see Appendix 7.3 

and NADH (3), see Appendix 7.4, because of this overlap in this region the concentrations 

cannot be quantified of both the CB1954 and the NADH. The peak prevalent at 420 nm as 

indicated by peak (4) directly correlates to the λmax of the two common reduction products of 

CB1954; the 2- and 4-hydroxylamine derivatives. These have a molar extinction coefficient    

(ε) = 1200 L mol-1cm-1. This is the only region that can determine the kinetic parameters of the 

NTRs by allowing the rate of product formation to be quantified in direct correlation with the 

absorbance.301 Figure 3.7 shows the course of the reaction over the full 10 minute scan and plots 

absorbance vs time at 420 nm. It shows that the reaction is only truly linear for the 1st few 

minutes of the reaction, meaning that caputuring the data early in the reaction is paramount for 

kinetic analysis. For completeness the reaction of NfsB-cys is shown in Figure 3.8. 
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Figure 3.7 Plot of absorbance at 420 nm vs time for YfkO-cys (10 µg/mL), CB1954 (100 µM), NADH (600 µM) 

and PB (50 mM, pH 7.4). 

The change in absorbance at 420 nm where the hydroxylamine reduction products are formed 

allows the rate of formation to be observed.302 This region of the spectra is free from any 

interference from the other resulting absorbance peaks. Kinetic parameters can be determined 

by monitoring the change in absorbance at 420 nm; this should be done over a short                     

time period allowing for accurate quantification of the rate of product formation.302                                               

 

Figure 3.8. UV-Visible spectra of nfsB-cys (10 µg/mL) showing the reduction of the prodrug CB1954 and 

oxidation of the cofactor NADH. 
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Figure 3.9 shows the course of the reaction over the full 10 minute scan and plots absorbance 

vs time at 420 nm. This alongside Figure 3.7 for YfkO-cys again highlights the need for kinetic 

parameters to be determined over a short period of time as outside of the first 2 minutes of the 

reaction, the rate of hydroxylamine product formation begins to tail off and is no longer linear. 

The quantification of the kinetic parameters of the NTRs enables a comparison to be made 

between the NTRs and therefore identify the most ideal candidate for MNDEPT.301 Each NTR 

was characterised with CB1954 and the amount of hydroxylamine derivatives generated were 

calculated. This data is discussed in the following sections; 3.5.1 and 3.6.1. 

 

Figure 3.9 Plot of absorbance at 420 nm vs time for NfsB-cys (10 µg/mL), CB1954 (100 µM), NADH (600 µM) 

and PB (50 mM, pH 7.4). 

3.5 Characterisation of NfsB-his and NfsB-cys 

The ability of both NfsB-his and NfsB-cys to reduce CB1954 utilising NADH as a cofactor 

were analysed by monitoring the production of the hydroxylamine derivatives during the 

reaction. The optimal pH and temperature parameters were also determined for enzyme using 

UV-Visible spectroscopy. To distinguish the ratios of the 2- and 4-hydroxylamine derivatives 

produced from the reaction of CB1954 and the NTRs HPLC analysis of the enzymatic assay 

reaction was conducted and the compounds quantified.  
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3.5.1 Km and Vmax of NfsB-his and NfsB-cys 

To calculate the Km and Vmax of the NfsB and NfsB-cys NTRs the kinetic enzymatic activity 

was measured at an increasing range of concentrations of CB1954. All kinetic experiments were 

conducted in triplicate and the average was plotted and analysed. 

 

Figure 3.10. A graph quantifying the rate of the hydroxylamine reduced prodrug derivative formation                   

(λmax = 420 nm, ε = 1200 L mol-1cm-1) for the NfsB-his (Blue) and NfsB-cys (Dashed blue) NTRs at increasing 

CB1954 concentrations. The error bars represent ± 1 SD. 

Figure 3.10 shows the rate of reaction increases with increasing concentration of CB1954 until 

the reaction reaches its Vmax, there is an observed drop in the product formation because at 

higher concentrations the vast majority of the prodrug and NADH has been consumed, this 

leads to one or both of these becoming a limiting factor when the measurement is taken between 

5-25s. The prodrug at high concentrations can also bind to itself leading to it being too large 

and the wrong shape to fit into the active site of the enzyme. At high prodrug concentrations 

the CB1954 can also bind to other areas around the active site of the enzyme cause a change in 

the conformation of the enzymes active site, preventing the normal reduction of the prodrug. 

All of these cases result in a decrease of the efficiency of the NTR to the CB1954 and manifests 

as a drop in product formation. The data obtained for kinetic analysis is subjected to non-linear 

regression fitting to a hyperbolic curve in Sigmaplot®; for NfsB-cys see Figure 3.11, and for 

NfsB-his see Figure 3.12. The R2 values obtained for these two hyperbolic curves are 0.93 and 

0.92 respectively, this falls below the standard range of >0.97 but is attributed to the difficulty 

in measuring the true initial rate of reaction. The microtiter plate assay used to determine the 

data is difficult to execute in a short time frame and takes ~30-60s to prepare the plate from 

start to finish. The reaction occurs at a linear rate after addition of the CB1954 for at least 60s; 

based on the absorbance vs time plot for NfsB-cys shown in Figure 3.13.  
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Figure 3.11 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for                    

NfsB-cys (10µg/mL) at increasing CB1954 concentrations (µM). Error bars represent standard error of 

estimate. 

 
Figure 3.12 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for                
NfsB-his (10µg/mL) at increasing CB1954 concentrations (µM). Error bars represent standard error of 

estimate. 
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The data shown in Figure 3.13 shows that the reaction does remain linear in the 60s that the 

microtiter assay is conducted and as such the formation of the hydroxylamine reduced prodrug 

products are defined during the difference between 5-25 seconds. It is the initial set-up time 

that is most likely to affect the tightness of fit for the data to the hyperbolic curve, but without 

a more automated procedure the setup time cannot be realistically reduced. The kinetics are 

discussed in further detail and comparison between the enzymes is conducted in section 3.7. 

 

Figure 3.13 Plot of absorbance at 420 nm vs time for NfsB-cys (10 µg/mL), CB1954 (1 mM), NADH (4 mM) and 

PB (50 mM, pH 7.4). 

3.5.2 Effect of pH on NfsB-his and NfsB-cys activity 

To determine the optimum pH for NfsB-his and NfsB-cys the enzymes were assayed at 420 nm 

with the prodrug at various pH’s as detailed in section 2.5.3. The results are seen below in  

Figure 3.14. 

 

Figure 3.14. A graph detailing the effect of pH on the production of the hydroxylamine derivatives                          

(λmax = 420 nm, ε = 1200 L mol-1cm-1) of NfsB-his (Blue) and NfsB-cys (Dashed blue) with 100 µM CB1954 and 

600 µM NADH. The error bars represent ± 1 SD. 
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Both of the his and cys tagged enzymes need to retain optimum activity at the human body’s 

physiological pH of 7.38-7.42 also known as the body’s acid-base homeostasis.304 NfsB-his as 

seen above in  

Figure 3.14 retains optimum activity within a range of pH 7-8 so will be optimally active at the 

body’s physiological pH. NfsB-cys retains a wider range of optimum activity compared to 

NfsB-his with its optimum range increased at both higher and lower pH’s to pH 6.5-8.5 

allowing for a slightly wider optimal activity allowing for more variation in the body’s 

physiological pH. Both enzymes rapidly decrease in activity above pH 8.5 and although               

NfsB-cys decreases rapidly below pH 6, NfsB-his declines in activity at a much slower rate 

below pH 4. The rates for the pH profiles suggest that all of the substrate would be used in a 

very short period of time, this can be attributed to the fact that for the pH profiles the exact 

concentration of NTR used was not calculated and was therefore potentially in excess for the 

concentration of prodrug used allowing the reaction to proceed a fast rate. 

3.5.3 Effect of temperature on NfsB-his and NfsB-cys activity 

To determine the optimum temperature parameters for NfsB-his and NfsB-cys the enzymes 

were assayed at 420 nm with the prodrug after incubation at a range of temperatures in PB as 

detailed in 2.5.3. The results can be seen in Figure 3.15 below. 

 

Figure 3.15. A graph detailing the effect of temperature on the production of the hydroxylamine derivatives    

(λmax = 420 nm, ε = 1200 L mol-1cm-1) of NfsB-his (Blue) and NfsB-cys (Dashed Blue) with 100 µM CB1954 and 

600 µM NADH. The error bars represent ± 1 SD. 
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As the temperature is increased up to 37oC the reaction increases for NfsB-his until the enzyme 

activity begins to decrease above 40oC, by the time it reaches 50°C there is no resulting enzyme 

activity, indicating that the enzyme structure is denaturing due to the increased temperature 

resulting in a loss of activity of the enzymes toward the prodrug. For NfsB-cys the enzyme 

exhibits a higher level of activity across a wider range of temperatures than NfsB-his, with 

significant activity being observed from 20oC-50oC before the activity finally starts to decrease 

as the enzyme starts to denature. 

The enzymes need to retain optimum activity at the human body’s physiological temperature 

of 37°C. NfsB-his has an optimal activity range between 25-40°C; with the highest activity 

achieved at approximately 34°C. Again as with the pH profiles these temperatures profiles were 

ran without a defined concentration of NTR, leading to the observation being made that almost 

all of the substrate would be exhausted within first few minutes of reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 – Nitroreductase production and determination of kinetics                 Page 74 of 156 

  

3.5.4 HPLC analysis of reaction products: NfsB-cys 

HPLC analysis of the products formed from the enzymatic reaction of NfsB-cys with the 

cofactor NADH and the prodrug CB1954 was conducted following the procedure outlined in 

section 2.6. The 2- and 4-hydroxylamine derivatives are the compounds of interest with 

emphasis on the importance of the 4-hydroxylamine compound, as this undergoes further 

reduction to form a highly cytotoxic DNA cross linker as pictured in Figure 1.10. The                        

4-hydroxylamine compound elutes from the HPLC column at approximately 5 minutes and the 

2-hydroxylamine compound elutes at approximately 10 minutes.300 Figure 3.16 shows both of 

these peaks determining that NfsB-cys produces both the 2- and 4- hydroxylamine derivatives 

when it reduces CB1954. From the spectra it can also be concluded that the enzyme has not 

fully reduced the prodrug due to the presence of peaks in the range where CB1954 is expected 

to elute.300 There are also some additional peaks which can be attributed to compounds resulting 

in the reduction/degradation of the prodrug.305 All of the peaks that have been defined have 

been determined from HPLC spectra generated by the testing of the compounds as standards; 

see appendices Appendix 7.6-7.9. 

 

Figure 3.16. HPLC spectra identifying the components present after enzymatic reaction of CB1954, NADH and 

nfsB-cys, conducted at 420 nm wavelength  

 

 

 

 



Chapter 3 – Nitroreductase production and determination of kinetics                 Page 75 of 156 

  

3.6 Characterisation of YfkO-his and YfkO-cys 

The ability of both YfkO-his and YfkO-cys to reduce CB1954 utilising NADH as a cofactor 

were analysed by monitoring the production of the hydroxylamine derivatives produced during 

reaction. The optimal pH and temperature parameters were also determined for enzyme using 

UV-Visible spectroscopy. To distinguish the ratios of the 2- and the 4-hydroxylamine 

derivatives of CB1954 that are produced by the enzyme HPLC analysis of the enzymatic assay 

reaction was conducted and the compounds quantified. 

3.6.1 Km and Vmax of YfkO-his and YfkO-cys 

To calculate the Km and Vmax of the YfkO-his and YfkO-cys NTRs the kinetic enzymatic 

activity was measured at various increasing concentrations of CB1954. All kinetic experiments 

were conducted in triplicate and the average was plotted and analysed. 

 

Figure 3.17. A graph quantifying the rate of the hydroxylamine reduced prodrug derivative formation.                

(λmax = 420 nm, ε = 1200 L mol-1cm-1) for the YfkO-his (Orange) and YfkO-cys (Dashed Orange) NTRs at 

increasing CB1954 concentrations. The error bars represent ± 1 SD. 

The rate of the reaction increases in correlation with the increase in CB1954 concentration until 

Figure 3.17 shows the reaction reaches its Vmax. Both YfkO-his and YfkO-cys follow very 

similar trends with them both plateauing at similar prodrug concentrations. It can be observed 

that the his tagged YfkO has a slightly higher Vmax than that of its cys tagged counterpart. The 

main difference that can be observed between the two enzymes is that the his tagged YfkO has 

a steeper rise in product formation.  
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The data obtained for kinetic analysis is subjected to non-linear regression fitting to a hyperbolic 

curve in Sigmaplot®; for YfkO-cys see Figure 3.18, and for YfkO-his see Figure 3.19. The R2 

values obtained for these two hyperbolic curves are 0.93 and 0.97 respectively. The value for 

YfkO-cys again as with the kinetic determination for NfsB, falls below the standard range of 

>0.97, however, the value for YfkO-his borders the low side of the standard range. The 

explanation can once again be attributed to the difficulty in measuring the true initial rate of 

reaction. The microtiter plate assay used to determine the data is difficult to execute in a short 

time frame and takes approximately 30-60s to prepare the plate from start to finish. The reaction 

occurs at a linear rate after addition of the CB1954 for approximately 60-120s; based on the 

absorbance vs time plot for YfkO-cys shown in Figure 3.7. The data shown in Figure 3.20 

shows that the reaction does remain linear in the first 30s that were observed of the microtiter 

assay, This led to the define the difference period observed to allow for kinetic determination 

as 5-25 seconds. This still means however that the time taken to set up the microtiter assay is 

still the bottleneck for the largest error in measurement to occur and therefore the most likely 

to affect the tightness of fit for the data to the hyperbolic curve. This could be potentially solved 

using a more automated system for setup to reduce the time taken between starting the 

experiment and running the assay. The kinetics are discussed in further detail and comparison 

between the enzymes is conducted in section 3.7. 

 

Figure 3.18 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for YfkO-cys at 

increasing CB1954 concentrations. Error bars represent standard error of estimate.  
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Figure 3.19 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for YfkO-his at 

increasing CB1954 concentrations. Error bars represent standard error of estimate. 

 

Figure 3.20 Plot of absorbance at 420 nm vs time for YfkO-cys (10 µg/mL), CB1954 (1 mM), NADH (4 mM) and 

PB (50 mM, pH 7.4). 
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3.6.2 Effect of pH on YfkO-his and YfkO-cys activity 

To determine the optimum pH for YfkO-his and YfkO-cys; the enzymes were assayed at 420 

nm with the prodrug at various pH’s as detailed in section 2.5.3.  

 

Figure 3.21. A graph detailing the effect of pH on the production of the hydroxylamine derivatives                    

(λmax = 420 nm, ε = 1200 L mol-1cm-1) of YfkO-his (Orange) and YfkO-cys (Dashed orange) with 100 µM 

CB1954 and 600 µM NADH. The error bars represent ± 1 SD. 

Figure 3.21 shows that The YfkO-cys exhibits significant activity between pH 6.5 and 8. The  

physiological pH of 7.4 that is observed in the human body lies within this range indicating that 

YfkO-cys will be suitable for use in the body. YfkO-his follows a very similar trend to             

YfkO-cys with it exhibiting optimal activity between pH 6-8. Both enzymes shows a slow 

decline in activity above pH 8 still retaining sufficient activity at pH’s approaching 10. 

However, both enzymes also show a rapid decrease in activity at pH’s < 6 with no discernible 

activity observed at pH 4. The rates for the pH profiles for both YfkO-cys and YfkO-his suggest 

that all of the substrate would be exhausted in a very short space of time. This can be attributed 

to the NTR potentially being present in excess in these profiles and for the concentration was 

not defined for the pH and temperature profile experiments.  
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3.6.3 Effect of temperature on YfkO-his and YfkO-cys activity 

To effect of temperature on the enzymes needs to be determined, in order to determine the 

optimum temperature parameters for YfkO-his and YfkO-cys the enzymes were assayed at 420 

nm with the prodrug after incubation at a range of temperatures in PB as detailed in section 

2.5.3. The results can be seen in Figure 3.22 below. 

 

Figure 3.22. A graph detailing the effect of temperature on the production of the hydroxylamine derivatives       

(λmax = 420 nm, ε = 1 200 L mol-1cm-1) of YfkO-his (Orange) and YfkO-cys (Dashed orange) with 100 µM 

CB1954 and 600 µM NADH. The error bars ± 1 SD. 

In Figure 3.22 it is observed that as the temperature is increased up to 37oC the reaction remains 

stable until the enzyme activity begins to decrease above 45 oC indicating that the enzyme 

structure is denaturing due to the increased temperature resulting in a loss of activity of the 

enzymes toward CB1954. 

The enzymes need to retain optimum activity at the human body’s physiological temperature 

of 37°C, the enzyme retains optimal activity up until 45 °C. Again as with the pH profiles in 

the previous section the concentration of both YfkO-cys and –his wasn’t defined. 
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3.6.4 HPLC analysis of reaction products: YfkO-cys 

To determine the formation of the required cytotoxic DNA linker products HPLC analysis of 

the products formed from the enzymatic reaction of YfkO-cys with the cofactor NADH and the 

prodrug CB1954 was conducted following the procedure outlined in section 2.6. The 2- and    

4-hydroxylamine derivatives are the compounds of interest. Identifying the 4-hydroxylamine 

compound is of significant importance as this undergoes further reduction to form a highly 

cytotoxic DNA cross linker. The 4-hydroxylamine compound elutes from the HPLC column at 

approximately 5 minutes and the 2- hydroxylamine compound elutes at approximately 10 

minutes.300 

Figure 3.23, seen below, shows an absence of the 2-hydroxylamine peak which corresponds 

with Emptage et al.’s306 study which concludes that YfkO-cys from bacillus lichenformis is an 

exclusive 4-NO2 reducer.306 From the spectra it can also be concluded that the enzyme has not 

fully reduced the prodrug due to the presence of peaks in the range where CB1954 is expected 

to elute.300 There is also a residual peak signal at ~16-18 minutes which can be attributed to 

further reduction products from the prodrug. For a full set of standard HPLC spectra ran on the 

individual compounds as standards in PB see appendices Appendix 7.6-7.9 

 

Figure 3.23. HPLC spectra identifying the components present after enzymatic reaction of CB1954, NADH and 

YfkO-cys, conducted at 420 nm wavelength. 
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3.7 Discussion of nitroreductase kinetic properties 

Each of the his and cys tagged NfsB and YfkO NTRs were able to reduce the prodrug CB1954 

to the 2- and 4-hydroxylamine derivatives. Kinetic enzymatic assays were conducted as per 

section 2.5.4 and the results shown in sections 3.5.1 and 3.6.1 respectively.  An overview of the 

data obtained from both the kinetic enzyme activity scans and the pH and temperature profiling 

for all of the enzymes in this study can be seen summarised in Table 3.3 below. 

Table 3.3. Kinetic parameters and optimum conditions of the four NTRs NfsB-his, NfsB-cys, YfkO-his and 

YfkO-cys with CB1954. 

NTR Vmax 
(µmolL-1s-1) 

Std 

Error 
Km 

(µmolL-1) 

Std 

Error 
kcat 

(s-1) 
kcat/Km 

(M-1s-1) 

 

pH 
Temp. 

(oC) 

YfkO-his 9.96 0.9377 3767.87 619.71 59.24 15,723 7.50 45.0 

YfkO-cys 7.69 0.4666 1179.19 218.25 46.72 39,624 7.50 37.5 

NfsB-his 22.90 7.0149 4064.43 1660.87 125.77 30,943 7.25 34.0 

NfsB-cys 15.75 1.0062 3882.29 566.08 88.52 22,800 7.50 30.0-50.0 
 

It is apparent in all the assays that genetic modification of the NTRs to include a sequence of 6 

consecutive cysteine residues to each monomer reduces enzyme activity towards CB1954. For 

YfkO-his and YfkO-cys the difference is significant, with YfkO-cys showing significantly 

lower activity towards the prodrug and shows lower activity when exposed to the same differing 

environmental conditions. Figure 3.24, show overlays of the assays used to determine the Km 

and Vmax values for each of the NTRs, highlighting the different kinetic profiles of the different 

NTRs.  

 
Figure 3.24. A graph showing the rate of hydroxylamine derivative generation (λmax = 420 nm,                             

ε = 1200 L mol-1cm-1) with increasing prodrug concentration up to 5 mM CB1954 for the four studied NTRs; 

NfsB-cys (dashed blue), NfsB-his (solid blue), YfkO-cys (dashed orange) and YfkO-his (solid orange).            

Error bars represent ± 1 SD. 
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The reaction rates for all of the his and cys NTRs varies significantly. YfkO-cys displays the 

fastest reaction rate, this can be seen in Figure 3.24 as it has the largest kcat/Km. NfsB-cys has 

nearly double the turnover rate than that of YfkO-cys as indicated by the kcat values.  

kcat/Km referred to as catalytic efficiency is the best indicator of activity of the NTRs to the 

prodrug as it is independent of cofactor concentration.307 Km and kcat can be difficult to reliably 

obtain due to the limited solubility of CB1954 which makes it hard to test the activity beyond 

initial rates.  The predicted concentrations needed for the prodrug therapy treatment for its use 

in clinical applications are very low.127,128 This reinforces that comparison of the specificity 

constant is the most reliable measure of the kinetic activity for comparison of the different 

NTRs.308 

3.8 Concluding remarks 

To decide if the NTRs are suitable for use in Au-MNP DEPT the enzymatic activities were 

determined. All of the NTRs show activity towards the reduction of CB1954. The his-tagged 

NTRs show increased levels of activity but without the cysteine tag genetic modification they 

are unsuitable for us in an immobilised MNDEPT system. The cysteine tagged modified NTRs 

still show significant activity concluding they can be put forward for testing when immobilised 

to Au-MNPs. The specificity constant of YfkO-cys coupled with the HPLC DNA linker 

analysis indicates that this enzyme would be preferential for use in the MNDEPT system, due 

to its exclusive production of the 4-hydroxylamine product. All of the NTRs studied also exhibit 

activity in environments mirroring the physiological conditions of the human body. This also 

indicates that not only are they suitable for use in MNDEPT but also other NTR based therapies 

such as GDEPT. Screening of a multitude of NTRs activity to reducing prodrugs to their 

hydroxylamine derivatives informs us of their suitability for further testing. The initial setup 

duration taken for the microtiter assays is a significant bottleneck in the determination of the 

kinetic properties of the NTRs. The setup of the assay hinders the ability to truly define the 

initial reaction from its point of origin. A more automated system could allow for a reduction 

in the assay setup and could potentially be something that could be explored in the future; 

dependant on equipment and funding. 
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The majority of the work discussed in this chapter is published in the following 

paper. 

YfkO nitroreductase immobilised with controlled orientation onto superparamagnetic 

nanoparticles; towards a direct enzyme cancer therapy approach. Publication suited to 

Biomacromolecules, (in DRAFT) 

 

 

 

 



Chapter 4 – Particle Synthesis          Page 84 of 156 

  

Chapter 4 – Particle synthesis 

4.1 Superparamagnetic nanoparticles 

4.1.1 Introduction to superparamagnetic iron oxide nanoparticles 

Using the co-precipitation of Fe ions in aqueous solution, SPIONs can be produced in various 

sizes and morphologies. The size and morphology of the resulting nanoparticles depends upon 

not only the reaction conditions; such as temperature, but also the reagents used. SPIONs have 

a wide range of possible uses with the most common and important being their potential use in 

biomedicine; the area in which they would be used as part of an MNDEPT system.187,192,209,225 

Magnetite (Fe3O4) is the form of iron oxide nanoparticle formed when the reaction is conducted 

in a non-oxidising and basic environment, see Equation 4.1. If the magnetite nanoparticles are 

transferred to an acidic environment or are produced/stored in an oxidising environment then 

maghemite (γ-Fe2O3) can be synthesised, see Equation 4.2. 

2Fe3++ Fe2++8HO
-
 → Fe3O4 +4H2O 

Equation 4.1  Formation of magnetite from aqueous iron ions in a non-oxidising environment. 

Fe3O4+2HCl → γFe2O3+FeCl2+ H2O 

Equation 4.2 Formation of maghemite (γ-Fe2O3) from magnetite (Fe3O4). 

Iron oxide nanoparticles that are less than 10 nm in size are generally classified SPIONs due to 

the rapid oxidation of magnetite to maghemite.215 Massart provides the simplest route to 

synthesising SPIONs using a co-precipitation reaction.216 This method utilises iron chlorides; 

Fe3+ and Fe2+ in a 2:1 molar ratio that have been dissolved in a mildly acidic solution. Typically 

sodium hydroxide or ammonium hydroxide is used as the base.216 The iron chloride solution is 

added drop wise to the basic solution and a black precipitate is formed which is magnetically 

separated from the solution using a 1T magnet.  The resulting particles are then washed with 

dH2O and stabilised in a solution of TMAOH. The particles exhibit a stability between pH 5 to 

pH 9.216  
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SPIONs produced using the Massart method are shown in Figure 4.1, and the method is 

described in more detail in section 2.2. 

  

Figure 4.1 SPION produced from the Massart method6 (Left) SPIONS after initial co-precipitation, (Right) 

SPIONs after magnetic and centrifugal separation and final stabilisation in TMAOH. 

4.1.2 Characterisation of synthesised superparamagnetic iron oxide 

nanoparticles 

Transmission electron microscopy was used to evaluate the SPIONs produced using Massart’s 

co-precipitation method and the resulting image is shown below in Figure 4.2  alongside some 

energy-dispersive X-ray analysis (EDAX) taken from the same sample as seen in Figure 4.3. 

From Figure 4.2 the majority of the particles are ~10 nm in size, there is some evidence of 

aggregation of the particles in the top left hand corner. 

 

Figure 4.2 Image from TEM analysis of the synthesised SPION. The scale bar is 100 nm. 

100 nm 
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Figure 4.3 EDAX spectra obtained during TEM analysis of synthesised SPIONs. 

EDAX taken during TEM seen in Figure 4.3, contains predominately iron. This is to be 

expected as the sample under test was synthesised SPIONs. There are traces of carbon and 

sodium due to surface bound citrate. The platinum is a response exhibited from the TEM grid. 

Powder X-ray diffraction (XRD) (Philips X-Pert PANalytical diffractometer, USA, at 45 kV 

and 35mA between 20 and 60° 2θ using Ni-filtered Cu-Kα1 radiation (λ = 1.5405 Å)) was 

conducted to further assess the crystal structure of the particles and compare the synthesised 

SPION to magnetite/maghemite standards and the literature.309 Figure 4.4 shows the XRD 

pattern with respective diffraction planes assigned. The accompanying data seen in table 4.1 

gives full details into the detailed XRD spectra, along with peak assignments and the standard 

2θ positions, relative peak intensities and corresponding diffraction planes.  

 

Figure 4.4 XRD pattern of synthesised SPION. Full details shown in Table 4.1. 

2 2 0 4 0 0 5 5 1 4 4 0 
3 1 1 
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Table 4.1 Table detailing the full XRD pattern of synthesised SPIONs. 

Position 

[°2θ] 

Height 

[cts] 

FWHM 

[°2θ] 

d-spacing 

[Å] 

Rel. Int. 

[%] 

hkl 

30.4229 786.66 1.0706 2.93822 28.81 2 2 0 

35.7588 2730.45 0.7360 2.51107 100.00 3 1 1 

43.4474 731.06 1.6059 2.08288 26.77 4 0 0 

57.5303 1164.38 1.6059 1.60205 42.64 5 1 1 

63.1297 1985.21 0.8160 1.47154 72.71 4 4 0 
 

The XRD pattern for the synthesised SPIONs following Massart’s co-precipitation match the 

reference patterns; for magnetite/maghemite as expected. PANalytical X’Pert HighScore 

(Phillips, USA) was used to analyse the diffractograms. It was also used to identify the peaks 

and measure the peak widths. The calculation of peak widths were used to calculate the 

crystallite size.  

D= 
Kλ

β cos θ
 

Equation 4.3 The Scherrer equation.310  

The crystallite size of the sample (D) is calculated using the Scherrer equation, Equation 4.3. 

The shape factor (K) is typically in the range 0.89 < K > 1 for spherical crystals.311 λ is the 

incident x-ray wavelength; β refers to the θ value of the peak at the full width half maximum 

(FWHM) in radians. θ is the Bragg angle of the peak, which is a measure of the scattering 

caused by the material. The Scherrer equation is limited by calculating crystallite size and not 

particle size. Crystallite size is typically smaller than particle size by ~10%.312 

Both TEM and XRD have been used to confirm the synthesised SPIONs are approximately     

10 nm in size; with DXRD of 11.3 nm and TEM of 7.15 nm ± 1.2 nm respectively and exhibit a 

reasonably spherical morphology.  
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The SPIONs display a superparamagnetic response in the presence and absence of a magnetic 

field, as shown in Figure 4.5. Superconducting quantum interference device (SQUID) analysis 

is currently being conducted on the samples and should confirm in more detail the magnetic 

characteristics of the SPIONs.  

                 
  

Figure 4.5 SPIONs in the absence of a magnetic field (left); in the presence of a 1T magnet (middle) and in the 

absence of a magnetic field after magnetic exposure (right). 

The synthesised SPION sample was subjected to UV/Visible spectroscopy and shows the 

corresponding peak at ~260 nm as expected for iron oxide nanoparticles in the spectrum seen 

below in Figure 4.6.313  

 

Figure 4.6 UV/Visible spectrum of synthesised SPIONs. 
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4.2 Hydroxylamine coating of superparamagnetic iron oxide      

particles with chloroauric acid 

Chloroauric acid (HAuCl4) and hydroxylamine (NH2OH) were added to synthesised SPION 

suspensions in a citrate solution, this methodology was based on a reproduction of the synthetic 

route described by Lyon et al.239 The procedure is reported to utilise the direct reduction of 

Au3+ onto the synthesised SPION surface to create Au-MNPs. These are created by iteratively 

adding HAuCl4 and NH2OH to the citrate stabilised SPIONs, see Figure 4.7.239 After 5 iterations 

Lyon et al. report particles of ~60 nm in size with almost spherical morphology.239  

 

Figure 4.7 A diagram detailing the hydroxylamine coating of SPIONs to form of Au-MNPs. 

Lyon et al.239 comment in their report that for direct surface reduction of Au3+ to occur the 

SPIONs must be oxidised from magnetite to maghemite, without doing so results in aggregation 

of the reaction occurring during the initial additions of HAuCl4 and NH2OH. To oxidise the 

particles they are heated to ~100°C in a solution of 10 mM HNO3 for a duration of 30 minutes, 

the resulting maghemite particles are then washed and stabilised in 5 mM TMAOH. This 

method can be seen in more detail in section 2.3. 

The reduction of chloroauric acid using hydroxylamine as described by Lyon et al.239 was 

repeated with stabilising the particles in 5 mM TMAOH. The results were a dark purple/grey 

sol which indicates the particles have started to aggregate. The resulting sol was characterised 

via UV/Visible spectroscopy, seen in Figure 4.8. The UV/Visible spectra shows a red shift and 

a broadening of the peak which is observed when the particle sizes increase, for instance in 

aggregation.176 

   

 

 

 

 

 

 

 

 
Figure 4.8 UV/Visible spectra of Au-MNPs synthesised via the Lyon et al.239 method. 
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4.3 Pre-seeding superparamagnetic iron oxide nanoparticles with    

5 nm Au nanoparticles 
Brown et al.294 formulated a procedure of creating highly monodisperse gold colloids by 

reduction of Au3+ onto pre-existing Au particles.294 In order to avoid Au3+ nucleating during 

the reaction and growing to become exclusively gold particles without magnetic cores, small 

Au seeds can be first attached to SPION before further Au3+ reduction. Separating the 

nucleation and growth stages of particle generation, Brown et al. were able to improve control 

of particle size and shape for Au colloids of larger particle size.294 In the first step pre-

synthesised gold nanoparticles were attached to the SPIONs. Au3+ was then reduced onto the 

seeded SPIONs to produce Au-MNPs, the pre-seeded SPIONs providing a nucleation point for 

the further reduction of Au3+.294 It is hoped that this will create a full coated Au shell over the 

SPION cores, see Figure 4.9. This method was repeated which slight modification and can be 

found described in more detail in section 2.3.  

 

 

 

 

 

 

Figure 4.9 A diagram detailing the adapted pre-seeding & hydroxylamine coating of SPIONs to form Au-MNPs. 

Figure 4.10 shows the change in absorbance profile for the SPIONs after seeding with 5 nm 

GNPs, with a broad peak spanning 525 nm to ~600 nm which is absent in the absorbance profile 

for the SPIONs. This corresponds to the SPR of the GNP seeds that are bound to the SPION 

surface. The sensitive nature of SPR causes a shift in λmax; this is due to the change in the 

electron environment at the GNP surface which occurs due to the covalent bonding of the GNP 

seeds to the SPIONs. 
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Figure 4.10 UV/Visible spectra taken of a sample of the Au-MNPs after the initial 5 nm Au seeding step (red 

dashed line) and bare SPIONs (brown line). 

By reducing Au3+ onto the GNP seeded SPIONs using the sequential addition of HAuCl4 and 

NH2OH the surface bound GNP seeds act as a nucleation site for the Au3+ ions, causing the 

growth of Au at the surface of the GNP seed modified SPIONS, this in turn produces a complete 

surface covering of Au over the SPION core to form Au-MNPs. Figure 4.11 shows the 

UV/Visible spectra of the various addition stages of Au coating. 

 

Figure 4.11 UV/visible spectra showing the absorbance profile of the Au coated magnetite after sequential 

addition of HAuCl4 and NH2OH, 1-5 additions noted by change in colour from light to dark. 
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The UV/Visible spectra of the Au coating process, Figure 4.11, shows an initial broad peak at   

~ 575 nm. With each further reduction of Au3+ to the surface of the GNP seeded SPIONs this 

peak blue shifts and becomes sharper. After the 5th and final addition there is a distinct peak at 

λmax = 540 nm. As the GNP seeds grow on the surface of the SPION they gradually coalesce to 

form a fully coated Au surface over the SPION core, the SPR returns and the now formed Au-

MNPs exhibit similar behaviours to that of GNPs due to the similar surfaces.314  

The Au-MNPs were analysed using TEM and were tested at the end of the GNP seeding stage 

along with TEM analysis of the final Au-MNPs. Figure 4.12, shows the 5 nm GNP seeded 

SPIONs and the particles appear to have a nodular like architecture at the surface of the SPIONs 

showing the 5 nm GNP seeds bound to the surface of the SPION. This nodular surface should 

provide a nucleation point to grow a form a gold shell around the particles.  

 

Figure 4.12 TEM image of the 5 nm Au seeded magnetite particles, Scale bar is 1000 nm. 

EDAX taken during the TEM of the 5 nm GNP seeded SPIONs can be seen in Figure 4.13. The 

EDAX indicates that there is the presence of both Au and Fe which allows for the confirmation 

that the SPION cores have GNPs bound to their surface but there is exposed SPION being 

observed at the surface of the particles.  

1000 nm 
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Figure 4.13 EDAX spectra obtained during TEM analysis of 5 nm Au seeded magnetite particles. 

Figure 4.14, shows the TEM image obtained from the analysis of the final synthesised               

Au-MNPs, after they have undergone both the 5 nm GNP seeding stage and the hydroxylamine 

and chloroauric acid sequential additions. The size of the particles can be determined to be 

largely ~50 nm in size. It appears in the image that there are some smaller and lighter in intensity 

particles that can be assumed are uncoated SPIONs. On the left hand side of the image there is 

a tube/needle like structure, these may be present from the SPIONs and their presence has been 

described by Kang et al.315 along with the suggested remediation of them by adjusting the pH 

of the SPION solution.315  

 

Figure 4.14 TEM image of the final Au-MNPs after sequential coating, Scale bar is 500 nm. 

500 

nm 
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EDAX taken during TEM of the final synthesised Au-MNPs can be seen in Figure 4.15 below; 

contains only very small traces of iron, and is predominately composed of Au. This indicates 

that the particles are not quite fully coated with gold. If the particles were fully coated in gold 

then there should be no response to iron shown, it could also indicate that there is a small amount 

of completely uncoated iron particles. As previously mentioned the carbon and sodium peaks 

are due to surface bound citrate. 

 
Figure 4.15 EDAX spectra obtained during TEM analysis of Au-MNPs. 

The Au-MNPs were also subjected to particle size measurement using Nanosight®. The particle 

size of the seeded and coated Au-MNPs was confirmed to be have an average size of 58 nm as 

seen in Figure 4.16. 

 

Figure 4.16 Size report recreated from data obtained from Nanosight® analysis of Au-MNPs. 

The Au-MNPs have been successfully synthesised; however from the TEM analysis it would 

appear that there is not the desired fully coated spherical particles that this study set out to make. 

Further investigation is needed to optimise the coating process to allow the Au-MNPs to be 

successfully used in an MNDEPT approach. The TEM and size analysis allows us to define the 

size of the particles as ~50 nm which was the size that the study was aiming for and the desired 

size for cell uptake.171  
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4.4 Modified gold coated magnetic nanoparticle synthesis 

Following the initial success in achieving ~50 nm Au-MNPs, the synthesis was adapted to 

optimise the surface coverage of the Au coating and also the morphology of the Au-MNPs to 

provide more spherical particles. The methodology for this can be found in more detail in 

section 2.3.1. The UV/Visible spectra of the particles, Figure 4.17 seen below, shows a peak 

indicative of Au at ~525 nm.176 The overlaid spectra of the Au-MNPs obtained using the Lyon 

method239 compared to the modified Au-MNP synthesis particles,; shows a much broader peak 

between 525-725 nm for the Lyon method Au-MNPs, indicating that the gold present in the 

sample is aggregating. This aggregation causes the shift in colour from the distinctive red colour 

to a blue-grey colour.176 

The particles were sized using analysis of the TEM image, Figure 4.18, to give an average size 

of 47.35 nm ± 11.2 nm, the TEM images also enable the morphology of the particles to be 

defined. The particles seen in the TEM image appear nearly spherical in their morphology, there 

is also the absence of any light grey areas of particulate matter which would indicate the 

presence of SPIONs/SPION surfaces. This implies that the particles have a full coating of Au 

around the SPION core. Further analysis of the particles via EDAX; like that obtain for the 

other particles samples would further aid the definition of the particle coating. 

 

Figure 4.17 UV/Visible spectra comparing Au-MNPs synthesised using Lyons method 239 (Blue) and the modified 

gold coating route (Red). 
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Figure 4.18 TEM image of the Au-MNPs synthesised using modified Au coating synthesis, Scale bar is 500 nm. 

Details of the size properties as determined by TEM are compiled in Table 4.2 and compared 

to those obtained by Lyon et al.239 and to another study from Jeong et al.316 The particles that 

have been produced in this study are not only smaller in size but they possess a slightly narrower 

size distribution than the particles produced from both of the previous reports. 

Table 4.2 A table showing the relative particle sizes of synthesised Au-MNPs from this study and from the studies 

conducted by Lyon et al.
239 and Jeong et al.316  

Synthesis 
Average size 

(nm) 

Distribution 

(nm) 

Lyon et al. 57 ± 14 

Jeong et al. 70 ± 20 

Au-MNP synthesis (4.3) 58 ± 24  

Modified Au-MNP synthesis (4.4) 47 ± 14 

The particle sizes for the synthesised particles were obtained by TEM analysis using an 

automated particle image analysis and the sizes provided in the form of a table. The average 

particle size was then calculated and the distribution given by defining the range between the 

smallest measure particle and the largest; e.g. 58 nm average particle size with distribution of 

±24 nm defines that the smallest particle size is 34 nm and the largest 82 nm. For each 

synthesised samples there were measures of ~100 particles provided and the averages and 

distributions were calculated from these.  

500 nm 
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The experimental overview that expands on the 3 methods that were explored for the synthesis 

of Au-MNPs can be seen in Appendix 7.10. The initial iterative hydroxylamine seeding method 

as initially followed from the work of Lyon et al.239 and as discussed in previous section did 

not produce any Au-MNPs that’s exhibited magnetic behaviours and possessed the properties 

in the correct UV/Visible region matching that of a 50 nm Au colloid standard                                  

(λmax = 525 nm). The initial approach noted by step 1 led to the production of a blue/grey 

aggregated solution that wasn’t observationally indicative of a gold colloid solution, back up 

by the shift in λmax of 80 nm. Steps 2-8 set about varying the concentration of the chloroauric 

acid and the hydroxylamine. Step 7 with half the original concentrations suggested by Lyon et 

al 239 but twice the number of additions resulted in the closest λmax at 578 nm, this is still a 

shift of 53 nm suggesting that aggregation is occurring. It is interesting to not however that the 

both step 7 and step 8 resulting in the same overall concentration of reagents added.  

The next modification to the iterative seeding method made was the introduction of a heating 

step during the addition of the reagents; 50 and 75°C this resulted in a reduction in the shift of 

λmax observed for both of the heating steps using the original 5 additions stated by Lyon et al 

239 but was still a shift of ~ 30-35 nm. The addition of a heating step with 10 additions of 

reagents resulted in a much greater shift indicating that that the particles were aggregating/ the 

gold formation was too large and/or the wrong morphology. The next step was to introduce a             

pre-seeding step whereby the SPIONs were mixed with 5 nm Au colloid prior to further iterative 

hydroxylamine seeding, this was suggesting using a methodology put forward by Brown et 

al.294 This step was introduced in the hope that the 5 nm seeds would provide a nucleation point 

on the surface of the SPIONs in which to grow the gold coating. Following the reduction in the 

shift of λmax observed when the concentrations of the hydroxylamine seeding were reduced 

the pre-seeding method started with steps 15 and 16, although this in general showed a reduction 

in the shift it was still >80 nm and the same blue/grey sol was observed.  

Steps 17 and 18 went back to the original concentrations used by Lyon et al but with the addition 

of the pre-seeding step suggested by Brown.294 When only 5 additions were used; with the first 

chloroauric acid addition substituted for the 5 nm Au colloid the particles exhibited a λmax of 

535 nm which was the closest achieved to that of the 50 nm Au colloid standard. But after 

analysis of the particles by TEM it was observed that the particles didn’t possess the desired 

spherical morphology but a nodular type surface and there was a large presence of uncoated 

SPIONs. Further additions of the reagents were carried out but this resulted in the solution 

becoming bluer in colour and aggregation was observed. It was at this point that all the variables 
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that had contributed to a positive outcome in the first steps lead to step 19 whereby a larger 

volume of 5 nm gold colloid seeds were added in the first part of the reaction and this was 

coupled with an increased volume of chloroauric acid than was used by Lyon et al.239 The 

amount of hydroxylamine was also slightly reduced to keep the pH of the solution more 

balanced. And the addition of heating the reaction mixture to 50°C which provided benefit in 

some of the earlier steps was retained. This lead to the production of particles with a λmax of 

535 nm the closest match to the Au standard; along step 17, but this time with TEM analysis 

the morphology and size of the particles were the required spherical ~ 50 nm particles. 

4.5 Concluding remarks on magnetic nanoparticles 

The reproduction of Au-MNPs following previously described methods in the literature239,316 

proved problematic and did not produce any useable Au-MNPs. This was due to a number of 

reasons, some reproductions produced a grey/blue sol which was indicative of an aggregated 

Au particle solution.176 Another reason was that although some particles could be magnetically 

separated the majority of the Au-MNPs in initial syntheses did not respond to an external 

magnetic field. The use of the pre seeding method adapted from Brown et al’s.294 produced      

Au-MNPs that exhibited magnetic behaviour to an external magnetic field and both UV/Visible 

and TEM analysis of the particles confirmed the presence of a gold coating. These particles 

however did display a remaining presence of iron in the EDAX analysis which suggests that 

the particles are either not fully coated or fully separated from uncoated SPIONs. For industrial 

and commercial use a process requiring further separation is undesirable as is a process whereby 

the yield of fully coated particles is not ≥ 99%. The morphology of the particles observed in the 

TEM analysis does not show the desired spherical nature needed to allow the genetically 

modified cys tagged NTRs to immobilise to the surface in a controlled manner allowing 

retention of a fully open active site. 

Whilst the direct reduction of HAuCl4 onto SPION cores did not produced the desired Au-

MNPs as found in the study by Lyon et al.239 A modified synthesis produced Au-MNPs that 

were 47 nm ± 14 nm and from the TEM analysis appear spherical in their morphology, and 

there is no presence of the lighter grey particulate matter; that from the EDAX analysis of 

previous samples could be defined as the SPION particle material. These Au-MNPs possessed 

a magnetic response allowing them to be easily separated using a 1 T magnet. These particles 

also meet the desired size that the study set out to synthesis and is required for their use in an 

in vivo MNDEPT application.  
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This modified synthesis has a very low yield; ~ 6.7%; see equation 4.4 based on the number of 

iron cores present at the start of the gold coating compared to final particle count of the               

Au-MNPs. The iron particle count was determined using Nanosight® and the Au-MNP particle 

count was determined by Dr von Ruhland using TEM. 

5.04 × 109

7.54 × 1010
× 100 = 6.68% 

Equation 4.4 Experimental yield of Au-MNPs 

They are suitable to undergo further study to determine if they can be immobilised to cys tagged 

NTRs and retain the NTRs activity towards the prodrug CB1954. If activity is successfully 

retained then further experimentation will be conducted to determine the viability of an 

MNDEPT approach in vitro.
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The majority of the work discussed in this chapter is published in the following 

paper. 

YfkO nitroreductase immobilised with controlled orientation onto superparamagnetic 

nanoparticles; towards a direct enzyme cancer therapy approach. Publication suited to 

Biomacromolecules, (in DRAFT) 
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Chapter 5 – Immobilisation and cell viability of nitroreductases 

5.1 Characterising Au-S bonding and nitroreductase 

immobilisation 
The self-assembly of enzymes onto a gold surface arises due to interactions between the 

proteins functional groups in the amino acids.317 By introducing a repeated series of cysteine 

amino acid residues into a NTR a thermodynamically preferential bonding site between the 

enzyme and the gold surface can occur. To determine the presence of Au-S thiol bonding in the 

cysteine tagged genetically modified NTRs, cyclic voltammetry is used. The protocol for this 

cyclic voltammetry characterisation can be found in section 2.1.7. In brief Au(111) coated glass 

slides (Winkler GmbH, Germany) were incubated at 4°C for 48 hours with the purified cysteine 

tagged NTRs, these were then removed from the NTR solutions, washed with PB (50 mM, pH 

7.4) and used as the working electrode in the electrochemical cell set-up. The NTRs were left 

for 48 hours to allow adequate time for the enzymes to self-assemble on the surface of the gold 

slides. The voltammogram showing the electrochemical desorption of NfsB-cys after 48 hour 

incubation is shown in Figure 5.1, with the desorption of a bare Au(111) coated glass slide 

shown as a control. 

 

Figure 5.1 Voltammogram showing a sweep of a bare Au(111) coated glass slide (solid gold line) and two 

consecutive sweeps of an Au(111) coated glass slide after 48 hour incubation with NfsB-cys: scan 1 (solid blue 

line) = -959.47 mV, -32.60 µA and scan 2 (dashed blue line) = -959.47 mV, -21.82 µA. The potential is vs. SCE 

in an electrolyte of 0.1 M NaOH, 50 mV/s sweep rate. 

A 

B 

C 
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A bare Au(111) coated slide was subjected to cyclic voltammetry and can be seen in Figure 5.1.  

This acts as a control allowing us to conclude that any reduction and oxidation that occurs in 

the scans conducted with the protein bound gold slides, is solely from the binding of the cysteine 

tagged NTRs to the gold working electrode. All cyclic voltammetry experiments were carried 

out between 0 and -1.1 V under basic conditions. During the first sweep (solid line) there is a 

distinct reduction peak (A) observed at -959.47 mV, -32.60 µA; this corresponds to the 

reduction of gold thiol bonds between the gold and the cysteine tagged residues of the 

genetically modified NfsB-cys.262 These are within the typical range for the reductive 

desorption of thiols from Au and which have been well reported in the literature.267,318 There is 

also a small shoulder peak (B) indicating the reabsorption of the cys tags onto the Au(111) slide, 

the magnitude of this peak is very small and this is due to the fact that the cysteine tags only 

have a few seconds for reabsorption. The second sweep cycle (dashed line) in Figure 5.1 shows 

a peak (C) at the same potential to that of peak (A) observed in the first sweep. The reduction 

peak in the second scan was observed at -959.47 mV, -21.82 µA. The presence of a second peak 

(C) indicates that after the desorption of the Au-S bonds in the first cathodic sweep some of the 

cysteine tag residues re-bind to the Au surface. The lower current required for the desorption in 

the second sweep indicates that the Au-S bonds are weakened due to only having a matter of 

seconds to reform after being broken in the first sweep. These weakened bonds require much 

less voltage to re-break them.  

Figure 5.2, shows the voltammogram of an Au(111) glass working electrode that was subjected 

to a 48 hour incubation with the genetically modified NTR YfkO-cys.  

 
Figure 5.2 Voltammogram showing a sweep of a bare Au(111) coated glass slide(solid gold line) and two 

consecutive sweeps of an Au(111) coated glass slide after 48 hour incubation with YfkO-cys scan 1 (solid 

orange line)= -886.2 mV, -29.94 µA and scan 2 (dashed orange line) = -808.1 mV, -15.40 µA. The potential is 

vs. SCE in an electrolyte of 0.1 M NaOH, 50 mV/s sweep rate. 
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During the first sweep (solid orange line) there is a clear cathodic desorption peak (D) observed 

at -886.2 mV, -29.94 µA; this corresponds to the reduction of gold thiol bonds between the gold 

and the cysteine tag residues of the YfkO-cys enzyme. Peak (F) observed in the second cathodic 

sweep (dashed line) is observed at a lower voltage and also a lower current                                                  

(-808.1 mV, -15.40 µA). 

 
Figure 5.3 Voltammogram showing cathodic sweeps of an Au(111) coated glass slide after 48 hour incubation 

with YfkO-cys (solid orange line)= -886.2 mV, -29.94 µA and NfsB-cys (solid blue line) = -959.47 mV,               

-32.60 µA. The potential is vs. SCE in an electrolyte of 0.1 M NaOH, 50 mV/s scan rate. 

A comparison of the first cathodic sweeps for both NfsB-cys and YfkO-cys immobilised onto 

an Au(111) can be seen in Figure 5.3. The reduction in current at peak (H) (-886.2 mV,                       

-29.94 µA) compared to the observed peak G (-959.47 mV, -32.60 µA) indicates that fewer   

Au-S bonds are being reduced, but can also suggest that the configuration of the bonds has 

changed.267 The cyclic voltammetry within this study was conducted using an NTR 

concentration of 2 mg/mL. The lower density can allow for a change in orientation and packing 

of the NTRs on the surface. This difference in potential and current of peaks (A) and (C) 

suggests that the number of Au-S bonds have both decreased and changed in nature.224 The 

peaks present on the shoulders of the sweeps where the readsorption of the NTRs onto the gold 

surface occurs; indicate that after the desorption has occurred the NTRs bind so quickly back 

to the surface of the gold slide that the subsequent charge to desorb them in the second sweep 

is significantly decreased. This is most likely due to the orientation of the readsorption 

occurring with different functional groups of the NTR, changing the overall conformation and 

shape of the immobilised NTR affecting the Au-S reduction potential. The value and 

G 
H 
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prominence of peaks (C) and (F) are much smaller than the peaks (A) and (D) in the first 

reduction cycles of the two enzymes due to them corresponding to the reduction of Au-S bonds 

that have reformed between scans, meaning they have formed in a much faster time frame and 

will be weaker and present in a more disordered manner than the linear orientation expected 

from the 48 hour initial incubation with the original 12 cysteine tag residues.  

Figure 5.3 confirms that the presence of cysteine residues in the genetically modified enzymes 

NfsB-cys and YfkO-cys enabling them to successfully bind to a gold surface via Au-S thiol 

bonds. This is paramount to the success of immobilising the enzymes to the gold coated 

nanoparticle system. The ability to determine how much cys-tagged NTR is bound to the slide 

is hindered by the large biological layer that forms on the slide; this leads to an increase in 

capacitance, which prevents the quantification of the volume of cys-tagged NTR bound to the 

surface of the slide. The ability to immobilise an NTR to a gold surface is vital in the 

development of an MNDEPT application. The modified NTRs will need to be bound to the gold 

coated nanoparticles. The density of the monolayer formed by the self-assembly of the 

genetically modified enzymes is important and could be potentially be determined by cross 

sectionally imaging with a scanning electron microscope. It may also be defined by analysing 

the surface of a slide that has intentionally not fully coated, e.g. masked using atomic force 

microscopy. The strength of the binding of the cys-tagged NTRs is also important and could be 

determined by conducting further stripping cyclic voltammetry experiments using a varying 

range of voltages to determine the level needed to break the cys-tagged bound NTR.  
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5.2 Activity of immobilised nitroreductases 

UV-Visible spectroscopy was used to measure the activities of the immobilised NTR 

conjugates. CB1954 was the prodrug of choice for the activity assay because it has been studied 

extensively in the literature125,301,308,319 and is one of only a few prodrugs which are 

commercially available. The prodrug has a poor solubility in aqueous solvents so a concentrated 

master stock was created using DMSO and diluted to various concentrations using 50 mM 

phosphate buffer (pH 7.4). At lower concentrations the prodrug is readily soluble in aqueous 

solvents. The dilutions were performed this way due to the need to keep the DMSO 

concentration present in the prodrug sample below 5%; this is due to higher concentrations of 

DMSO exhibiting inhibition of NTR activity towards the prodrug.302 

The absorbance of both the cofactor and prodrug are expected to decrease during the 

immobilised enzyme conjugate activity reactions. This decrease in absorbance is indicative of 

a decrease in concentration; at the same time as the decrease in cofactor and prodrug an increase 

in the absorbance of NAD+ and the hydroxylamine reduced prodrug derivatives should be 

observed. The exact concentration of NTR bound to the Au-MNPs needs to be determined in 

future experiments; but could potentially be done by analysing; using the Bradford protein 

concentration assay (section 2.1.8) the decanted supernatant after the conjugate has undergone 

magnetic separation. This would allow for the amount added to the Au-MNP and the amount 

that is left unbound to the particles to be known, in turn the amount bound to the particles could 

be surmised. 

5.2.1 Activity of Au colloid immobilised NfsB-cys 

The activity of an Au colloid immobilised NfsB-cys was conducted using UV/Visible 

spectroscopy. There are four distinct peaks observed in the UV/Visible spectra of the 

immobilised NTR. Peak (1) of Figure 5.4, at approximately 290 nm is indicative of the 

absorbance region of NTRs. This region is also the area in which NAD+ and NADH absorb, 

both of these compounds have a λmax = 259 nm. This means that the concentrations of the 

oxidised and reduced forms of the cofactor cannot be quantified, due to the interference in 

absorbance from the NTRs and therefore cannot be related directly to the reduction of the 

prodrug. The reduction of CB1954 and the oxidation of NADH have λmax values that are very 

close to each other; 327 nm and 340 nm respectively, this can again give rise to interference 

and prevent quantitative analysis of the absorbance regions. 
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Figure 5.4 UV-Visible spectra of Au colloid immobilised NfsB-cys showing the enzymatic activity assay. (1) NTR 

absorbance ~ 290 nm. (2) Reduction of CB1954 λmax = 327 nm. (3) Oxidation of NADH λmax = 340 nm. (4) 

Production of CB1954 reduction products λmax = 420 nm. 

The broad peak observed at ~340 nm overlays the λmax of both the prodrug CB1954 (2) and the 

cofactor NADH (3). This overlap prevents definitive quantification of the concentrations of 

both of these compounds. The peak observed at 420 nm as indicated by (4) directly correlates 

to the λmax of the two common reduction products of CB1954; both the 2- and 4-hydroxylamine 

derivatives. These reduced hydroxylamine products have a molar extinction coefficient             

(𝜀) = 1200 L mol-1cm-1. Due to the overlaps present in the other regions of the scans this is the 

only region that can determine the kinetic parameters of the gold colloid immobilised NTR 

conjugates by allowing the rate of product formation to be quantified in direct correlation with 

the absorbance.301 

Figure 5.5 is a plot to show the course of the reaction over the full 10 minute scan and plots 

absorbance vs time at 420 nm. The plot shows that the reaction only proceeds lineraly the 1st      

1-3 minutes of the reaction, meaning that caputuring the data early in the reaction is paramount  

to be able to analyse the data to determine the kinetic properties of the Au-NfsB-cys conjugate. 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

200 300 400 500 600 700

A
b

so
rb

an
ce

 (
au

)

Wavelength (nm)

Series1

Series2

Series3

Series4

Series5

Series6

Series7

Series8

Series9

Series10

Series11

10 mins 

4

32

1



Chapter 5 – Immobilisation and cell viability of nitroreductases                       Page 107 of 156 

  

 

Figure 5.5 Plot of absorbance at 420 nm vs time for Au-NfsB-cys, CB1954 (100 µM), NADH (600 µM) and PB 

(50 mM, pH 7.4). 

The broad peak observed at ~340 nm overlays the λmax of both the prodrug CB1954 (2) and the 

cofactor NADH (3). This overlap prevents definitive quantification of the concentrations of 

both of these compounds. The peak observed at 420 nm as indicated by (4) directly correlates 

to the λmax of the two common reduction products of CB1954; both the 2- and 4-hydroxylamine 

derivatives. These reduced hydroxylamine products have a molar extinction coefficient                

(𝜀) = 1200 L mol-1cm-1. Due to the overlaps present in the other regions of the scans this is the 

only region that can determine the kinetic parameters of the gold colloid immobilised NTR 

conjugates by allowing the rate of product formation to be quantified in direct correlation with 

the absorbance.301 

5.2.2 Effect of pH on Au colloid immobilised NfsB-cys 

The effect of pH on the gold colloid immobilised NfsB-cys conjugates ability to reduce the 

prodrug CB1954 has been previously determined by Gwenin et al.15 It was determined in the 

study that the gold colloid immobilised enzyme conjugates were stable at pH’s greater than        

pH 3 up until pH 11. This allows the conclusion to be drawn that the Au-NfsB-cys conjugates 

would remain stable in the physiological conditions the conjugate would experience in the 

human body. This would allow it to be a suitable agent in a DEPT treatment system.  
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5.2.3 Effect of temperature on Au colloid immobilised NfsB-cys 

To determine the optimum temperature parameters for gold colloid immobilised NfsB-cys the 

enzyme conjugates were assayed at 420 nm with the prodrug CB1954 after incubation at a range 

of temperatures in phosphate buffer as detailed in section 2.5.3. 

 

Figure 5.6 A graph detailing the effect of temperature on the production of hydroxylamine derivatives           

(λmax = 420 nm, ε = 1200 L mol-1cm-1) of gold colloid immobilised NfsB-cys conjugate (red line) and                

non-immobilised NfsB-cys (blue line) with 100 µM CB1954 and 600 µM NADH. Error bars represent ± 1 SD. 

It can be observed in Figure 5.6 that as the temperature is increased up to 50oC the reaction 

remains stable until the enzyme activity begins to decrease rapidly above 50oC indicating that 

the enzyme structure is denaturing due to the increased temperature resulting in a loss of activity 

of the enzyme conjugate toward CB1954. The immobilised enzyme conjugates need to retain 

optimum activity at the human body’s physiological temperature of 37°C, the gold colloid 

immobilised NfsB-cys retains optimal activity up until ~50°C. The non-immobilised NfsB-cys, 

displays stability of a slightly larger temperature range with it only exhibiting a slight decrease 

in activity at ~ 50°C. However the activity of the non-immobilised NfsB-cys is less across the 

whole range of temperatures tested when compared with the Au-colloid immobilised NfsB-cys. 

At temperatures approaching 60°C both the immobilised and non-immobilised NTR exhibit 

little or no activity towards the prodrug CB1954. The Au-colloid immobilised NfsB-cys has a 

heightened optimal activity range of 37.5-50°C with an overall range of 25-50°C. The non-

immobilised NfsB-cys has a similar range of 25-47.5°C but with no heightened activity 

observed.  
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5.2.4 Activity of Au colloid immobilised YfkO-cys 

The activity of gold colloid immobilised YfkO-cys conjugate was tested using the same 

methodology briefly described in section 5.2 and detailed in full in section 2.5.1. 

 

Figure 5.7 UV-Visible spectra of Au colloid immobilised yfkO-cys conjugate showing the enzymatic activity 

assay. (1) NTR absorbance ~ 290 nm. (2) Reduction of CB1954 λmax = 327 nm. (3) Oxidation of NADH           

λmax = 340 nm. (4) Production of CB1954 reduction products λmax = 420 nm. 

Figure 5.8 is a plot to show the course of the reaction over the full 10 minute scan and plots 

absorbance vs time at 420 nm. The plot shows that the reaction only proceeds lineraly the 1st      

1-3 minutes of the reaction. This means the importance of capturing the formation of the 

hydroxylamine reaction products during the initial stages of the reaction is paramount. This will 

enable an accurate determination of the kinetic parameters of the Au-YfkO-cys conjugate. 

 

Figure 5.8 Plot of absorbance at 420 nm vs time for Au-YfkO-cys, CB1954 (100 µM), NADH (600 µM) and PB 

(50 mM, pH 7.4). 
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The change in absorbance observed at 420 nm (peak 4) in Figure 5.7 allows the rate of formation 

of the hydroxylamine reduced prodrug derivatives to be determined. This area of the spectra is 

the only area free from interferences from the other corresponding absorbance peak regions 

(Peak 1, 2 and 3). Kinetic parameters such as rate of formation and specificity constant can be 

determined by monitoring this increase change in absorbance at 420 nm (peak 4), this can be 

focused over a short period of time allowing for the most accurate quantification of the rate of 

product formation.302 The quantification of these parameters of the immobilised NTR 

conjugates allows for the comparison of these systems to the kinetic ability of the NTRs used 

free in solution, this comparison allows the identification of the most suitable candidate for use 

in a MNDEPT application.301 The data for this is discussed in sections 5.3.1, 5.3.2 and 5.3.3, 

briefly for each individual immobilised conjugate followed by a comparison in section 5.3.4. 

5.2.5 Effect of pH on Au colloid immobilised YfkO-cys  

The effect of pH on the gold colloid immobilised YfkO-cys conjugate ability to reduce the 

prodrug CB1954 was determined by assaying the conjugate at various pH’s, with the prodrug 

and quantified at 420 nm as detailed in section 2.5.3. 

 

Figure 5.9 A graph detailing the effect of pH on the production of the hydroxylamine derivatives                         

(λmax = 420 nm, ε = 1200 L mol-1cm-1) of gold colloid immobilised YfkO-cys conjugate (red line) and                 

non-immobilised YfkO-cys (yellow line) with 100 µM CB1954 and 600 µM NADH.                                               

The error bars represent ± 1 SD. 

In Figure 5.9 the Au-colloid immobilised YfkO-cys conjugate shows significant activity 

between pH 6 and 8 before the activity begins to decline at pH’s >10. The Au-colloid 
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immobilised conjugate displays slightly decreased activity compared to the non-immobilised 

YfkO-cys but follows the same trend for optimum activity.  Both the immobilised and             

non-immobilised YfkO-cys exhibit a rapid decline in activity at pH’s < 6 with neither of them 

displaying activity towards the prodrug CB1954 at pH 2. Exhibiting activity in the range of pH 

6-8  means that the conjugate will retain optimum activity at the required pH of 7.4 which is 

the pH of human physiological conditions allowing for its suitability to be used a treatment 

system to be used in the human body. 

5.2.6 Effect of temperature on Au colloid immobilised YfkO-cys 

To determine the optimum temperature parameters for the gold colloid immobilised YfkO-cys 

conjugate, the conjugate was assayed at 420 nm with the prodrug CB1954 after a short 

incubation at a range of temperatures in phosphate buffer as detailed in section 2.5.3. 

 

Figure 5.10 A graph detailing the effect of temperature on the production of the hydroxylamine derivatives          

(λmax = 420 nm, ε = 1200 L mol-1cm-1 of gold colloid immobilised YfkO-cys conjugate (red) and                          

non-immobilised YfkO-cys (yellow) with 100 µM CB1954 and 600 µM NADH. The error bars represent ± 1 SD. 

In Figure 5.10 the Au-colloid immobilised YfkO-cys retains optimum activity up to ~50oC. The 

non-immobilised enzyme retains similar levels of activity but begins to decrease in activity at 

a lower temperature than the Au-colloid immobilised enzyme at ~ 42.5 oC. As the temperature 

is increased further the ability of the conjugate to reduce the prodrug decreases rapidly. This 

rapid decrease indicates that the enzyme conjugate structure begins to denature resulting in a 

loss of activity of the conjugate towards the prodrug CB1954. Both the immobilised and        

non-immobilised YfkO-cys exhibit activity as temperatures lower than 37°C with both retaining 

significant activity at 20°C 
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For suitability in its use in a DEPT system the conjugate needs to retain optimum activity at the 

physiological temperature exhibited in the human body. The gold colloid immobilised enzyme 

conjugate retains optimal activity up to ~50°C so is therefore a suitable candidate for use in a 

DEPT system.  

5.2.7 Activity of Au-MNP immobilised YfkO-cys 

 

Figure 5.11 UV-Visible spectra of Au-MNP immobilised YfkO-cys conjugate showing the enzymatic activity 

assay. (1) NTR absorbance ~ 290 nm. (2) Reduction of CB1954 λmax = 327 nm. (3) Oxidation of NADH                

λmax = 340 nm. (4) Production of CB1954 reduction products λmax = 420 nm. 

Figure 5.12 plots absorbance vs time at 420 nm over the course of the 10 minute activity assay. 

The plot shows that the reaction only proceeds lineraly the 1st 1-2 minutes of the reaction. 

Therefore to determine the kinetic properties of the Au-MNP-YfkO-cys conjugate the 

measurements will need to be conducted as close to the addition of prodrug as possible. 

 

Figure 5.12 Plot of absorbance at 420 nm vs time for Au-MNP-YfkO-cys, CB1954 (100 µM), NADH (600 µM) 

and PB (50 mM, pH 7.4). 
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The activity of a cysteine tagged genetically modified NTR immobilised onto a synthesised 

gold coated magnetic nanoparticle was performed for what is believed to be the first time, seen 

in Figure 5.11. The increase in absorbance at 420 nm (Peak 4) can be used to determine the 

kinetic parameters of the conjugate to allow comparison between enzymes free in solution, gold 

colloid immobilised enzyme conjugate and the gold magnetic nanoparticle immobilised NTR 

conjugate. The increase in absorbance at peak 4 indicates the production of the cytotoxic 

hydroxylamine derivatives of the prodrug CB1954. This indication of activity allows the 

progress of the Au-MNP-NTR immobilised conjugate system to be moved forward for further 

testing to determine the kinetics of the system and also the cell viability. The ability of the 

genetically modified NTR to retain activity towards reducing the prodrug CB1954 after 

immobilisation onto a gold coated magnetic nanoparticle is a huge breakthrough in the 

possibility of forming a working MNDEPT treatment.  

5.3 Enzymatic kinetics of immobilised nitroreductases 

To calculate the Km and Vmax of immobilised NTR conjugates the kinetic enzymatic activity 

was measured at various increasing concentrations of CB1954 as detailed in section 2.5.4. All 

kinetic experiments were conducted in triplicate and the average was plotted and analysed. 

5.3.1 Kinetics of Au colloid immobilised NfsB-cys 

The kinetic parameters for the Au-colloid immobilised NfsB-cys were determined using the 

protocol laid out in section 2.5.4, in brief the cys tagged enzyme was conjugated to a 50 nm Au 

colloid for 1 hr at 25°C at a ratio of 270:1 as previously determined by Gwenin et al.15 

 

Figure 5.13 A graph quantifying the rate of the hydroxylamine reduced prodrug derivative formation.                 

(λmax = 420 nm, ε = 1200 L mol-1cm-1) for the gold colloid immobilised NfsB-cys conjugate (red line) and                

non-immobilised NfsB-cys (blue line) at increasing CB1954 concentrations. The error bars represent ± 1 SD. 
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Figure 5.13 shows the rate of reaction increases with increasing concentration of CB1954 until 

the reaction reaches its Vmax. The overall rate increases until the plateau at Vmax however the 

increase is not an entirely linear increase as has come to be expected from some of the other 

NTR kinetic determinations. The plateau at Vmax also occurs at much lower concentrations for 

the gold colloid immobilised enzyme and therefore further testing with higher concentrations 

is not required. The kinetics are discussed in further detail and comparison between the 

immobilised enzyme conjugates is conducted in 5.3.4 along with comparison to the NTRs free 

in solution. Figure 5.13 does show that the NfsB-cys free in solution retains a higher formation 

of product compared to the Au-colloid immobilised NfsB-cys. The immobilised enzyme does 

exhibit a faster increase in turnover but an overall decreased product formation.  

 
Figure 5.14 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for the gold colloid 

immobilised NfsB-cys conjugate at increasing CB1954 concentrations. Error bars represent standard error of 

standard error of estimate. 

The data obtained for kinetic analysis of the Au-NfsB-cys conjugate is subjected to                    

non-linear regression fitting to a hyperbolic curve in Sigmaplot®; see Figure 5.14. The R2 value 

obtained from the data analysed to produce the hyperbolic curve was 0.92. This value falls 

below the standard required range of >0.97. The reason for the variance in fit of the data to the 

hyperbolic curve can be explained by difficulty in measuring the true initial rate of reaction. 

The microtiter plate assay used to determine the data is difficult to execute in a short time frame 

and takes approximately 30-60s to prepare the plate from start to finish. The reaction occurs at 

a linear rate for at least the first 30s of the reaction, see Figure 5.15 with the desired difference 

observed being 5-25s, this is however possibly more realistically 35-65s accounting for the 

setup time of the assay.  
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Figure 5.15 Plot of absorbance at 420 nm vs time for Au-NfsB-cys, CB1954 (1 mM), NADH (4 mM) 

and PB (50 mM, pH 7.4). 

The plot of absorbance at 420 nm vs time for Au-NfsB-cys is shown in Figure 5.15. It shows 

that over the first 30 secs the reaction was measured the assay remains linear as such the 

formation of the hydroxylamine reduced prodrug products are defined during the difference 

between 5-25 seconds. The most likely cause for errors in the measurement is the initial set-up 

time required to perform the assay this will in turn affect the tightness of fit for the data to the 

hyperbolic curve. This could be solved in future experiments using a more automated 

procedure; therefore, decreasing the setup time, which cannot be realistically reduced any 

further using a manual setup. 

5.3.2 Kinetics of Au colloid immobilised YfkO-cys 

Following the same procedure for that of the NfsB-cys Au-colloid immobilised NTR,              

YfkO-cys underwent determination of its kinetic parameters.  

 

Figure 5.16 A graph quantifying the rate of the hydroxylamine reduced prodrug derivative formation.            

(λmax = 420 nm, ε = 1200 L mol-1cm-1) for the gold colloid immobilised YfkO-cys conjugate (red line) and the 

non-immobilised YfkO-cys (yellow line) at increasing CB1954 concentrations. Error bars represent ± 1 SD. 
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Figure 5.16 shows the rate of reaction increases with increasing concentration of CB1954 until 

the reaction reaches its Vmax. The increase is almost linear up until the point the kinetic reactions 

reach Vmax. The reaction is conducted to a lower concentration for the gold colloid immobilised 

conjugate due to it reaching the Vmax at a lower concentration, once the plateau is achieved the 

use of higher concentrations of prodrug is not required. The kinetics are discussed in further 

detail and comparison between the immobilised enzyme conjugates is conducted in 5.3.4 along 

with comparison to the NTRs free in solution. 

 

Figure 5.17 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for the                         

gold colloid immobilised YfkO-cys conjugate at increasing CB1954 concentrations. Error bars represent   

The data obtained for kinetic analysis of the Au-YfkO-cys conjugate is subjected to                    

non-linear regression fitting to a hyperbolic curve in Sigmaplot®; see Figure 5.17. After fitting 

to the curve an R2 value is determined to note how tight the fit of the data is to the hyperbolic 

curve. The R2 obtained from the data produced and analysed for the Au-YfkO-cys conjugate 

was 0.96. This value falls just below the standard required range of >0.97. The reason for the 

variance in fit of the data to the hyperbolic curve can be explained by difficulty in measuring 

the true initial rate of reaction. The microtiter plate assay used to determine the data is difficult 

to execute in a short time frame. The reaction only proceeds linearly for approximately 1-2 

minutes based on the absorbance vs time plot for the activity assay, see Figure 5.8 and defined 

definitively for the first 30s, see Figure 5.18. This means that to obtain a truly accurate account 

of the enzyme kinetics the difference in absorbance observed between 5-25 is very important 

and any delay due to the setup of the assay could account for an increase in error of the 

measurements.  
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Figure 5.18 Plot of absorbance at 420 nm vs time for Au-YfkO-cys, CB1954 (1 mM), NADH (4 mM) and            

PB (50 mM, pH 7.4). 

5.3.3 Kinetics of Au-MNP immobilised YfkO-cys 

Following kinetic determination procedure detailed in section 2.5.4, synthesised Au-MNPs ~50 

nm in size were conjugated with cys-tagged YfkO. This was prepared conjugating the YfkO to 

the synthesised Au-MNPs in a ratio of 270:1 and was tested against increasing concentrations 

of the prodrug CB1954. This is believed to be the first reported data on an NTR-Au-MNP 

immobilised conjugate system. 

 

Figure 5.19 A graph quantifying the rate of the hydroxylamine reduced prodrug derivative formation.                

(λmax = 420 nm, ε = 1200 L mol-1cm-1) for the Au-MNP immobilised YfkO-cys conjugate at increasing CB1954 

concentrations. The error bars represent ± 1 SD. 
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Figure 5.19 shows the rate of reaction increases with increasing concentration of CB1954 until 

the reaction reaches its Vmax. The gold magnetic nanoparticle conjugated YfkO-cys has a higher 

Km than the enzyme free in solution or immobilised onto the gold colloid. And also reaches 

Vmax slower, this is signified by the shallower slope of the graph. The Au-MNP-NTR 

immobilised conjugate requires a higher concentration of prodrug to complete its reaction. The 

kinetics are discussed in further detail and comparison between the immobilised enzyme 

conjugates is conducted in 5.3.4 on the following page, along with comparison to the NTRs 

free in solution. 

 

Figure 5.20 Michaelis-Menten hyperbolic curve obtained from Sigmaplot® showing the rate of the 

hydroxylamine reduced prodrug derivative formation. (λmax = 420 nm, ε = 1200 L mol-1cm-1) for the                         

Au-MNP immobilised YfkO-cys conjugate at increasing CB1954 concentrations. Error bars represent standard 

error of estimate. 

The data obtained for kinetic analysis of the Au- MNP-YfkO-cys conjugate is subjected to                    

non-linear regression fitting to a hyperbolic curve in Sigmaplot®; see Figure 5.20. The R2 value 

obtained from the data analysed to produce the hyperbolic curve was 0.97. At this value the 

correlation and tightness of the data fit to the model is in line with the standard required range 

of >0.97. The data set could be tightened further by decreasing the setup time of the assay which 

would lead to a more accurate determination of the enzyme conjugate kinetic parameters for 

the variance in fit of the data to the hyperbolic curve can be explained by difficulty in measuring 

the true initial rate of reaction. The reaction does occur at a linear rate for at least the first 30s 

of the reaction, see Figure 5.21 with the plot taken during the activity assay, Figure 5.12 

showing that this linearity last until approximately 2 minutes.  
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Figure 5.21 Plot of absorbance at 420 nm vs time for Au-MNP-YfkO-cys (10 µg/mL), CB1954 (1 mM), NADH  

(4 mM) and PB (50 mM, pH 7.4). 

5.3.4 Comparison of immobilised kinetics 

Each of the cys tagged NfsB and YfkO NTRs immobilised to the gold colloid and the gold 

magnetic nanoparticle immobilised YfkO-cys conjugate were able to reduce the prodrug 

CB1954 to its hydroxylamine derivatives. Kinetic enzymatic assays were conducted as per 

section 2.5.4 and the results shown in sections 5.3.1, 5.3.2 and 5.3.3 respectively. An overview 

of the data obtained from both the kinetic enzyme activity scans and the pH and temperature 

profiling for all of the immobilised enzyme conjugates and enzymes in this study can be seen 

summarised in Table 5.1. 

Table 5.1 Kinetic parameters and optimum conditions of the four NTRs NfsB-his, NfsB-cys, YfkO-his and 

YfkO-cys with CB1954. 

NTR Vmax 
(µmolL-1s-1) 

Std 

Error 
Km 

(µmolL-1) 

Std 

Error 
kcat 

(s-1) 
kcat/Km 

(M-1s-1) 

 

pH 
Temp. 

(oC) 

YfkO-his 9.96 0.94 3767.87 619.71 59.24 15,723 7.50 45.0 

YfkO-cys 7.69 0.47 1179.19 218.25 46.72 39,624 7.50 37.5 

Au-YfkO-cys 4.20 0.56 2933.33 653.31 24.06 8,202 7.5 37.5-47.5 

Au-MNP-YfkO-cys 3.42 0.43 5755.30 1147.48 58.01 10,080 ND ND 

NfsB-his 22.90 7.01 4064.43 1660.87 125.77 30,943 7.25 34.0 

NfsB-cys 15.75 1.01 3882.29 566.08 88.52 22,800 7.50 30.0-50.0 

Au-NfsB-cys 4.19 0.52 1853.05 435.77 4.61 2,488 4.00-11.00 20.0-50.0 

 

 

It was assumed that the immobilisation of NTR to Au colloid/Au-MNP had a coupling 

efficiency of 100%, reduction in kcat that can be observed for the conjugated NTRs could be 

explained by this coupling efficiency being lower than the assumed 100%, meaning less NTR 

is bound to the surface of the colloid/Au-MNP than theorised. 
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The genetic modification of the NTRs with a sequence of 12 consecutive cysteine residues 

decreases the enzyme activity towards the prodrug CB1954. For both NfsB and YfkO the Vmax 

which is an indicator of the maximum rate that can be achieved by the system, is lower for the 

modified enzymes and the immobilised modified enzyme conjugates.  

Figure 5.22-Figure 5.24 respectively, depict the Km, Vmax and kcat/Km values for each of the 

NTRs, the Au-colloid immobilised NTRs and the Au-MNP immobilised NTR. There is a 

distinct decrease in Vmax, seen in Figure 5.22, moving from the his tagged NTRs through to the 

cys tagged and then onto the Au-colloid immobilised and Au-MNP immobilised NTRs.  

 

Figure 5.22 A bar chart illustrating the rate of reaction (Vmax) for the four studied NTRs and the immobilised 

enzyme conjugates; Au-NfsB-cys (solid dark blue), NfsB-cys (dashed dark blue), NfsB-his (solid light blue),          

Au-MNP-YfkO-cys (solid red), Au-YfkO-cys (solid green) YfkO-cys (dashed green) and YfkO-his (solid yellow). 

Error bars represent standard error. 

For all the cysteine modified enzymes their Km (Figure 5.23) and kcat/Km (Figure 5.24) show 

improved activity towards CB1954. They exhibit a lower Km meaning the concentration of 

substrate needed for the enzyme reaction to reach half the maximum rate of the system. The 

specificity constant kcat/Km indicates that for the cysteine tagged modified enzymes the 

specificity increases allowing them more effectively reduce the prodrug CB1954.  

The reaction rates for all of the his and cys NTRs along with the gold colloid and gold magnetic 

nanoparticle immobilised NTR conjugates varies significantly. NfsB-his displays the fastest 
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reaction rate, this is indicated by it having the highest kcat value. YfkO-cys displays the highest 

kcat/Km value, seen in Figure 5.24 indicating it has the highest specificity.  

The gold colloid immobilised cysteine tagged NTRs display lower activity towards the prodrug 

CB1954, this may be due to the orientation in which the enzyme binds to the surface of the gold 

colloid nanoparticle. The gold coated magnetic nanoparticle immobilised YfkO-cys shows an 

increase in both reaction rate and specificity compared to the gold colloid immobilised            

YfkO-cys; but also displays a higher Km value indicating it requires a higher concentration to 

reach its half Vmax and exhibits a lower Vmax rate than both the free in solution NTRs and gold 

colloid immobilised NTR. 

 

Figure 5.23 A bar chart illustrating the Michaelis constant (Km) for the four studied NTRs and the immobilised 

enzyme conjugates; Au-NfsB-cys (solid dark blue), NfsB-cys (dashed dark blue), NfsB-his (solid light blue), Au-

MNP-YfkO-cys (solid red), Au-YfkO-cys (solid green) YfkO-cys (dashed green) and YfkO-his (solid yellow). 

Error bars represent standard error. 

kcat/Km seen in Figure 5.24, can often be referred to as catalytic efficiency and is considered the 

best indicator of activity of the NTRs to the prodrug as it is independent of cofactor 

concentration.307 The disadvantages of using Km and kcat can be that they are difficult to reliably 

obtain due to the limited solubility of CB1954. This results in an increase in the difficulty of 

testing the activity past initial rates. 
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Figure 5.24 A bar chart illustrating the kcat/Km specificity constant for the four studied NTRs and the 

immobilised enzyme conjugates; Au-NfsB-cys (solid dark blue), NfsB-cys (dashed dark blue), NfsB-his (solid 

light blue), Au-MNP-YfkO-cys (solid red), Au-YfkO-cys (solid green) YfkO-cys (dashed green) and         

YfkO-his (solid yellow). Error bars represent standard error. 

The predicted concentrations needed for the prodrug therapy treatment for its use in clinical 

applications are very low.127,128 This reinforces that comparison of the specificity constant is 

the most reliable measure of the kinetic activity for comparison of the different NTRs.308 The 

specificity observed for the immobilised enzyme conjugates shows a significant decrease 

compared to the enzyme free in solution. This could be affected for many reasons, in the case 

of the Au-MNP immobilised conjugate it is most likely due to the enzyme not being able to 

form a complete monolayer around the particle due to it only being partially coated. This partial 

coating can decrease the overall concentration of enzyme present on the surface of the particle 

but can also lead to non-optimal orientation of the enzymes meaning the active site where the 

prodrug reaction occurs could be obscured from the reaction.308 
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5.4 Cell Viability 

5.4.1 Setup, design and implementation of cell culture facilities 

Part of the aim in this project was to setup the first specialised cell culture laboratory to be 

situated in the School of Chemistry at Bangor University, see Figure 5.25. There was no 

provision of service for cell culture work to be carried out at the school prior to this project. 

The laboratory space was acquired once adequate funding was obtained and then the laboratory 

space was upgraded to comply with Class II regulations and the equipment needed to run a cell 

culture lab was procured. The facilities that are now available as the result of work from this 

study have enabled the cell viability work to be conducted in a more controlled environment. 

With any setup and implantation of a laboratory space such as this, the importance of setting 

up and preforming experiments to obtain a standardised protocol that could be used by multiple 

users to obtain results with minimal variation was paramount. After the lab setup was completed 

and the laboratory commissioned, a lengthy set of experimentations were conducted before the 

final viability assay protocol, reportable experimentation and data was finally achieved. 

 

Figure 5.25 Bangor School of Chemistry Cell Culture Laboratory after final commission 
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5.4.2 Viability assay introduction 

In order to test the efficiency of the NTR/CB1954 system in cell lines the MTT assay was 

performed following the method of derived by Mosmann, 1983 with slight modification.299 The 

MTT assay works by the reduction of the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)                   

-2,5-diphenyltetrazolium bromide (MTT) to its insoluble (E,Z)-5-(4,5-dimethylthiazol-2yl)        

-1,3-diphenylformazan (formazan) product, see Figure 5.26.299 

 

Figure 5.26 The formation of formazan from MTT in response to living cells. 

The absorbance of the formazan product formed can be measured by dissolving it in DMSO 

and the resulting purple coloured solution can be quantified at 570 nm using a 

spectrophotometer.320 The assay can be used to determine the degree of living cells, this is due 

to the active metabolism of cells converting the MTT to formazan. When cells die they no 

longer possess the ability to covert MTT to formazan. Therefore, the colour formation can serve 

as a useful marker for viable cells.320 This can then be in turn used to determine the % of cell 

survival when compared to a non-treated cell line control. 

In brief, the cells were seeded at a density of 1x104 cells per well, in 100 µl DMEM medium 

containing 10% FBS and were allowed to attach overnight in a CO2 incubator. After aspirating 

off the media carefully, 50 µl of the media containing CB1954 (10 µM) was added to the           

96-well plate. To that 50 µl of media containing various concentrations of NTR (25-200 nM) 

was added to the plate. After 4 hours, the media was aspirated and the cells were replenished 

with 100 µl of complete media. After being incubated for 48 hours (37oC, 5% CO2), 20 µl of 

MTT (5 mg/ml) was added to each well and the plate incubated for a further 4 hours (37oC, 5% 

CO2). The purple formazan crystals formed were dissolved in 100 µl of DMSO after aspirating 

the media carefully and the 96-well plate was read at 570 nm in a 96-well plate microplate 

reader (Thermo Scientific Varioskan, USA). 
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5.4.3 Determination NfsB-cys cell viability 

The cell viability MTT assay was conducted using the NTR NfsB-cys. The concentration of 

NTR was varied in the assay with a range from 25 nM to 200 nM. The concentration of NADH 

was kept constant at 200 µM alongside a constant concentration of the prodrug CB1954               

(10 µM). The assay was also conducted using a set of MCF-7 cells treated only with NfsB-cys 

(200 nM) as a control alongside cells treated only with prodrug (10 µM). The cell viability 

assay was conducted using the methodology defined in section 2.7.4. The results were than 

analysed and normalised such that the control; which consisted of only cells in untreated growth 

media, were classed at 100% viability. Figure 5.27 below, shows the result of conducting the 

MTT assay. As the concentration of NTR increases up to 200 nM the percentage of remaining 

viable cells decreases to ~20%, this means when using the combination treatment at set 

concentrations of 200 µM NADH, 10 µM CB1954 and 200 nM NfsB-cys the treatment has an 

~80% efficiency towards exhibiting a cytotoxic response and killing the cell line. In this assay 

additional controls were conducting using NfsB-cys alone without the presence of prodrug and 

NADH and also prodrug alone with the presence of NTR and NADH. 

 

Figure 5.27 NfsB-cys in varying concentrations (25-200 nM) with CB1954 (10 µM) and NADH (200 µM) MTT 

cell viability assay results, Error bars represent standard error of the mean (SEM). 

 

0

20

40

60

80

100

C
el

l v
ia

b
ili

ty
 (

%
)



Chapter 5 – Immobilisation and cell viability of nitroreductases                       Page 126 of 156 

  

In the NfsB-cys alone control the cell viability measured 96% and within error it can be classed 

as 100 %, this means that when treated with NTR alone there is no cytotoxic response and the 

cells continue to grow unaffected. The control using the prodrug alone at a concentration of      

10 µM, there was limited cell death; ~20% with the cells retaining 80% viability. This was most 

likely caused by the reagent used to dissolve the prodrug in solution. The solvent used was 

DMSO and it has been reported that at concentrations greater than 5% it has a significant effect 

on inducing cell death.321 Due to this all prodrug solutions were diluted to ensure they contained 

less than 5% DMSO. 

5.5 Concluding remarks 

Cyclic voltammetry reveals that each of the two candidate cysteine tagged genetically modified 

NTRs bond to an Au surface via Au-S bonds. The bonding is such that naturally occurring 

cysteine residues throughout the enzyme are not involved in the immobilisation process 

meaning the enzyme binds with controlled orientation.  

The immobilisation of enzymes onto nanoparticles typically improves the activity and stability 

of the enzymes.322,323  However the nature of the immobilising bonds are critical to the effects 

to the enzymes kinetic properties.324 It was hoped that by introducing a preferential cysteine 

immobilising sequence outside of the native NTR structure there would be a reduction in              

non-controlled immobilisation which could lead to limited accessibility of the active site. For 

MNDEPT it is important the enzyme orientation is controlled and a surface monolayer forms 

over the nanoparticles. The combination of a cysteine tag residue sequence introduced into the 

NTRs coupled with a gold coated surface modification of the magnetic nanoparticles, could 

provide a route to a controlled and complete surface monolayer formation of NTR on the            

Au-MNPs via Au-S self-assembly. For a true comparison to be made between the immobilised 

enzyme conjugates and the enzymes free in solution further quantification of the amount of 

enzyme bound to the Au colloid/Au-MNPs needs to be conducted; it may be possible to 

qualitatively define the amount of enzyme bound by testing the supernatant decanted from the 

conjugation mixture after magnetic separation. The concentration remaining in the supernatant 

could be deduced from the original concentration of enzyme added to the conjugation mixture 

and the total from this subtraction would determine the amount bound to the particles. 

The viability assay conducted using a varying concentration of NTR showed that in a 

combination treatment using 10 µM CB1954 and NADH the reduction in cell viability was 

significant. Using concentrations of ≥ 100 nM NfsB-cys the cell viability was decreased to 
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below 40%, and when using a concentration of 200 nM the reduction in viability was reduced 

two fold to ~20%. Following the trend shown when assessing varying concentrations of           

NfsB-cys it could be predicted that a further increase in NTR concentration to > 200 nM could 

further decrease the cell viability to under 20%. This would prove advantageous as it would not 

require the increase of concentration for the CB1954 dosage applied to the treatment. At higher 

concentrations of CB1954 there is greater potential for adverse side effects to be observed.  

The advantage of the combination system using NADH as the cofactor in the reduction of the 

prodrug to its cytotoxic derivatives is that this compound is found intracellularly within the 

human body. This helps to increase the safety of the system.325  

The promise shown by the combination treatment with higher NTR concentrations paves the 

way for its within an MNDEPT system, aided in the system by the NTRs being conjugated to 

the MNPs in a 270:1 ratio which will allow for greater concentration of NTR in the treatment. 
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6. General Conclusions 

6.1 Conclusion 

Four NTRs were successfully grown from the recombinant plasmid pet28a; NfsB-his,                

NfsB-cys, YfkO-his and YfkO-cys. The NTRs were then subjected to protein expression, 

purification, and the enzymatic activity and kinetics were determined. The cys-tagged NTRs 

underwent immobilisation to a standard Au colloid and the YfkO-cys was also then 

immobilised to synthesised Au-MNPs. Cyclic voltammetry was conducted on the cys-tagged 

NTRs and allowed the conclusion that the cysteine tags on the modified NTRs are still present 

after expression. The presence of the cys tags enables the NTRs to undergo immobilisation via 

self-assembly to the gold surfaces of the colloid and the Au-MNPs via Au-S thiol bonds. 

UV/Visible spectroscopy was carried out and confirms that the NTRs are active when reacted 

with a cofactor and prodrug and that it retains this activity after successful immobilisation onto 

Au colloid and Au-MNP. The kinetics of both the NTRs and the Au colloid immobilised NTRs 

were tested and proved that the Au colloid bound NTR still retains activity when compared to 

the enzyme free in solution. The kinetics of YfkO-cys bound to the Au-MNPs was successfully 

determined and demonstrated that the NTR-Au-MNP conjugate still retained activity towards 

the prodrug CB1954; this is believed to be the first report into the kinetic properties of an           

NTR-Au-MNP conjugate.  

The Au-MNPs were successfully synthesised and the desired size of ~50 nm; the aim at the 

start of the project, has been achieved with both the pre-seeding method and the modified 

methodology, see table 6.1. The modified method has allowed the Au-MNPs to be synthesised 

with a more spherical morphology, due to a more prevalent coating. This will need further 

optimisation to achieve a commercially viable synthesis. 

Table 6.1 Overview of synthesised Au-MNP sizes 

Synthesis 
Average size 

(nm) 

Distribution 

(nm) 

Au-MNP synthesis (4.3) 58 ± 24  

Modified Au-MNP synthesis (4.4) 47 ± 14 
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The Au-MNPs were analysed using UV/Visible spectroscopy (Figure 6.1) and when compared 

to a 50 nm Au colloid standard the Au-MNPs synthesised using the modified synthesis show 

similar characteristics and it can be concluded that along with the size analysis data that the    

Au-MNPs synthesised are ~50 nm in size and have a predominate gold coating. 

 

Figure 6.1 UV/Visible spectra comparing the synthesised Au-MNPs (dashed red line) to a 50 nm Au colloid 

standard (solid red line) 

The procurement and setup of a Class II cell culture laboratory was achieved within this project, 

with the design and procurement of the equipment needed before its final commission which 

was a lengthy process. The laboratory space was converted to ensure all guidelines were met 

and then laboratory was commissioned for use by the University’s biological health and safety 

department. This meant that Bangor University’s School of Chemistry had its very first working 

cell culture laboratory enabling cell viability assays to be conducted. A lengthy set of protocol 

and parameter defining experimentation was carried out alongside the inevitable teething 

problems a new laboratory setup can incur.  

The initial cell viability assays for the NfsB-cys NTR free in solution have been conducted 

using the MTT assay. Initial results show that the NTR free in solution in combination with the 

prodrug CB1954 (10 µM) and NADH (200 µM) exhibit a toxicity toward the cell lines with an 

~50 % efficiency and this can be tuned to ~80 % using higher concentrations of enzyme. This 

leads a path to the investigation and screening of a wide range of modified NTRs and also to 

determine the optimum parameters for the treatment; with the concentration of prodrug and 

NTR being the main focus. The experimentation using Au-MNP-NTR immobilised conjugates 

for cell viability has not been carried out but it is believed that with the conjugates immobilised 

in a 270:1 ratio this should allow for increased NTR concentration and directed control with the 
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Au-MNP core. The initial aims of the project were to be able to successfully retain enzyme 

activity for a cys-tagged modified NTR that was immobilised onto a spherical 50 nm Au-MNP 

and for this to induce the formation of a cytotoxic reduction product from a prodrug. The 

retention of activity and production of ~ 50 nm Au-MNPs were achieved, however due to time 

constraints and experimental problems the investigation into the cell viability of the MNDEPT 

system against cell lines in vitro was not achieved. The successful retention of enzymatic 

activity for the cysteine modified NTRs has advanced the study of the proposed MNDEPT 

system forward and hopefully the next stage of determining the viability of the therapy in vitro 

can prove successful and help to determine the optimum parameters of the system that will 

enable it to be adapted to further investigation such trials with a mice model. 

6.2 Future Work 

This study has laid a foundation on which the further development of a viable MNDEPT system 

can be investigated. To continue this research there needs to be further determination of an 

optimum Au-MNP synthesis. The optimisation of this synthesis is paramount for research 

purposes and in liaison with industrial and commercial partnerships implementation of a viable 

synthesis that can be easily scaled and minimise costs is aimed to be obtained. To aid in the 

determination of an optimised synthesis there needs to be more in depth characterisation 

conducted on the Au-MNPs. Any changes to the synthesis will warrant the need for further 

particle size analysis and also composition of the particles needs to be fully identified, this can 

be achieved using techniques such as TEM, XRD and SEM/EDAX. There is also a need for 

quantitative analysis of the magnetic properties of the Au-MNPs, these have shown 

superparamagnetic behaviour at an observation stage but investigation into the exact magnetic 

properties and strength of magnetism needs to be determined. This can be done using techniques 

such as using a vibrating sample magnetometer (VSM) or with a superconducting quantum 

interference device (SQUID). XRD or SEM needs to be conducted on the Au-MNPs to confirm 

sole presence of gold and no residual iron to conclusively quantify full surface coverage and 

successful separation of the Au-MNPs from the reaction synthesis.  

The cell viability work needs to be continued with a larger bank of modified NTRs to be 

screened and the optimal concentrations of all components in the combination treatment need 

to be investigated and defined. Following the screening of a wide range of modified NTRs the 

cell viability of the corresponding Au-MNP-NTR immobilised conjugates needs to be 
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investigated and again the concentrations and ratio of the components of the combination 

treatment need to be quantified. A control experiment comparing the immobilised particle 

conjugates to both Au-MNPs and SPIONs alone needs to be conducted to define control 

parameters. 

The uptake of the Au-MNPs and Au-MNP-NTR conjugates into a cell line system in vitro needs 

to be investigated and analysed. This can hopefully be achieved using microscopy but also a 

modified viability assay could also lead to the determination of successful particle uptake. This 

will help to determine if the MNDEPT system will work intra- or extracellularly or possibly a 

combination of both. 

The possibility of testing the efficiency of magnetic control over the Au-MNPs along with 

determination of their localisation could be done in vivo at the mouse trial stage of investigation. 

DeNardo et al.326 studied athymic mice bearing human breast cancer xenografts. In brief, they 

were able to determine the location of MNPs by harvesting the tumours and also by using 

ultrastructural analysis of the inserted bioprobe location along with cancer cell viability and 

placing the scarified mice in Karnovsky’s fixative. More detail can be found by referring to the 

study.326 
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7. Appendix 

 

Appendix 7.1 Full amino acid alignment of NfsB and YfkO. 

Appendix 7.2 pET-28a(+) plasmid map 

(5.3 kb) 
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Appendix 7.3 CB1954 UV/Visible spectra background scan; CB1954 (100 µM) vs PB (50 mM, pH 7.4).   

 

Appendix 7.4 NADH UV/Visible spectra background scan; NADH (600 µM) vs PB (50 mM, pH 7.4). 

 

Appendix 7. 5 NTR UV/Visible spectra background scan; NTR (10 µg/mL) vs PB (50 mM, pH 7.4) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

200 300 400 500 600 700 800

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

0

0.5

1

1.5

2

2.5

3

3.5

200 300 400 500 600 700 800

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

200 300 400 500 600 700 800



Chapter 7 – Appendix                       Page 136 of 156 

 

  

 

Appendix 7.6 HPLC spectra resulting from the determination of NTR [Purple] in PB [Green] (50 mM, pH 7.4), 

conducted at 420 nm wavelength. 

 

Appendix 7.7 HPLC spectra resulting from the determination of CB1954 [Blue] (50 mM) in PB [Green]                     

(50 mM, pH 7.4), conducted at 420 nm wavelength. 
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Appendix 7.8 HPLC spectra resulting from the determination of NAD+[Orange] in PB [Green]                                       

(50 mM, pH 7.4), conducted at 320 nm wavelength. 

 

Appendix 7.9 HPLC spectra resulting from the determination of NADH [Yellow] in PB [Green](50 mM, pH 7.4), 

conducted at 320 nm wavelength. 
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Appendix 7.10 Overview of experimental approach and pathway to the final modified Au-MNP synthesis. 

 

 

 

Reagent 
Reaction 

Conditions Total Additions of Reagents 

Total Volume of Reagents 

(µL) 

 

λmax 

(nm) 

 

HAuCl4 NH2OH 

5 nm 

Au 

Colloid 

Speed 

(rpm) 

Heating 

(°C) HAuCl4 NH2OH 

5 nm 

Au 

Colloid HAuCl4 NH2OH 

5 nm Au 

Colloid 

 

Iterative Hydroxylamine Seeding 

1 
1% wt/v 

200 

mM N 8,000 X 5 5 X 2625 1688 X 605 

2 

1% wt/v 

200 

mM N 8,000 X 10 10 X 5125 2721 X 621 

3 

2% wt/v 

200 

mM N 8,000 X 5 5 X 2625 1688 X 613 

4 0.5% 

wt/v 

100 

mM N 8,000 X 5 5 X 2625 1688 X ND 

5 0.1% 

wt/v 

100 

mM N 8,000 X 5 5 X 2625 1688 X ND 

6 

2% wt/v 

200 

mM N 8,000 X 10 10 X 5125 2721 X 653 

7 0.5% 

wt/v 

100 

mM N 8,000 X 10 10 X 5125 2721 X 578 

8 0.1% 

wt/v 

100 

mM N 8,000 X 10 10 X 5125 2721 X ND 

9 

1% wt/v 

200 

mM N 8,000 50 5 5 X 2625 1688 X 560 

10 

1% wt/v 

200 

mM N 8,000 50 10 10 X 5125 2721 X 612 

11 

1% wt/v 

200 

mM N 8,000 75 5 5 X 2625 1688 X 554 

12 

1% wt/v 

200 

mM N 8,000 75 10 10 X 5125 2721 X 602 

13 

1% wt/v 

200 

mM N 8,000 X 5 5 X 1312 845 X 583 

14 
1% wt/v X N 8,000 100 1 X X 5000 X X 675 

5 nm Gold Colloid Pre-Seeded Iterative Hydroxylamine Seeding 

15 0.5% 

wt/v 

100 

mM Y 8,000 X 4 5 1 2000 1688 625 605  

16 0.5% 

wt/v 

100 

mM Y 8,000 X 9 10 1 4500 2721 625 615  

17 

1% wt/v 

200 

mM Y 8,000 X 4 5 1 2000 1688 625 535  

18 

1% wt/v 

200 

mM Y 8,000 X 9 10 1 4500 2721 625 575  

Modified Au-MNP Synthesis 

19 a 1% 

wt/v 

200 

mM Y 8,500 50 1 1 1 5000 1500 1000 535  
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