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Abstract 
 

This thesis examines the development of tools which enable the production of 

functional hybrid materials utilising a synthetic biology derived structural component and 

a nanoparticle based functional component. These components were designed to be 

covalently linked with a produced ligase enzyme, Sortase A (SrtA).  

The functional component, nanodiamond (ND), a nanoparticle consisting of an sp3 

carbon core and orthogonal surface was subjected to surface functionalisation using 

dispersions of surface polycarboxylated ND-COOH in aqueous and organic media via 

EDC/NHS mediated amidation. Due to the paucity of well-defined and characterised 

particles in the literature, initial methodology development in the production and 

characterisation of such surface functionalised species was demonstrated, investigating 

the functionalisation of ND-COOH with synthesised water soluble naphthalimide based 

and [Ru(bipy)3] based amine terminated luminophores Nap-1 and Ru-1 (respectively) 

and co-functionalisation of ND-COOH with both species (Chapter 2). From this 

development, ND suspension exhibiting green (Nap-1) and red (Ir-1, a synthesised 

iridium organometallic luminophore) emitting species and a SrtA enzyme tag were 

produced with the Nap-1/peptide ND species exhibiting demonstrable activity towards 

sortase modification. (Chapter 3) 

The biological structural component, E. coli biofilms presented here chiefly consist 

of, and rely on for their formation, curli fibrils primarily composed of amyloid structures of 

the protein CsgA. Through the incorporation of a developed plasmid, PFF753CcsgA 

(which harbours the csgA gene), into an engineered E. coli strain MG1655 ompR234 

PRO ΔcsgA, a system demonstrating tight control (dependent on chemical induction) in 

CsgA production and biofilm formation was demonstrated. Induction E. coli strain 

carrying this plasmid resulted in a statistically verified increase in biofilm biomass, 

surface area, and thickness imaged through confocal fluorescence microscopy (CFM). 

Engineering of the CsgA protein to incorporate a sequence recognisable by the ligase 

SrtA at the C-terminus through resulted in abrogation of CsgA amyloid mediated biofilm 

formation. This was partially ameliorated through the incorporation of a flexible linker 

region between CsgA and the SrtA tag. (Chapter 4) 

 Finally, from the development of the luminophore Nap-1 for ND attachment, a set 

of six bispicolylamine fluorescent ligands and their corresponding fac-[Re(CO)3Lx]BF4 

complexes were synthesised and their photophysical properties characterised. The 

water-soluble Nap-1 derived ligand L5 was chosen for further work with the analogous 
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technetium complex with applications as a bimodal (optical/SPECT) imaging agent 

(Chapter 5).  
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1.1. Project aims 

In this thesis the feasibility of using synthetic biology to produce semi-synthetic 

functional materials incorporating a functional aspect is examined, demonstrating 

several novel tools to address this aim. Synthetic biology is the redesign of existing 

biomechanics and metabolic functions to yield unnatural but highly utilisable products, 1 

applies the ideas of chemical science and engineering in a biological context. The 

potential of synthetic biology to produce specific, novel materials has been identified as 

an extremely valuable route to new materials. 2,3  

The ease in which genetic material many be manipulated renders biological 

materials, particularly those based on proteins provide uniquely attractive aspects in their 

potential for customisability and design. Microorganisms can be manipulated via 

recoding to produce a range of materials which exhibit structures, reactivity and functions 

alien to natural products. Novel material design and synthesis through synthetic biology 

therefore allows for materials to be produced following design and coding of the genetic 

code of a microorganism exhibiting specific properties utilisable to produce hybrid-

functional material composites, such as incorporation of specific chemical tags for 

functional component incorporation. Furthermore, biological materials have been 

consistently identified to exhibit extremely well regulated and designed architectures, 

lending them particularly suited to the production of layered polyfunctional hybrid 

materials.  

1.1.1. Interest in hybrid functional materials 

The development of functional, hybrid materials is of fundamental academic 

interest. In the development of such materials, functional characteristics and material 

properties can theoretically be tuned independent of one-another. As such, a viable route 

in the production of these materials is to incorporate within the structural matrix a 

functional component (for example nanoparticles, proteins or other chemical species) 

(Figure 1.1). Functional characteristics include (but are not limited to) an optical or 

magnetic (or a combination thereof) response or chemical lability for specific substrates. 

 

Figure 1.1: Schematic showing the production of hybrid materials through 

incorporation of a functional component within/on a structural component. 
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 Specific material properties can be achieved through identification of the ideal 

material for an application area. Functional components similarly be attuned to a general 

interest area, for example in optically or magnetically responsive materials. In separating 

the functional and structural elements, a high degree of orthogonal control over the two 

properties can be achieved, giving way to the production of highly attuned specific 

advanced materials to address a particular application area.  

 A wide array of materials incorporating an exogenous structural element have been 

produced to enhance or impart a particular function on a material spanning several 

research areas. Incorporation of nanoparticles on/in polymeric materials provides a route 

in developing such materials to elicit an enhanced or novel response. Materials following 

this concept include: a silver nanoparticle/photosensitiser conjugated cellulose based 

material generating a material with photo responsive antimicrobial activity, 4 embedded 

antimony nanoparticle graphene oxide material demonstrating sodium ion storage 

capability, 5 poly(4-methyl-2-pentyne) based materials incorporating silica nanoparticles 

enhancing permeability and substrate selectivity. 6 

The incorporation Incorporation/immobilisation of proteins/antibodies on surfaces is a 

commonly employed strategy in bioassay/bioreactor development. A wide array of 

materials employed in bioassays have been commercially developed and are now 

available, including: antibody-labelled gold surfaces in extremely sensitive SPR antigen 

detection, 7 enzyme-linked immunosorbent assays (ELISA’s) 8 and immobilised enzyme 

reactor systems utilised in enzymatic modification/generation of substrates in-vitro. 9 

1.1.2. Potential for structurally ordered functional materials through layering 

Polyfunctional materials are achievable through this strategy in through layering of 

the structural matrix component and subsequent incorporation of distinct functional 

components (Figure 1.2). In producing polyfunctional materials in this methodology, a 

degree of hierarchical structural control is possible through layering of materials with 

specific ordering of functional (and structural) elements.  

Whilst multiple examples of hybrid functional materials demonstrating a single 

functional component have been described (Section 1.1.1), very little precedent exists in 

the production of layered materials which exhibit multiple functional components in a 

structurally organised fashion. A huge array of possible materials presents themselves, 

from artificial polymeric substances, naturally occurring surfaces and fibres as well as 

novel biologically inspired materials produced by genetically modified organisms.  
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Figure 1.2: Schematic showing the production of a polyfunctional hybrid material 

incorporating functional components through structural layering. 

1.1.3. Material production from a synthetic biology approach 

 Synthetic biology, the redesign of existing biomechanics and metabolic functions 

to yield unnatural but highly utilisable products, 1 applies the ideas of chemical science 

and engineering in a biological context. The potential of synthetic biology to produce 

specific, novel materials has been identified as an extremely valuable forefront of modern 

scientific research. 2,3  

Biological materials, particularly those based on proteins provide uniquely 

attractive aspects in their potential for customisability and design, as the genetic code is 

now more accessibly altered providing theoretically inexhaustible routes to produce 

novel materials. Through the relative ease of genetic code modification through a 

plethora of techniques, microorganisms can be ‘hacked’, recoded to produce a huge 

potential range of materials which exhibit structures, reactivity and functions alien to 

natural products. Material production through synthetic biology therefore allows for 

materials to be produced following design and coding of the genetic code of a 

microorganism exhibiting specific properties utilisable for the production of hybrid-

functional material composites, such as incorporation of specific chemical tags for 

functional component incorporation. Furthermore, biological materials have been 

consistently identified to exhibit extremely well regulated and designed architectures, 

lending them particularly suited to the production of layered polyfunctional hybrid 

materials.  

1.1.4. Nanoparticles as functional components  

Nanoparticles (NP’s), chemical species/structures existing in the ‘nano’ domain 

(relative to size, i.e. of the order of ~10-9 m in size), present as ideal functional 

components in the production of hybrid functional materials through the strategy laid out 

in sections 1.1.1 and 1.1.2. NP’s can have a variety of compositions, including purely 

metal based examples (i.e. gold and silver nanoparticles, AuNPs and AgNPs 
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respectively), semiconductors (such as quantum dots), metal oxides (FeO particles) and 

main-group non-metallic elements such as silicon and carbon. Elemental arrays in the 

form of nanoparticles often exhibit broadly unique features and characteristics not seen 

for comparable macro-materials. For example, whilst gold is a relatively inert metal, very 

infrequently found as an adduct in nature, gold nanoparticles exhibit a high degree of 

chemical reactivity and have been widely employed as catalysts for a range of 

applications. 10 Changes in optical and magnetic characteristics are also widely 

described, such as in superparamagnetism in iron oxide nanoparticles (SPIONS), 11 

particle size and morphology dependent surface enhanced raman scattering (SERS) of 

gold nanoparticles, 12 particle size dependant absorption and luminescent properties of 

quantum dots. 13  

The core features and surface termination environments of nanoparticles dictate 

their key parameters (thermal/mechanostability, chemical reactivity and dispersibility in 

solvent). It is possible to alter the surface chemistry through a variety of methods, such 

as coating/functionalisation via electrostatic or covalent approaches. Their novel, 

exciting and highly tuneable properties present them as an ideal tool as functional 

components in hybrid materials. The availability of their surfaces to further modify them 

to be chemically active towards attachment to a functional matrix also provides a route 

whereby their core function can be maintained throughout attachment/incorporation 

within a material.  

1.1.5. Theme of work  

The desired properties of the biologically generated material component included 

the following: 

i- Self-assembly and structural control onto an abiotic surface from monomeric 

units 

ii- Chemical and mechanical resistance to exogenous stresses 

iii- Expression of a tag enabling a strong, covalent attachment of the functional 

component  

iv- Optical transparency/translucency, enabling for detection of optically active 

functional components  

The proteinaceous material, amyloid, has the potential fulfil these criteria. Amyloids 

are fibrillar, highly ordered structures of protein consisting predominantly of a cross β-

sheet structure 14–17 formed through aggregation of one or more component proteins. 

Amyloids exhibit a generally unbranched fibrillar morphology, with fibre widths of 
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between 9-30 nm, which exhibit very strong mechanical properties, comparable to silk. 

18 In achieving the ability to produce a material able to self-assemble onto a surface, the 

amyloid based material curli was selected. Curli (Figure 1.3) is an adhesin amyloid 

structure produced by Escherichia coli (E. coli) in the interbacterial complementation and 

surface adhesion during biofilm development. 16,19 Briefly, the protein component of curli 

is dominated by a single component protein, CsgA, which under extremely tight 

regulation by a series of dedicated chaperone, export and nucleator proteins aggregates 

to form extracellular amyloid fibrils. Biofilm development is highly dependent on curli 

production, and the extracellular matrix it assumed to contain a large quantity of the 

amyloid material, making the biofilm an ideal structural component for the desired hybrid 

material. Through incorporation of an enzyme tag at the C-terminal end of CsgA, it is 

possible to engineer an E. coli biofilm which can be covalently modified to incorporate 

an exogenous element, i.e. the functional component. Extended introduction into the 

biogenesis of curli, and the design of the controllable engineered curli producing strains 

is given in Section 4.1. 

 

Figure 1.3: Structure of curli amyloid fibrils expressed by E. coli imaged by electron 

microscopy. Figure adapted from reference 16. 

Several potential nanoparticle species present themselves as targets for functional 

components to incorporate into the curli biofilm of E. coli. In determining the ideal 

functional component, several ideal characteristics were identified: 

i- Robust stability towards chemical processing and temperature cycling 

ii- Available facile routes to surface functionalisation 

iii- Ability to impart a range of functionalities (such as optical response) and 

ligation tags to immobilise particle on the biofilm surface 
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iv- Potential to include an innate (core) functionality distinct to its surface 

environment 

Nanodiamond (ND), a nanoparticle material based on a core sp3 hybridised carbon 

structure was identified as an ideal material satisfying these criteria. ND as a material 

retains some properties of macroscale diamond such as excellent resistance to 

mechanical and thermal stresses, whilst exhibiting unique characteristics due to its high 

surface to area ratio. 20  The surface of ND is highly modifiable through processing, and 

can yield a great degree reactive surface terminations such as carboxylates (-COOH). 21 

Polycarboxylated ND (ND-COOH) provides a particularly useful basis for development 

of ND probes providing a variety of functionalities which can be incorporated into the E. 

coli material matrix.  Finally, defect sites in the core sp3 lattice of nanodiamond, present 

from impurities during synthesis or induced by ion irradiation present potentially 

advantageous optical properties. 22 A detailed introduction into the structure, synthesis 

and properties of nanodiamond is given in Chapter 2 of this thesis.   

This study addresses the feasibility of produce a system whereby 

functionalised ND is to be incorporated into a controllably produced E. coli biofilm 

dominated by engineered curli fibrils. The model system designed (Figure 1.4) 

involves the design and production of an engineered E. coli strain able to controllably 

produce biofilm. Through production of an engineered structural protein which 

expressing an enzyme ligation tag, the biological material was designed to accept a 

specifically tagged substrate, the functional component.  The ND functional component 

was produced through the covalent attachment of photoluminescent entities and the 

corresponding enzyme ligation tag to ND. By enzyme ligation, the two component ligation 

tags would be covalently linked, achieving the desired material.  

 

Figure 1.4: Designed synthetic biology approach to produce hybrid functional materials 

based on a biological (curli biofilm) material component and surface functionalised ND 

component. 
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The adhesive nature of curli fibres is well-suited to the development layered materials, 

with the target of incorporating different ND structural elements in distinct layers. Through 

subsequent biofilm formation and ND attachment steps utilising orthogonally 

functionalised ND species) a layered material consisting of the two elements is possible 

(Figure 1.5).  

 

Figure 1.5: Potential to develop layered materials based on the curli biofilm structural 

matrix (blue sheets) and orthogonally functionalised ND structural elements. 

Sections 1.1.5.1 – 1.1.5.4 give specific outlines of results chapters 2-5 of this thesis 

respectively, defining how they were designed to address the theme of this work.  

1.1.5.1. Development of nanodiamond surface functionalisation methodology and 

characterisation of surface functionalised particles 

Chapter 2 of this thesis addresses the synthesis of bespoke luminophores suitable 

for the attachment to ND and the development of reproducible methodologies in ND 

surface functionalisation, including comprehensive characterisation of surface 

functionalised species.  

Whilst numerous examples in the literature exist of utilisation of surface 

functionalised ND species in an array of applications, established protocols to 

comprehensively and convincingly characterise the resulting particles are not well 

reported in the literature, and are therefore explored in detail.  

ND (as solvent suspended particles) was developed as a functional component 

through attachment of functional species at the particle surface from the carboxyl-

terminated form ND-COOH. Attachment of amine-bearing substrates was designed 

through EDC/NHS mediated amidation (Figure 1.6). Co-functionalisation of ND with 

two substrates was investigated, providing a platform for incorporation of functionality 

onto ND (from the first attached substrate) in conjunction with the enzyme ligation tag 

necessary for incorporation into the structural biofilm matrix.  



Chapter 1. Introduction  

 

9 
  

 

Figure 1.6: Schematic showing surface functionalisation of ND via proposed strategy. 

Luminescent compounds (luminophores, introduced in Section 1.2.1) were chosen 

as ideal functional species to provide functionality onto ND, owing to the facile mode of 

detection. Several novel luminophores were synthesised for attachment to ND, including 

examples derived from organic species and metal coordination complexes.  

1.1.5.2. Nanodiamond development for use as a functional component in the 

production of synthetic biology produced functional materials 

Chapter 3 of this thesis addresses: the synthesis and characterisation of 

luminophore/enzyme tag co-functionalised ND particles through methods described in 

Chapter 2 and demonstrates the ability of Sortases (i.e. SrtA) to covalently modify the 

surface of the tagged ND particles through a model reaction utilising the synthesised 

Sortase Active peptide conjugate [Ru(bipy)2(L)]-LPYTGG.   

The enzyme ligation methodology based on SrtA from S. aureus was employed, 

which relies on enzymatic ligation of two component peptide motifs: LPXTG (where X is 

any amino acid) and (G)4-NH2 (detailed introduction of SrtA ligation technology is given 

in (Section 3.1). Recombinant SrtA was recombinantly expressed in E. coli, isolated and 

stored at frozen aliquots. The two component peptide motifs were incorporated into the 

sequence of CsgA (the core structural protein of curli) and attached to the surface of ND 

respectively. Enzymatic ligation using SrtA should, in theory, result in a surface attached 

biofilm which incorporates the functional component (ND) in a covalent manner (Figure 

1.7).  
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Figure 1.7: Schematic showing designed route to SrtA mediated incorporation of the 

appropriately functionalised ND functional component to the curli biological matrix. 

1.1.5.3. Design, production and evaluation of curli based E. coli biofilm materials 

Chapter 4 of this thesis addresses the development of a synthetic biology circuits 

suitable for the controllable expression of E. coli biofilms based on controlling curli 

expression. Briefly, the plasmid PFF753C was designed and produced through 

subsequent steps, containing the csgA gene under an inducible promoter. Engineered 

strains of the plasmid PFF753C which upon expression yield CsgA incorporating a C-

terminal SrtA LPYTGG tag, both with and without a linker region between the wild-type 

protein and the SrtA tag.  

Biofilm growth experiments were undertaken over different time periods and media 

flow conditions, and methodologies in reproducibly characterising biofilms by confocal 

fluorescence microscopy (CFM) were developed and utilised. Utilisation of a binary 

sorting biofilm quantification program, COMSTAT 2, yielded an array of quantified 

parameters relevant to biofilm formation, which were then statistically verified.  

1.1.5.4. Utilisation of luminescent systems developed for advanced multimodal 

imaging 

To complement work addressing the production of E. coli biofilm-based materials 

incorporating ND as a functional component, further work employing novel luminescent 

molecules based on those developed for surface functionalisation of ND were further 

developed to incorporate a dipicolylamine metal chelating unit.  

This is addressed in chapter 5, a set of six ligands, with varied linker regions 

between the fluorescent and chelating units termed L1-L6 (given in chapter 5) were 

produced and coordinated to rhenium (I), producing the corresponding fac-

[Re(CO)3(Lx)]+ complexes. The photophysical properties of the developed ligands and 

corresponding complexes were evaluated. From its excellent water solubility, L5 (Figure 

1.8) was identified as an ideal candidate for complexation with technetium to yield the 

corresponding bimodal (luminescent and radiological) probe, fac-[99mTc(CO)3(L5)]+.  
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The rhenium and technetium complexes of L5 were subject to extensive 

investigation in in-vitro and in-vivo imaging respectively, investigating their cell 

penetrating capabilities, cytotoxicities and in-vivo clearance routes.  

 

Figure 1.8: Structure of L5, the luminescent ligand suitable for chelation of fac-

tricarbonyl Re(I) and 99mTc. 

1.2. Fundamental concepts employed in study 

1.2.1. Luminescent materials and study thereof 

Luminescent materials (luminophores) are compounds which exhibit emission of a 

quanta of light (photons) following excitation by a stimulus. Excitation of such materials 

can be achieved through a variety of conduits: absorption of light (photoluminescence), 

mechanical stimulation (mechanoluminescence), chemical reaction 

(chemiluminescence) and absorption of ionising radiations (radioluminescence). This 

study solely utilises photoluminescent materials, and as such luminescence is only 

discussed in this context, therefore luminophores or luminescent materials herein refers 

only to photoluminescent compounds.   

1.2.1.1. Photoluminescence  

Photoluminescence is, briefly, the process whereby a molecule absorbs light in the 

form of discrete packets of energy producing an excited state. This process is described 

by a Jablonski diagram (Figure 1.9).  

The electronic (singlet) ground state (S0) is excited to the singlet excited energy 

level (S1, S2 and so on) via the absorption process. The Frank-Condon principle dictates 

that an electronic transition (in this case following photon absorption) occurs on such a 

short timescale (~10-15 s) compared with nuclear motion (i.e. vibration), it therefore 

occurs without change to the positions of nuclei in a particular molecular entity. 23 

Therefore the absorption transition is ‘vertical’ (with respect to the inharmonic oscillator 

model of atomic/molecular energy levels). For this reason, the most probable absorption 
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transitions involve excitation to higher vibrational energy levels of the excited S1 and S2 

electronic states, with the most probably transition being between the lowest vibronic 

energy level of S0 to the first vibrational energy level of S1. 23 

 

Figure 1.9: Example of a Jablonskii diagram showing radiative (solid straight lines) and 

non-radiative (undulating dotted lines) processes, including absorption (blue arrows), 

fluorescent emission (green arrows), phosphorescent emission (red arrows), internal 

conversion, intersystem crossing and non-radiative quenching. 

Following excitation, the higher energy state of the molecule returns to the ground state 

through a variety of radiative (i.e. fluorescence) and non-radiative processes. 

Fluorescence is formally emission from a singlet (S1) excited state, typically 

occurring on a timescale between 10-9-10-7 s).  Kasha’s rule dictates that in most cases 

rapid (on the scale of 10-12 s) relaxation to the lowest vibronic energy level of the lowest 

electronic excited state of a given multiplicity (i.e. S1, a process termed internal 

conversion) prior to radiative fluorescent emission (on a slower timescale). Therefore, 

luminescent emission is typically independent of the excitation energy. Non-radiative 

complete relaxation (quenching) can occur through avenues such as vibronic relaxation, 

if the bandgap between the lowest vibronic energy level of S1 and the higher vibronic 

levels of S0 allows (not the case in luminescent materials). Again, the radiative emission 

process of fluorescence occurs such that return to ground state occurs to a variety of 

vibronic excited states of the ground (S0) state. 23 



Chapter 1. Introduction  

 

13 
  

Fluorescent emission typically results in emission of electromagnetic radiation at a 

lower energy with respect to that absorbed, giving a shift in wavelength of light absorbed 

and emitted in by luminophores. The difference in energies of the most probable (i.e. 

most intense) absorption and emission transitions is termed the Stokes shift. (Figure 

1.10). Due to the mixing of vibronic and electronic energy levels, an array of absorption 

and emission transitions of different energies (corresponding to the energy difference 

between the two levels) occur, with different probabilities thereof, giving absorption and 

emission spectra respectively, characteristic of the particular luminophore. In certain 

cases, vibronic structure in the electronic spectra of luminophores can be identified 

through distinctive peaks.   

Because of similar spacing of vibronic energy levels in the ground (S0) and excited 

(S1) excited states, absorption and emission spectra are commonly mirror images of one 

another (Figure 1.10).   

 

Figure 1.10: Demonstration of an absorption (blue) and emission (red) spectrum of a 

luminophore, with an example of vibronic structures (light blue and red) which can be 

observed. 

A second radiative route to ground state emission is phosphorescence, the emission 

from a triplet excited state (i.e. T1), following intersystem crossing from the singlet (S1) 

excited state to the triplet excited state. Phosphorescent emission is generally of lower 

energy in comparison to fluorescence (due to a lower-lying T1 excited state) and 

generally occurs at a much slower rate due to the spin forbidden nature of the intersystem 

crossing and emissive relaxation from the triplet (T1) excited state to the singlet (S0) 

ground state. Phosphorescent emission typically occurs in luminescent molecules 
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containing heavy atoms, which facilitate intersystem crossing via increase spin-orbit 

coupling.  24 

Several parameters detail key characteristics of a photoluminescent system. 

Maximal absorption (λmax/λabs) and emission (λem) wavelengths detail the specific 

energies of associated transitions. The luminescent lifetime, denoted by τobs represents 

the time spent of the luminophore in the electronically excited state, and is a function of 

all kinetic parameters of the associated radiative and non-radiative processes involved. 

Finally, quantum yield (Φobs) is the overall efficiency of the photoluminescent process, 

depending on the relative probabilities of radiative and non-radiative processes, in effect 

the ratio of absorbed and emitted photons, given as a percentage. 

1.2.1.2. Examples of fluorescent and phosphorescent luminophores  

Luminescent species are those which contain appropriately spaced molecular 

orbitals (MO’s) allowing for electronic excitation and radiative emission from absorption 

of light in the ultraviolet (UV), visible and near infra-red (NIR) of the electromagnetic 

spectrum. Therefore, luminescent properties are highly sensitive to the intermolecular 

chemical bonding environment and intramolecular interactions which perturb MO 

energies. Molecular species containing structures which effect efficient absorption 

characteristics in the appropriate energy range are termed as chromophores. 

Chromophores are typically extended π conjugated systems in organic molecules, and 

transition metal species exhibiting appropriate ligand field splitting parameters. Not all 

chromophores are luminescent in nature, as many are effectively non-emitting due to 

efficient quenching of the excited state by non-radiative means. Chromophores can 

exhibit one or multiple distinct absorption transitions, depending on the composition of 

the chromophore. The intensity to which a chromophore absorbs light in solution at a 

given wavelength is given by the Beer-Lambert law (Equation 1.1) and is dependent on 

the concentration of the chromophoric substance, path length of the sample and the 

molar extinction coefficient (ε). The molar extinction coefficient is dependent on the 

probability of that transition (or transitions) occurring and is a measure of the degree to 

which the chromophore absorbs light.  

A = ε c l 

Equation 1.1: Beer lambert law defining how the optical absorbance (A) of a 

compound in solution is dependent on the molar extinction coefficient (ε, dm3mol-1cm-1), 

the compound concentration (c, dm3mol-1) and the pathlength of light (l, cm). 
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Organic chromophores contain extended regions of π delocalisation; either as an 

alternating double bond motif (such as beta-carotene) or a (poly)aromatic system 

(naphthalene and anthracene Figure 1.11). Absorption in these chromophore species 

typically involves excitation to the π* MO. Increased conjugation areas typically result in 

a lower energy π* orbital, resulting in a reduced energy absorption (thus higher 

wavelength).  Linearly conjugated species such as beta-carotene are typically not 

efficiently luminescent at room temperature, owing to the high degree of freedom for 

rotational and vibrational non-radiative emission. Polyaromatic species such as 

anthracene and naphthalene generally exhibit fluorescent emission following excitation.  

 

Figure 1.11: Structures and photophysical parameters of selected linear chromophoric 

and polyaromatic fluorescent species. a In acetone 25. b In cyclohexane. 26,27 

A wide variety of substituent and solvent effects can interplay on the photophysical 

properties of solutions of aromatic luminophores. Solvatochromism is the effect where 

solvent identity (usually through polarity) modulates the spectral properties of a 

luminophore, through (de)stabilisation of the ground or excited states. Substituent effects 

include the modulation of existing (with respect to the unsubstituted species) transitions, 

or through the naissance of new transitions, due to now present MOs in the appropriate 

energy range (i.e. lone pair O/N nonbonding orbitals). A distinct transition, in select 

cases, occurs through intramolecular charge transfer (ICT) where an aromatic 

luminophore possesses both an electron withdrawing and electron donating substituent, 

for example in 4-amino-1,8-naphthalamide derivatives.  

Phosphorescence at room temperature in solution typically involves inorganic 

complexes based around heavy transition metals, such as in octahedrally coordinate 
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compounds containing low-spin d6 ligand field systems such as Re(I), Ru(II) and Ir(III) 

(Figure 1.12).  

 

Figure 1.12: Examples of luminescent octahedral low-spin d6 complexes of Re(I), 

Ru(II) and Ir(III). N^N = bipyridyl derivative ligand, QX = cyclometallating quinoxaline 

ligand, L = ancillary pyridyl based ligand. 

In conjunction with higher energy ligand centred absorptions, the lowest energy 

absorption transitions from transition metal complexes such as the examples in Figure 

1.12 occurs through metal to ligand charge transfer (MLCT). MLCT absorption in this 

case arises from the highest occupied molecular orbital (HOMO, in this case the metal 

centred t2g MO from the ligand field splitting of the frontier d orbitals) to the lowest 

unoccupied molecular orbital (LUMO) centred around the ligand, a singlet excited state.  

Intersystem crossing is facilitated through spin-orbit coupling with the heavy 

metal atom, followed by phosphorescent emission from the consequential triplet excited 

state. Ligand substituent effects, solvatochromism, metal oxidation state and availability 

of molecular oxygen (O2) are all key parameters in the absorption and phosphorescent 

emission of these compounds. Molecular oxygen is of triplet spin multiplicity, and thus 

provides an efficient deactivation route of the triplet excited state producing singlet 

oxygen as a by-product, reducing phosphorescence quantum yield.  

 The luminescence of both organic and inorganic molecules is highly sensitive to 

their environment, making them ideal probes in a huge variety of functions. Their 

functionality is versatile, and a huge variety of luminescent systems have been applied 

in the probing of pH 28 and intramolecular distance (Fӧrster resonance energy transfer, 

FRET), 29 detection of intramolecular interactions with macromolecular species (such as 

DNA 30 and proteins 31) and in reductive/oxidative (redox) environment sensing. 32 
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1.2.2. Core techniques in synthetic biology utilised in study 

Synthetic biology provides a tool in which the redesign of natural systems such as 

protein expression in bacteria can provide avenues to novel, engineered materials such 

as the sortase-tagged engineered curli biofilm designed in this project. A wide variety of 

techniques, stemming from molecular/chemical-biological and synthetic chemical 

techniques are applied, in order to achieve artificial genetic ‘circuits’ which produce a 

material utilisable in some fashion. This section aims to set out core techniques 

employed in this study, centred around plasmid-based routes to alter the normal function 

of E. coli 

1.2.2.1. The genetic makeup of E. coli strains utilised in synthetic biology 

E. coli is a rod-shaped, gram negative species of bacteria. 33 A huge variety of 

genetic substructures exist 34, including (non-pathogenic) commensal 35 and pathogenic 

36 strains. Non-pathogenic strains have been developed for use in molecular/chemical 

biology research, almost entirely derived from the K-12 strain (isolated in 1922) 37 or the 

B strain (isolated in 1945) 38. The genome of E. coli K-12 MG1655 (Figure 1.13) was 

among the first genomes to be entirely sequenced in 1997. 39 

 

Figure 1.13: The overall structure of the E. coli genome. The origin and terminus of 

replication shown as green lines. Scales indicated coordinates in base pairs (outer) and 

centisomes (inner). Yellow and orange boxes indicate distribution of genes. Red and 

green arrows represent rRNA and tRNA encoding genes, from reference 39. 
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Where E. coli K-12 and some strains of this lineage (MG1655 and W3110 for 

example) are capable of recombinational genomic DNA incorporation, several E. coli 

strains have further been developed such as XL-1 blue and DH5α containing mutations 

in the recA gene (giving the recA1 gene) rendering them immune to genomic 

recombination. 40 Use of such strains for DNA cloning reduces risk of laboratory strains 

incorporating virulence factors from a variety of possible sources, as well as in keeping 

the genome (relatively) consistent across successive colonies and generations. A 

second gene, endA is also often mutated (endA1), inactivating the expression product, 

an endonuclease which is associated with the degradation of plasmid DNA. 41 Therefore 

these strains are often employed as ‘cloning’ strains, facilitating the incorporation of 

exogenous DNA in the form of plasmids when manipulating the plasmid genomes.  

E. coli BL21 (and derivatives thereof) derive from the B strain of E. coli and contain 

mutations in the lon and ompT genes, silencing protease enzymes and are typically 

employed in protien overexpression studies.  MG1655 and its derivatives (including 

W3110) are more closely related to the parent K-12 strain (in comparison with XL-1 blue) 

and have precident in biofilm studies with e. coli. A table of genomes of E. coli strains of 

relevance to this study is given in Table 1.1. A key derivative of BL21 is BL21-DE3, 

containing the λDE3 lysogen which carries the gene for T7 polymerase under the control 

of the lac UV5 promoter.  

In all cases, gene mutations yield stains of the E. coli bacterium which are vastly 

inferior in terms of growth rate and colonisation relative to wild-type strains, rendering 

them unlikely to cause a significant infection in users or equipment. This is critical in the 

employment of e. coli in genetic modification studies to prevent release of genetic 

material important in the responsible development of GMO technologies.  
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Table 1.1: E. coli strains employed in study and their genotypes. 

Strain Genotype 42–44 

W3110 
F- LAM- IN(rrnD-rrnE)1 

rph-1 

BL21-DE3 

fhuA2 [lon] ompT gal (λ 

DE3) [dcm] ∆hsdS λ DE3 = 

λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 

gene1) i21 ∆nin5 

XL-1 Blue 
recA1 endA1 gyrA96 thi-

1 hsdR17 supE44 relA1 lac 

MG1655 ompR234 PRO ΔcsgA 
F- LAM- rph-1 ompR234 

PRO ΔcsgA 

 

1.2.2.2. Plasmids as a route to genetically alter E. coli  

Plasmids are a small (in comparison with the genomic DNA component) circular 

loops of DNA which can be taken up by bacteria such as E. coli (Figure 1.14). Plasmids 

offer an ideal tool as a vector to genetically modify organisms such as E. coli, providing 

a facile route to include extraneous genetic constructs which relate to the expression of 

unnatural genes. 45 Plasmids can be incorporated into E. coli through a transformation 

process with specifically prepared (‘competent’) bacterial stocks, most commonly 

through electroporation or chemical transformation (via heat-shock).  46 Plasmid DNA 

can be isolated from E. coli separate from the genomic DNA component through 

procedures such as the ‘miniprep’, making them a valuable tool in which DNA can be 

inserted and retrieved from the bacterium with relative ease. 47 

Plasmids for use as gene vectors in E. coli require several components in order for 

reproduction and gene expression function, such as origins of replication (such as ColE1) 

and a promoter system. Promotor regions of DNA allow for the binding of RNA 

polymerase, necessary for the transcription process of the coding strand. Promoters can 

be inducible (requiring a specific event for transcription of a gene to occur) or constitutive 

(always allowing a level of transcription), and are not created equal in that a variety of 

promoters allowing for differing ‘strengths’ of transcription exist. 48,49 Inducible promoters 

are particularly useful when regulation of gene expression is desired (such as in the case 

of this study) and typically involve an operonic sequence such as a form of the lac operon 
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(Section 1.2.2.3). Finally, an antibiotic resistant gene acting as a selection marker is 

required for identification of colonies incorporating the plasmid through growth in 

selective media or on selective agar containing the antibiotic (through positive selection).  

A huge variety of plasmids containing genes encoding for utilisable product, such 

as proteins not normally produced by E. coli, and empty vectors which provide the ability 

to insert an appropriate gene into the plasmid sequence through restriction enzyme 

ligation 50 or more advanced methods such as golden gate/ Gibson assembly. 51,52   

 

Figure 1.14: Plasmid map representation of pET30b plasmid utilised as an expression 

vector for genetic manipulation of E. coli. Plasmid map shows DNA sequences (and 

directions) for the origin or replication (ColE1), a gene conferring resistance to 

kanamycin (KanR), the gene expressing the LacI repressor protein (LacI), and the 

inducible T7 promoter. Restriction enzymes HindIII, XhoI and XbaI allow for the 

incorporation of a gene fragment following the inducible T7 promoter. 

Through the employment of plasmid technologies, the genetic makeup of E. coli can be 

easily altered, to perform such functions as gene overexpression to yield protein 

materials for use in studies. Through the employment of modified polymerase chain 

reaction (PCR) technologies, the gene sequence of plasmids can be altered to yield 
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multiple libraries of mutant proteins for a variety of uses, such as the elucidation of 

structure/function relationships in protein sequences. 53  

1.2.2.3. Controlling gene expression via operons in plasmid technologies 

Inducible promoter systems are commonly employed to achieve control over gene 

expression. Promoter systems based on the lac operon consist of the promoter 

sequence (binding RNA polymerase), an operator sequence followed by the gene 

sequence, often followed by a terminator sequence where RNA polymerase detaches, 

and the transcription process is ceased (Figure 1.15). The operator sequence is bound 

in the repressed state by a repressor protein (the repressor-operator complex), the 

complex of which arrests the ability of RNA polymerase to continue transcription and 

thus gene expression is halted. In the activated state, an activator co-factor binds the 

repressor protein in an allosteric site causing the repressor-operator complex to 

dissociate, enabling RNA polymerase to continue transcription and thus, the gene (or 

genes) are expressed. 45,54 

 

Figure 1.15: Selected parts of the lac operon showing the promoter sequence (blue 

box, Prom), operator sequence (orange box, Op), repressor protein (grey pentangle R), 

the representative gene and the terminator sequence (T). In the repressed state (right) 

RNA polymerase (green ellipsoid) is unable to complete 3’-5’ transcription due to the 

repressor-operator complex. Binding of the activator molecule (i.e. lactose) causes the 

dissociation of the repressor-operator complex allowing for transcriptional activation 

(left). 

In nature, the lac operon consists (most importantly) of the promotor sequence, the 

lacO sequence (operator) which is bound by the LacI protein (repressor protein, encoded 

by the lacI gene upstream to the lacO sequence) in its repressed state. Genes lacZ lacY 

and lacA are located downstream of the lacO sequence express the β-glactosidase and 

associated permease and glactosidde acetyltransferase enzymes essential for the 

processing of lactose as a food source for the prokaryote. 54 This confers the function to 
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the prokaryote of only utilizing energy sources to express the necessary proteins when 

the specific substrate (lactose) is present. 

 Operonic promoter systems such as T7, PlTetO and Parabad based on this 

concept have been developed, recognising different activator substrates with varied 

response levels and specificities. 55,56 The T7 promoter system derives from the T7 

bacteriophage, utilising T7 RNA polymerase (a more active polymerase) recognising the 

T7 promoter which through molecular biology techniques has been developed in to a lac 

operon analogous system recognising Isopropyl β- d-1-thiogalactopyranoside (IPTG), a 

non-metabolizable lactose mimic, as the activating co-factor. 56 The T7 promoter system 

is applied in all pET plasmid vectors. There is evidence suggesting a strong level of basal 

expression using the T7 promoter system, with regulatory ranges around 600 fold 

comparing expression in repressed and activated states often requiring high (1mM) 

concentrations of IPTG. 55 

Lutz and Bujard derived the PLTetO promoter system, which exibits very tight 

transcriptional control of gene expression in comparison with that of the T7 promoter 

system. Derived the Tn10-derived tet resistance operon from certain strains of E. coli 

(normally controlling genes conferring tetracycline derivative based resistance where the 

antibiotics are present). Construction of the PLTetO promoter system was derived from 

the PL promoter which is in nature tightly repressed by cI (the lambda repressor). 

Through replacing the cI binding sites with those of the tetO operator sequences (binding 

the TetR repressor protein, with an allosteric site for tetracyclines), a promoter system 

recognising tetracycline was developed. Use of anhydrotetracycline (aTC) is preferred 

given its poor antibiotic activity and very low concentrations required (~100 ng/mL) to 

result in >5000 fold regulatory ranges.  

This study employed both the T7 and PLTetO promoter systems, depending on the 

desired level of transcriptional control. Where protein expression was desired for the 

isolation and utilisation of an enzyme species (i.e. SrtA), a pET vector containing the 

IPTG inducible T7 promoter system was employed as tight regulation was not a priority. 

Biofilm production controlled by curli (CsgA) production was desired to be tightly 

regulated, thus the plasmid conferring csgA expression contained the gene under 

PLTetO control.  

1.2.2.4. Site directed mutagenesis as a tool to alter the genetic code of plasmids 

Site directed mutagenisis (SDM) is a tool based on PCR for effecting small-scale 

insertion, deletion and substitution mutations on either linear or plasmid DNA sequences. 
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PCR utilises a highly-thermally resistant DNA polymerase which recognises doubly 

stranded regions of DNA. 

In the PCR reaction (Figure 1.16) the template DNA is denatured at high (~98 

°C) temperatures, followed by reduction in temperature (~60 °C) to allow specific short 

single stranded DNA sequences (primers) to bind to complementary regions of the 3’ 

and 5’ strands. The double stranded regions are bound by the DNA polymerase at 72 °C 

which then allows for DNA polymerisation with single dNTP’s in a complementary fashion 

in the 3’-5’ directions to yield two new doubly stranded regions identical to that of the 

template DNA (a process termed extension). Through thermocycling between each 

temperature at individual steps, exponential amplification of DNA sequences is achieved. 

Thermally resistant DNA polymerases such as Taq (from the extremophile 

Thermus aquaticus), Pfu (from the extremophile Pyroccocus furiosis) and primeSTAR ™ 

(a proprietary enzyme from TaKaRa Bio Inc.) are utilised, able to both resist the extreme 

temperatures required for DNA denaturation and requiring high (>70 °C) temperatures 

in order to operate. 57–59 PrimeSTAR ™ was employed for all PCR reactions in this study, 

owing to its vastly reduced error rate and high efficiency in amplification. 59  

Site directed mutagenesis is a form of the PCR reaction whereby PCR primers with 

a partial DNA mismatch to the DNA template strand (the plasmid) which can encode for 

the desired mutation. The mismatched DNA primers result in amplification of the mutated 

sequence. The mutated plasmid can then be transformed into E. coli where any ‘nicks’ 

in the sequence can be repaired following the plasmid DNA replication processes. 

For example, a plasmid in this study (PFF753C(proto)) which carried the gene 

csgA-LPYTG expressing the protein CsgA with a C-terminal LPYTG tag was altered to 

yield the deletion mutant, the wild type csgA gene without the LPYTG tag (Figure 1.17). 

Through design of partially overlapping primer sequences the deletion product was 

achieved. This provides a tool whereby a library of similar, altered forms of plasmid 

encoding mutated proteins can be achieved.  
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Figure 1.16: Schematic of a single cycle in the PCR reaction. 1: Thermal denaturing of 

template DNA to single stranded DNA. 2: Annealing of PCR primer sequences to DNA 

strands. 3: Binding of DNA polymerase (yellow circles) to primer-DNA complex regions. 

4: Extension of DNA from primer annealed regions in the 3’-5’ direction to yield two 

strands identical to the original template strand. 
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Figure 1.17: Schematic of mismatched PCR primer design to yield a mutated (deletion 

mutation) product by PCR. 
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2.1. Chapter aims 

To provide a broad scope of substrates suitable for functionalisation of 

nanodiamond (ND), strategies employing organic and aqueous solvent systems are 

described in this chapter (Figure 2.1). The surface chemistry of ND can vary depending 

on the synthetic method and post-synthesis processing. Polycarboxylated ND (ND-

COOH, average diameter c.a. 50 nm) was chosen as the ideal format of ND for surface 

functionalisation, due in part to its good dispersibility in both aqueous and organic 

(MeCN) based systems, and the facility to covalently attach amine bearing substrates 

via amide coupling. Luminescent materials were chosen as the ideal substrates for ND 

attachment, owing to the facility to identify successful attachment from evaluation of their 

photoluminescent properties in purified ND suspensions. Co-functionalisation was also 

investigated, as poly-functional surface functionalised ND suspensions provide a unique 

template in the development of functional, covalently immobilised ND based materials 

as described in Chapter 1. 

 

Figure 2.1: Route to covalantly attached, surface functionalised ND suspensions 

exhibiting orthogonal fluorescent substrates 1 and 2, and co-functionalisation with both 

substrates. 

Luminophores Nap-1 and Ru-1 (Figure 2.2) were synthesised, yielding amine 

bearing forms of the commonly employed luminophores suitable for covalent attachment 

to ND.  
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Figure 2.2: Structures of luminophores Nap-1 and Ru-1 utilised in this chapter as 

substrates for ND functionalisation. 

Surface modification and functionalisation of ND in a variety of methods is reported in 

the literature (as outlined in Section 2.1.1), however with a strong focus on the application 

of dispersions produced. Functionalised ND materials produced in this chapter are 

produced in a range of systems (aqueous and organic, detailed further in Section 2.3), 

and comprehensively characterised by a wide range of techniques including:  

i- Evaluation of colloidal properties of resulting dispersions (DLS/NTA/ZP 

measurements) 

ii- Evaluation of the surface chemical environment of surface functionalised ND 

particles (XPS) 

iii- Evaluation of particle morphology and crystalline purity (TEM) 

iv- Evaluation of photophysical properties of attached luminescent species.  

In producing and developing methodologies for the reproducible surface 

functionalisation and comprehensive characterisation of surface functionalised ND 

suspensions in this chapter, the platform for evaluating more advanced, functional ND 

probes in later studies is outlined. Furthermore, the surface functionalised ND species 

produced in this chapter have a wide range of applicability in further study, particularly in 

the development of brightly luminescent nanoparticles exhibiting surface associated 

luminescent properties orthogonal to an inert particle core. The ability to co-functionalise 

the surface of ND is of particular interest in the development of advanced polyfunctional 

ND species suitable for further modification or incorporation into other systems detailed 

in this overall study. 

Further investigation detailed in this chapter addresses the issue of colloidal 

stability of surface functionalised dispersions. The ability to tune/improve the colloidal 

parameters of Nap-1 functionalised ND systems was investigated through co-
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functionalisation with taurine (2-aminoethanesulfonic acid), attempting to maintain 

surface electrostatic properties underpinning the colloidal parameters of the ND 

dispersions.  

The aims of this chapter are therefore to investigate the ability to reproducibly 

functionalise and co-functionalise the surface of ND with a variety of substrates.  Further 

to this, to develop comprehensive characterisation techniques for later use in production 

of enzyme labile ND dispersions suitable for incorporation into the biological materials 

designed for use in this study.  

A paper published in the journal Carbon in 2019 is included in the appendix of this 

thesis.  
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2.2. Introduction 

2.2.1. Nanodiamond as a highly modifiable, inert nanoparticle 

2.2.1.1. Nanodiamond composition and structure 

Nanodiamond is a nanoscale material consisting of sp3 hybridised carbon, whose 

primary particle size is generally between 2 – 100 nm in diameter. 60 Generally termed 

in the literature as ultradispersed ND (UDD), detonation ND (DND), or occasionally 

ultrananocrystalline diamond (UNCD, usually specific for particles of less than 10 nm in 

diameter), ND is generally black or dark grey powder in solid form due to the high 

degree of light scattering from the small crystal. 60 Formed through high-pressure-high-

temperature (HPHT) treatment of a carbon source either through the detonation of 

ordinance in a low-oxygen environment or through chemical vapour deposition (CVD), 

61 nanodiamond comprises of an sp3 hybridised carbon core with a graphitic (sp2) or 

amorphous carbon shell (Figure 2.3). 61 

 

Figure 2.3: Representation of ND structure, showing core sp3 hybridised carbon core 

(grey lattice), and mixture of surface graphitic and oxidised carbon species. Adapted 

from reference 61. 

The degree of surface graphitisation is dictated by surface energy and, in turn, particle 

size. Crystalline sp3 structures have been determined to be  energetically favourable 

through theoretical studies (DFT) in the case where particle size is above ~1.9 nm in 

diameter (above 1100 atoms). 62 sp2 carbon content in small (< 3 nm in diameter) is also 

dictated by the particle morphology, with octahedral based structures retaining a larger 

amount of sp2 carbon in comparison with cuboidal and cuboctahedral structures 63. The 

decrease in sp2 carbon with particle size is due to the reduction in surface energy, where 

increasing particle size lowers the amount of surface atoms with dangling bonds with 



Chapter 2. Surface functionalised nanodiamond: methodology development  

 

31 
  

respect to the amount of ‘core’ atoms with complete hybridization. Calculations have 

shown that in particles with a diameter lower than 5 nm, surface atom content of 

nanodiamond structures is almost 20%. 64  In larger structures, partial surface 

graphitisation is observed in conjunction with O and N atom containing functional group 

termination, arising from the composition of explosive used and impurities in the 

detonation or CVD environment. 61 

Given the high surface atom ratio of ND and the large surface area to volume ratio, 

the surface of ND is remarkably more reactive than other carbon nanoscale materials. In 

comparison with other nanoparticle dispersions, the core carbon sp3 structure is 

remarkably inert, and resistant to degradation through thermal and oxidative 

decomposition. 60,61,64 Surface modification of ND is, therefore, a key area of interest in 

producing stable nano-scaffolds for biological, chemical and sensory applications.  

2.2.1.2. Synthesis of nanoscale diamond: detonation and CVD  

NDs were first discovered from the high temperature, high pressure (HPHT) 

treatment of graphitic carbon and the detonation of ordinance in oxygen poor conditions. 

65  Oxygen poor conditions are achieved through performing the detonation either under 

Ar, N2 or CO2 gas or in in water/ice, termed ‘dry’ and ‘wet’ syntheses, respectively. This 

results in incomplete oxidation of carbon-based materials. Mixtures of nitrogen 

containing explosives such as TNT and hexogen (or RDX) are generally used due to 

their negative oxygen balance which promotes incomplete combustion. 65–68 

The chemical process at the incredibly high temperatures and pressures 

experienced at the apex of the shockwave produced upon detonation in which the carbon 

source forms nanodiamond particles is complex. Calculations by Greiner et al. described 

a model whereby solid carbon is produced by oxygen poor explosives (O:C ratio <1). 

Detonation produces a mixture of products including N2, H2O and CO at the shockwave 

cross-section. Elemental forms at the shockwave cross-section favours the forward 

reaction of the equilibrium in Equation 2.1, due to the extremely high temperatures and 

pressures. For example, upon the detonation of 40% TNT/ 60% RDX mixture, when the 

rapid increase in temperature and pressure to approximately 2991 K and 26.1 GPa along 

the cross-section of the detonation shockwave. The same calculations predict elemental 

carbon is also consumed by the reverse reaction, with products equilibrating during 

expansion. This is quenched below 2000 K, ‘freezing’ the reaction products. 67 

 

2CO ⇌  CO2 + C 

Equation 2.1: Equilibrium between CO and CO2 / C(S) at the shockwave cross-section.  
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Elemental carbon produced at the shockwave is predicted to be in the form of liquid 

carbon clusters (varying in size from 1-2 nm). As the temperature decreases, these 

clusters coalesce into larger droplets and crystallise into solid carbon. Once the 

temperature drops below the phase boundary between diamond carbon and graphitic 

carbon, the nucleation of diamond carbon is replaced by the deposition of graphitic 

carbon on the surface in addition to resulting in conversion of diamond to graphitic 

carbon, assuming the conditions are still such that the activation barrier can be 

surmounted 61. The rate at which temperature and pressure decrease dramatically 

affects the composition of diamond nanoparticles; slower cooling (or more rapid 

decrease in pressure) will favour the production of graphite and conversion of diamond 

to graphitic carbon, whereas rapid cooling with respect to pressure decrease will favour 

the maintained of diamond phase carbon and reduce the amount of graphitic carbon in 

the detonation soot. 

An alternative method typically employed in smaller scale ND production is 

chemical vapour deposition with typically hydrogen poor, argon rich CVD atmosphere 69. 

Utilising (~7%) methane in argon as the carbon source, nucleation of ND particles occurs 

on a clean Si/SiO2 wafer surface, yielding a ND/Si ‘film’, which upon digestion and 

purification yields ND particles with narrow size-ranges depending on CVD conditions 

employed. Advantages of CVD ND synthesis include a greater degree of control over 

particle size ranges and the ability to incorporate heteroatom defects (such as N, B and 

Si) through modification of the feedstock gas balance (i.e. use of a small percentage of 

silane to achieve Si defects in the sp3 carbon lattice). 70 

2.2.1.3. Post-synthesis purification 

DND (detonation ND) raw product (the detonation ‘soot’) contains a large amount 

of graphitic carbon (25 – 45wt%71) as well as incombustible impurities such as metal 

oxides (1 – 8wt%71) originating from the detonator and walls of the combustion chamber.  

By comparison ND produced through CVD methods typically contain very little metallic 

impurities66 . Metallic impurities can typically be removed through treatment with mineral 

acids.  

Removal of non-diamond carbon, either on the surface of ND or in the general 

detonation soot can be achieved through strong oxidative treatments, resulting in 

carboxyl terminations. Use of ‘piranha solution’ 72 (sulfuric acid and hydrogen peroxide 

in a 4:1 ratio respectively), ‘aqua regia’ 73 (nitric and sulfuric acid in a 1:3 ratio) and other 

mineral acid mixtures have all been reported as ‘wet’ oxidative protocols, such as 

perchloric acid and sulfuric acid in a 1:1 ratio. 73 Treatment in ozone has also been shown 
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as a more environmentally friendly route to purify ND on an industrial scale. 74 However, 

it has been shown that simple high temperature treatment in air is very efficient in 

removing a large percentage of non-diamond carbon coating the surface of ND particles. 

Thermogravimetric analysis (TGA) by Osswald et al. described optimal mass loss of 

commercial ND samples when heating within an optimal temperature range of 400 – 

450°C, where lower temperatures exhibit little appreciable oxidation and temperatures 

above 450°C result in non-selective rapid oxidation of all carbon species. Raman spectra 

(Figure 2.4) show the dramatic reduction of sp2 carbon content of these samples when 

heating at 425°C for 5 hours, and it was calculated that the resultant samples contained 

in excess of 96% of sp3 carbon. 75. 

Oxidation in air in this matter yields particles with a high degree of surface 

carboxylate content, which exhibit a high degree of negative surface charge and water 

solubility. Particles treated in this manner are described as polycarboxylated ND or ND-

COOH in reference to the carboxylated surface, and present as the starting material in 

the development of surface functionalised ND particle dispersions.  

 

Figure 2.4: Raman spectra of UD98 (blue) and UD90 (green)ND samples prior to 

(upper) and following oxidation at 425 °C for 5 hours. Adapted from reference 75. 
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2.2.2. Nanodiamond surface termination 

Although the lattice structures of diamond particles formed though detonation or 

CVD synthesis remain almost identical, the size and surface of the particles produced 

differs drastically depending on the method of production. Oxygen containing functional 

groups dominate, arising from the oxidation of amorphous carbon and other impurities 

from the ND surface during post-synthetic purification with strong acid/oxidising agent 

mixtures or oxidization in air or ozone. 76 The oxygen containing groups can consist of 

carboxylates (COOH/COO-), cyclic ketones and hydroxyls. 77,76 Surface functional group 

distribution depends largely on the post-synthetic oxidation process: treatment with 

perchloric acid resulted in a higher density of cyclic-ketone terminations, whereas sulfuric 

acid treatment resulted in a higher density of carboxylate species. 76 In addition to oxygen 

based terminations, residual sp2 surface carbon can remain after oxidative treatment in 

with mineral acids, heating in air and ozone, affecting solvent dispersal. 75,78,79
 

The (broadly) polycarboxylated (-CO2H) surface of ND oxidized in air between 375 

and 450 °C can modified to produce a variety of different surface termination modes (-

OH, -NH2, -X) (Figure 2.5). The ability to produce such a variety of surface chemistries 

of ND yields particles with different properties in terms of solubility, reactivity and surface 

electrostatics properties, resulting in the variety of potential applications of ND particles. 

61,77 

 

Figure 2.5: Routes to surface terminations from oxidized ND from references. HMP 

denotes Hydrogen microwave plasma. 

69,70,75,77,80–85 
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2.2.3. Route to carboxylated ND surface functionalisation in aqueous and organic 

media  

Surface functionalisation of carboxylated ND has been demonstrated via 

EDC/sulfo-NHS mediated peptide ligation (Figure 2.6) with an amine species (Gd3+ 

complex) by Shushkov et al., 86 however no detail on the level of surface loading or 

functionalisation was reported. This presents an ideal route to ND surface 

functionalisation  

 

Figure 2.6: Surface functionalisation of carboxylated nanodiamond through the 

activation by EDC to form the NHS ester intermediate.Like other carbodiimide peptide 

coupling agents such as HBTU and DCC/DIC, the reaction proceeds via activation of the 

carboxylate moiety through deprotonation and subsequent nucleophilic attack thereof. 

However, where peptide synthesis often requires the use of large excess of the amine 

species, this can be avoided though the use of N-hydroxysuccinimide (NHS, or a 

sulfonate derivative when performed in water), forming a metastable NHS ester (Figure 

2.7). This ester remains reactive towards good nucleophiles such as primary (and 

secondary) amines but is slower to hydrolyse by other less reactive species than the 

carbodiimide activated intermediate, improving reaction efficiency via increasing the 

lifetime of the activated species. 

 

Figure 2.7: Carbodiimide activation of carboxylic acids to form metastable NHS esters. 

Following nucleophilic substitution by the amine substrate, NHS is then regenerated, 

yielding the amide functionalised species (Figure 2.8).  
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Figure 2.8: Nucleophilic substitution of NHS ester. 

Functionalisation of the carboxylated ND surface in this manner presents a simple ‘one-

pot’ method to yield covalently functionalised particles. The change in surface charge of 

the carboxylated ND must be taken into consideration, as not only does the resulting 

amide species remain neutral across the pH scale, but the intermediate carbodiimide 

species as well as the NHS-ester capped species can also be considered as neutral. 

Control of pH in aqueous media throughout the reaction is critical, as an acidic 

environment would result in inefficient ligation due to protonating the amine species. 

Elevated pH would not only result in a greater degree of hydrolysis of the NHS ester 

species, as well as encouraging an intramolecular side reaction by EDC to yield an 

unreactive by-product. 

2.2.4. Applications of nanodiamond particle systems  

Since emerging in the wider scientific community, ND’s have been employed in a 

wide array of applications including (but not limited too); nanocomposites 87–90 and drug 

delivery 91,92.  Nanodiamond particles exhibiting both intrinsic 68,85,93–95 and surface 

associated 96 luminescence centres have been reported and applied in a variety of 

functions. A vast array of applied nanodiamond particle systems have been produced, 

covered by several reviews 60,97,97,98.  

2.2.4.1. Nanodiamond nanocomposites 

Nanocomposites based on the incorporation of ND, designed to improve specific 

properties (hardness and resistance to mechanical stress for example) and to 

incorporate any innate or imparted functionality on the ND particles. Incorporation of 1-5 

wt% of detonation nanodiamond particles (without further purification) into vulcanised 

SKF-26 based rubber by Dolmatov showed the increase in rupture strength, attrition 

resistance and tearing. 89 Incorporation of ND into the polymer was achieved through 

addition of dispersed ND upon polymerisation, resulting in accelerated polymerisation. 

Several other examples of increasing mechanical hardness have been 

demonstrated, 99,100 however d’Almeida et al. reported the decreased strength following 

incorporation of ND into an epoxy matrix (10-30 wt%) by adding upon polymerisation. 

They reported fractures of the micro-surface of the polymer and attributed this effect to 
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the weak interaction of ND with the epoxy resin and agglomeration of ND during 

polymerisation producing an ill-distributed hybrid material. This question the applicability 

of high ND content nanocomposite materials in producing hard, durable materials, owing 

to the tendency of ND to aggregate during traditional polymer formation procedures.  

To overcome this limitation Behler et al. reported the production of electrospun 

poly-acrylonitrile fibrils containing detonation ND with filling up to 60 wt%.88 

Polymerisation by electrospinning allows for reduced agglomeration, confining the ND 

particles in the well-defined fibre diameter. The controllable process yielded 

nanocomposite fibres containing well-distributed ND particles present at the fibre 

surface. Higher amounts of ND yielded more even distributions at the fibre surface. 

Transparent materials with ND content below 40 wt% were demonstrated, with a positive 

correlation in Young’s modulus and hardness and ND content observed. 

2.2.4.2. Nanodiamond in drug delivery  

ND has been identified to exhibit relatively low cytotoxicity, 61,101,102 advantageous 

in the development of biologically active ND systems. Owing to the wide array of surface 

terminations (and properties) and the dispersibility of polycarboxylated ND in water, ND 

presents a good platform in the development of drug delivery systems. A common theme 

in utilizing ND in this context is through the electrostatic association of target ‘drug’ 

compounds which can be effectively encapsulated in small degree aggregates of 

particles. In effecting de-agglomeration in response to a stimulus (i.e. pH), the activity of 

the surface associated drug can be attuned in certain conditions.  

Huang et al. reported the controllable incorporation of doxorubicin (Dox) into 

agglomerates of polycarboxylated ND a well-established chemotherapeutic agent in 

cancer treatment through the addition of NaCl (Figure 2.9).91 The negatively charged 

carboxylate ND surface and positively charged doxorubicin is responsible for the surface 

association, however when in low-salt conditions the high dispersibility of the ND 

particles results in low adsorption. Through the addition of salt, and resultant ‘screening’ 

of both charges, reducing like-for-like charge-based repulsion, thus promoting 

aggregation. High degrees (~3.0wt%) of Dox incorporation were discovered from the 

reduction in UV-Visible absorbance around 470 nm (doxorubicin in solution) following 

the addition of salt. Desalination resulted in the reappearance of high levels of 

doxorubicin to similar levels prior to ND attachment, thus demonstrating the reversible 

incorporation process in response to salt content, suitable for drug delivery. Cell viability 

(measured by MTT assay, see 5.2.3.1) of ND-Dox conjugates was shown to be roughly 

double that seen for Dox alone, almost of similar level to that of the negative control 
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dataset, indicating that the incorporation of Dox in ND agglomerates could provide an 

interesting pathway to improving selectivity in the use of Dox in chemotherapeutics. 

 

Figure 2.9: Depiction of method in which doxorubicin can be incorporated into ND 

aggregates through addition of salt. Adapted from reference 91 

The high degree of water dispersibility of ND lends itself to the delivery of drugs that are 

normally water insoluble. Purvalanol A was shown to associate electrostatically at the 

surface of ND (Chen et al.) following mixing of purvalanol A and ND in a 5% DMSO 

solution 92. Turbidity following dilution with water provided a measure of purvalanol A in 

suspension, which decrease with the addition of ND, suggesting surface interaction of 

the drug with ND. 4-Hydroxytamoxifen (4-OHT), and dexamethasone (Dex) were also 

shown to associate with the ND surface in a similar manner. Decreases in zeta potential 

and increase in average particle sizes showed the effect of surface association of the 

drugs to the poly-carboylated surface in DMSO/water solutions. Application of these 

particles in MTT cell viability assay demonstrated the preserved activity of 4-OHT when 

attached to ND.  

2.2.4.3. Luminescent nanodiamond 

Intrinsically luminescent ND typically originates from coupling of heteroatom defect 

sites in the carbon lattice with a ‘vacancy’ site in the lattice, typically with nitrogen or 

silicon, forming nitrogen vacancy (NV) or silicon (SiV) centres.96,103 Luminescence from 

these defect sites exhibits potentially highly exploitable characteristics such as red to 

near IR emission, low photobleaching and phototoxicity.85,94,104 NV/SiV centre NDs do 

however present several limitations in their application due to the relatively low optical 

absorption cross section and requirement for relatively large particle sizes.105 

Signal to (autofluorescence) background detection ratios of fluorescent NDs (in the 

range order of 1-10-fold) are limited in comparison with quantum dots (QDs, in the range 

of 10-100-fold) and organic dyes (e.g. Alexa 647 in excess of 10000). As a result, 
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currently the imaging applications for ND appear limited. A few examples of intrinsically 

luminescent NDin imaging have been demonstrated to date.104,106 

Fu et al. used epifluorescence and brightfield imaging of HeLa cells, demonstrating 

uptake of 35 nm NV centre containing NDs (λem = 650- 720 nm, Figure 2.10). General 

cytoplasmic uptake was observed for the particles. Luminescence intensity was 

observed to increase over two-fold across the single particle centres, utilising a laser 

power density of 100 W/cm2. Photostability measurements demonstrated particles were 

photostable at this intensity over 20 minutes.104 

 

Figure 2.10: HeLa cells demonstrating uptake of 35 nm luminescent ND’s. Image is a 

composite of epifluorescence (λex = 532 nm, λem = 650-720 nm) and brightfield 

acquisitions.  Adapted from reference 104. 

A great deal of interest instead in fluorescent NDs in molecular probes has been cited in 

the literature, owing to the magneto-optical coupling of the luminescent NV centre. 22,86,107 

For example, the spin state of a surface attached Gd3+ complex was able to be detected 

through the change in luminescent properties of the innate NV centre. 86 Whilst these 

properties of fluorescent ND species present an interesting applicability in the 

development of advanced probes and materials based on ND, this is less applicable in 

terms of this study.  

2.2.5. Methods used to characterise functionalised nanodiamond particles 

Owing to the complex environment in surface functionalised ND particles, an array 

of characterisation techniques is required to accurately depict the properties of these 

particles. Whilst the inert sp3 ND core remains unchanged throughout surface 

modification, the reactive surface dominates its chemistry. Following any modification or 

functionalisation, characterisation of the resultant particles through evaluating the 
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surface environment of ND remains the most informative insight into how particles have 

been altered. 

In evaluating the colloidal stability via size determination through dynamic light 

scattering (DLS) and nanoparticle tracking analysis (NTA) and surface electrostatic 

properties (Zeta potential, ZP) one can obtain information on the surface environment of 

the resulting particles, as well as their applicability towards further functionalisation and 

utilization. X-ray photoelectron spectroscopy (XPS) probes the chemical environment of 

surface atoms, through measuring core-shell electron binding energy to the nucleus. This 

allows for distinction of elemental environments and calculation of atomic constitution of 

the ND surface environment. An advantage of attaching luminescent species onto the 

surface of ND is that it allows for verification by luminescent spectroscopy. Surface 

attachment can be confirmed by the presence of similar luminescent properties of 

attached luminophores. Transmission electron microscopy (TEM) allows for verification 

that no (or little) non-diamond material is present in samples (verifying purification), as 

well as investigating particle morphology.  

2.2.5.1. Colloidal stability (DLS/NTA/ZP) 

Colloidal stability of a nanoparticle dispersion can be measured through 

determination of average particle size in dispersion and measurement of zeta-potential, 

a surface electrostatic property.  

DLS evaluates the particle size distribution (as the hydrodynamic radius, rk) 

through the change in intensity of light scattered at 173° (from the monochromatic 

incident light source, 633 nm) by particulates in solution as they change position in 3D 

space according to Brownian motion. Hydrodynamic radius is derived from a reciprocal 

function of the translation diffusion coefficient (Equation 2.2), measured from the change 

in scattered light intensity as a function of time (the correlation function). Average particle 

sizes measured by DLS are often prone to over-estimation, DLS is relatively intolerant 

of polydisperse samples, as it relies on the Rayleigh scattering of light from particles to 

directly evaluate particle size. Rayleigh’s approximation states that the intensity of 

scattered light is proportional to the sixth power of the particle diameter, and thus larger 

sizes will scatter with much greater intensity, giving a false weighting on larger particles 

when building up a distribution. Estimations can be used to evaluate particle distribution 

by number (i.e. by number of distinct particles), or by volume (i.e. particle size as a 

function of volume measured), as opposed to size by intensity, however polydisperse 

particles or impurities such as dust or air bubbles can severely hamper these 
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estimations, as the raw information detected by the DLS instrument is still light intensity 

detected at 173° 108.  

𝑟𝑘 =  
𝑘𝑇

6𝜋ηD
 

Equation 2.2: Relationship between hydrodynamic radius (rk), temperature (T) and 

translational diffusion coefficient (D). (k is boltzmann’s constant, and η is solvent 

viscosity). 

Where DLS derives hydrodynamic radius directly from changes in light scattering 

intensity, NTA uses light scattering from particles in solution from a 638nm laser incident 

light source to project an image of particles in the XY plane, detected through a 

microscope-attached CCD camera (Figure 2.11). The images built from scattered light 

do not directly provide size information, but through tracking the movement of projections 

of individual particles in the XY plane, analysis software can produce an estimate of 

hydrodynamic radius, again relying it’s derived relationship with Brownian motion (or D, 

the translational diffusion coefficient), shown in equation 1. In addition, given the 

dimensions of the window in which particles are detected in the XY plane, an estimation 

in particle concentration (as number of particles against volume) can be derived from the 

number of detected tracks.  

 

Figure 2.11: Schematic diagram of the NTA setup. 

Where both methods derive a hydrodynamic radius distribution from the Brownian motion 

of particles, NTA does not directly use information from scattering intensity to do so, 

instead tracking the movement of projections produced from the scattering to evaluate 

size distributions. Therefore, NTA overcomes problems posed by the much greater 

scattering of larger samples, and as such allows for more accurate size distribution 

measurements of polydisperse samples. However, the far reduced scattering intensity 
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of smaller particles means that particles below ~30 nm in diameter do not project 

sufficiently well for particle tracking analysis to be undertaken, giving a lower-end size 

limit of this technique. NTA also infers several other limitations, namely the fact that 

particles are only projected in the XY plane, and therefore movement in the Z plane is 

not detected, meaning Brownian motion is not correctly evaluated.  

Closely associated with colloidal stability is the ZP of ND particles. ZP is the change 

in electrostatic potential at the interfacial layer between the nanoparticle and solution, 

throughout the ‘slipping plane’, an imaginary layer of the solvent close to the particle, 

where an accumulation of electrostatic potential of solvent molecules crowding the 

particle depending on the charge and polarity of both solvent and surface-groups will 

drop off as you move away from the particle. In the case of the water, a protic, polar 

solvent, largely positive or negative ζ-potential values confer a stable dispersion, 

generally more than ±35 mV. ZP is dependent on pH in aqueous dispersions, as the 

concentration of charged species (OH- and H3O+) will affect the electrostatic crowding of 

the particle in dispersion. Changes in surface termination of ND, and functionalisation 

where a significant change in polarity (or in fact, polarizability) occurs. For example, -

COOH terminated ND (from either air oxidation, mineral acid treatment or ozone 

treatment) are typically highly negative (>-40 mV) 66, whereas hydroxylated ND typically 

presents with a positive ZP (~30 mV). ZP measurements provide an informative tool in 

evaluating the surface environment of ND.  

2.2.5.2. Surface chemical environment (XPS) 

X-Ray photoelectron spectroscopy  (XPS) is a technique whereby core-shell 

electrons in an atom are ejected in response to excitation with an X-ray source of 

constant energy, to determine the kinetic energy spectrum of emitted photoelectrons 

(Figure 2.12) in a vacuum. 
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Figure 2.12: Diagram describing the photoelectric ejection of a core 1s electron from a 

solid carbon sample through irradiation with an X-ray source. 

The total energy of a photoemitted electron can be described as a combination of kinetic 

energy (K.E.), binding energy (B.E.) and workfunction (φ) (in solid samples) (Equation 

2.3). The workfunction is a property of a solid, describing the minimum energy required 

to take one electron from the highest occupied level in the valance band (the fermi level 

Ef) to a point in vacuum close to the solid surface (specific to a bulk solid surface, such 

as gold-foil commonly employed as a substrate surface for XPS analysis).  

E = K.E. + B.E. + φ 

Equation 2.3: Energy of photoemitted electron with energy E described by kinetic 

energy, binding energy and workfunction components. 

The experimentally determined parameter, the binding energy (B.E.) of the core shell 

electron can be determined from Equation 2.4, where the binding energy is determined 

by measuring the kinetic energy of the emitted photoelectron as a function of the energy 

of the incident X-ray source minus the specific spectrometer workfunction (specific to the 

substrate and spectrometer used). 

B.E. = hv - K.E. – φspectrometer 

Equation 2.4: Determination of binding energy (B.E.) from energy of incident X-rays, 

kinetic energy of emitted photoelectron (K.E.) and the spectrometer workfunction. 
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Equipment setup involves mounting of sample onto a conductive surface (in the 

case of ND dispersions, dropping and drying of particles onto a gold surface), and 

constant bombardment with a low energy electron gun in order to avoid shifting of binding 

energy through charging (as electrons removed results in a positively charged substrate). 

X-Ray source is typically AlKα, with constant energy of hv < 1.5 keV. Photoelectrons are 

detected at an angle dependent on the incident angle of X-rays. 

Sample depth depends on the mean inelastic free path of electrons (λi) in the 

sampled solid in the range of 0.3-4 nm (depending on the K.E. of photoemitted electrons 

and sample identity.109  An electron emitted of intensity I0 at a depth d in the surface is 

altered according to the beer-lambert law (Equation 2.5), where in a path length of one 

λi, 63% of emitted photoelectrons are not emitted from the surface. This means that XPS 

is a typically surface-probing technique, as defined sampling depth in XPS spectroscopy 

is defined as 3λ (so approximately 3-10 nm).  

Is = I0e-d/λi 

Equation 2.5: Description of final emitted intensity of photoelectrons Is as a function of 

initial emission intensity (I0), depth in sample (d) and mean inelastic free path of 

electrons (λi). 

As with other spectroscopic techniques, XPS is capable of determining both elemental 

identity and chemical shift (change in characteristic properties with respect to elemental 

level). In XPS, an element exhibits key characteristic binding energies corresponding to 

different core shell environments (e.g. 1s, 2p, 3d), allowing for identification of elemental 

composition, for example the C1s environment of diamond (sp3) carbon typically exhibits 

a binding energy of around 274.2 eV.110 A chemical shift occurs where the binding energy 

of the core shell electron is altered due to chemical bonding of that element. Changes in 

the electrostatic interactions of core shell electrons arise from changes in shielding of 

the electron towards the effective nuclear charge, such as where the atom is bonded to 

a more electronegative element resulting in induction of charge away from the nucleus. 

Fitting of a global environment (such as total C1s environment) can give 

information as to what chemical environments that particular atom is present in, such as 

C=O(NH-C) amide carbon, diamond (sp3) carbon, graphitic (sp2) carbon and oxidised C-

O species of carbon in a diamond sample. It is imperative that fitting gives an accurate 

depiction of the total overall core-shell environment, and fitting is based on empirical and 

experimental data to avoid over-interpretation of results. An example of a deconvoluted 

C1s environment in the XPS spectrum of graphene oxide is given in Figure 2.13, showing 
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the sp2 environment c.a. 284 eV, with progressively more oxidised carbon species at 

higher binding energies. 111 

 

Figure 2.13: Example of a deconvoluted XPS trace. Deconvolution of the raw (black 

solid line) XPS trace of the C1s environment of a reduced graphene oxide surface to 

give the fitted trace (red) against a background (blue), showing C-C (magenta), C-O 

(green) and COOH (navy) components. Adapted reference 111. 

Quantification of XPS spectra allows for calculation of the elemental composition in a 

chemical sample. Specific scanning of individual regions (such as O1s, C1s and N1s), 

and calculation of the total intensity (as electron counts per second) gives information as 

to the proportion of different elements present in a sample. Elements and core shell 

environments of elements are not uniformly sensitive towards quantification by XPS, the 

relative sensitivity factor (RSF) is a measure (with respect to carbon 1s, with a RSF of 1) 

of the sensitivity of a particular environment towards quantification (i.e. the amount of 

photoemitted electrons in samples as a function of sample concentration). In factoring in 

the RSF of specific chemical environments (which can change depending on the 

experimental set up), one can determine atomic concentration of different elements in a 

chemical sample. 

2.2.5.3. Photoluminescent characterisation 

Attachment of luminescent species to ND allows us to determine attachment (and 

can give a qualitative measure of attached species) via photophysical characterisation 

of the resulting purified particle dispersions. Optical absorption (UV-Vis/ Excitation PL 



Chapter 2. Surface functionalised nanodiamond: methodology development  

 

46 
  

spectroscopy), steady state and time dependant emission spectroscopy is covered in 

detail in Section 1.2 

Experimental analysis of nanoparticle dispersions is different in one key aspect 

(with respect to solution state measurements of small particles), as the large particle 

diameter (in our case, 50 nm average diameter) results in a large degree of light 

scattering. Higher energies of incident radiation result in increased scattering, giving an 

absorption profile dominated by higher absorptions at lower wavelengths. Light 

scattering is proportional to particle concentration, however it makes direct quantification 

of attached colour centres impossible (via the beer-lambert law), as absorption arises 

from both absorption by the chromophore and light scatter from particles. However, UV-

Vis and excitation photoluminescence spectroscopy is critical in evaluating how the 

absorption characteristics of luminescent species change (if they do change), providing 

information on the chemical environment through changes in absorption wavelength.  

Emission characteristics of attached probes can be used to evaluate whether 

attachment of luminescent substrates to the ND surface results in any changes in excited 

state energy (changes in emission wavelength), or avenues to non-radiative deactivation 

of said excited state (luminescent lifetime).  

2.2.5.4. Particle morphology and purity (TEM) 

Transmission electron microscopy (TEM) relies on the transmission of electrons 

via absorption/interaction of substrates with electrons from a high energy electron beam 

in a vacuum, thus allowing imaging at a very high resolution. Different sample 

constitutions interact with electrons and produce different levels of contrast. TEM can be 

employed to image samples of sub-micron diameters (such as ND), all the way up to a 

few nanometers in size (HR-TEM). Diamond samples should all appear similar in 

morphology (as they derive in shape from the cubic diamond crystal, and thus TEM can 

identify where other crystalline (or amorphous) material is present due to differences in 

shape. Larger (c.a. 50 nm in diameter) ND particles similar to those used in this study 

(Figure 2.14) observed through TEM are described by a broad mixture of particle shapes, 

with multiple different faceted structures able to be distinguished.  
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Figure 2.14: TEM image of c.a. 50 nm in diameter ND particles, adapted from 

reference 81. 
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2.3. Results and discussion   

2.3.1. Production and characterisation of luminescent nanodiamond species Nap-

1@ND in buffered aqueous media and acetonitrile 

Polycarboxylated (air oxidised) ND particles with an average diameter of 50 nm 

(ND-COOH) were provided by Professor Oliver Williams et al. (School of physics, Cardiff 

University) either as solid particles (then dispersed in MeCN) or as aqueous dispersions. 

Synthesised luminophores Nap-1 and Ru-1 were attached through EDC/NHS mediated 

amide coupling in either aqueous or acetonitrile-based media.  

Three methods in the surface functionalisation were employed: in aqueous media 

(methods a and b) buffered with CHES (N-Cyclohexyl-2-aminoethanesulfonic acid) and 

borate systems respectively, and in organic (MeCN) media with a small amount of 

triethylamine (method c) (Figure 2.15).  

 

Figure 2.15: Schematic representation of functionalisation and co-functionalisation of 

ND suspensions with Nap-1, Ru-1 and Taurine yielding multiple species of 

functionalised species. 

Nap-1 exhibited excellent water solubility and the surface functionalisation was 

investigated and compared via methods a-c to give surface functionalised ND 

suspensions Nap-1@NDa-c respective of the method used. Ru-1 was attached to the 

ND surface via method c owing to its relatively poor water solubility, giving the surface 

functionalised ND suspension Ru-1@ND. Finally, both Nap-1 and Ru-1 in a 

stoichiometric mixture were attached via method c to give the co-functionalised particle 
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dispersion Nap-1/Ru-1@ND. A summary of the particles produced, and methods 

employed in purification is given in Table 2.1.  

Table 2.1: Summary of surface functionalised ND particles produced in this section. 

 Method used Purification 

Nap-1@NDa 0.1M CHES (pH 9.0) Dialysis 

Nap-1@NDb 0.05M borate (pH 9.0) Dialysis 

Nap-1@NDc MeCN / Et3N 
Washing by centrifugation 

/redispersal 

Ru-1@ND MeCN / Et3N 
Washing by centrifugation 

/redispersal 

Nap-1/Ru-1@ND MeCN / Et3N 
Washing by centrifugation 

/redispersal 

 

2.3.1.1. Synthesis of the 4-amino-1,8-naphthalimide derivative Nap-1  

Nap-1, a novel compound synthesised as a highly water soluble naphthalimide 

candidate suitable for attachment to ND, was produced from 4-chloro-1,8-naphthalic 

anhydride via a three-step synthesis: nucleophillic substitution of the anhydride moiety 

with ethanolamine, followed by the SnAr reaction step with the protected solubilising 

linker N-Boc-2,2′-(ethylenedioxy)bis(ethylamine)(NBoc-EDBE), (Figure 2.16). 

Deprotection yielded the primary amine terminated Nap-1 luminophore.  

 

Figure 2.16: Synthesis of 4-amino-1,8-naphthalimide Nap-1 from 4-chloro-1,8-

naphthalic anhydride. 

The SnAr reaction overcomes the limitations of nucleophilic substitution of aromatic 

species when an electron withdrawing group (EWG) is present (in the case of Nap-Cl, 

the diimide moiety). Despite the activation of aromatic species towards nucleophilic 

substitution by EWG attachment, nucleophilic substitution through this method requires 
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a relatively high amount of energy, due to the ‘break’ in aromaticity. Therefore reflux (or 

near reflux) in a high boiling point solvent such as DMSO 112 or 2-methoxyethanol 113 is 

commonly employed to achieve the substitution. 

A significant colour change from light yellow to dark-orange following heating at 

reflux over 16h. Following the SnAr substitution of Nap-Cl with N-BocEBDE a mixed 

product was observed by TLC (2:3 acetone/hexane with 4% triethylamine, approximately 

rf
1 = 0.4, rf

2 = 0.55), with both spots fluorescing yellow green under illumination 360 nm 

light. Isolation of the BOC protected precursor to Nap-1 was achieved through column 

chromatography, collecting very small (~1 mL) fractions, due to the high likelihood of 

some co-elution owing to the very close rf values of the two species. Deprotection with 

50% TFA in DCM was achieved without issue to give the final 4-amino-1,8-naphthalimide 

derived luminophore.  

Nap-1 exhibited a very high degree of water solubility, and stock solutions in water 

of over 0.1 M were prepared for use. The photophysical properties (Table 2.2, Figure 

2.17) of Nap-1 are comparable to similar 4-amino-1,8-naphthalimides described in the 

literature.112,114,115 UV-Visible spectroscopy elucidated a lowest energy absorption 

corresponding to the intramolecular charge transfer (ICT) transition at 445 nm, 

absorptions arising from n-π* and π-π* transitions. Following excitation at 445 nm, 

emission from the singlet (as suggested by the short lifetime) exited state is observed 

giving a broad emission peak centred around 543 nm in water with a high quantum yield 

comparable to that found in similar literature examples.116 

Table 2.2:  Optical absorption and emission properties of Nap-1 in water. Molar 

absorptivity (ε) shown of lowest energy absorption (bold). 

Compound 
λmax (UV-Vis) / 

nm 
λem / nm 

ε445 nm / 

dm3mol-

1cm-1 

Lifetime / 

ns 
Φ / % 

Nap-1 258, 283, 445 543 8800 3.9 39 
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Figure 2.17: UV-Visible absorbance and luminescence emission spectra (slits 4,4 nm) 

of Nap-1 in aqueous solution ([Nap-1] = 0.1 x 10-5 M). 

The water solubility of Nap-1, combined with its bright emissive properties and flexible 

amine terminated hydrophilic linker make it an ideal candidate for the surface 

functionalisation of ND.  
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ND-COOH particle dispersions in water and acetonitrile were surface 

functionalised with Nap-1 through employing EDC and sulfoNHS mediated amidation. 

Methods 1 and 2 were performed using 100 mM CHES and 50 mM sodium borate/ boric 

acid buffered (at ~pH 9.5) aqueous suspensions, utilizing aqueous suspensions of ND-

COOH. Purification of surface functionalised particles was performed though membrane 

dialysis using a 3000 mwco cellulose membrane dialysing to purified water in order to 

remove unattached Nap-1, buffer and by-products (synthesis detailed in Section 2.5.2). 

Particles produced by methods 1 and 2 are termed Nap-1@NDa and Nap-1@NDb. 

Method 3 employed EDC/NHS based amidation in acetonitrile. Particles produced 

through this method were purified through pelleting with centrifugation and redispersal 

by sonication, a process repeated 3 times finally redispersing in purified water producing 

Nap-1@NDc.  

2.3.1.2. Colloidal properties 

Zeta potential, PDI (polydispersity index) and average particle sizes (hydrodynamic 

diameters/HDD) of Nap1@NDa-c as measured by NTA and DLS are shown in table 2.3 

and figure 2.10 in comparison with ND-COOH. Nap-1@NDa-c dispersions were all 

strongly yellow following purification, suggesting surface retention of the yellow Nap-1 

luminophore.   

Table 2.3: Colloidal properties of aqueous suspensions of ND-COOH and 

surface functionalised ND samples Nap-1@NDa-c. 

Sample pH 

Particle 

Diameter (HDD) 
/ nm 

PDI 
(DLS) 

Zeta Potential / 
mV 

  DLS NTA   

ND-COOH 5.0 62 53±1 0.13 -43.0 

Nap-1@NDa 5.4 228 134±3 0.18 -12.8 

Nap-1@NDb 4.8 143 146±5 0.39 -24.8 

Nap-1@NDc 5.2 182 165±3 0.12 -19.5 

 

Average particle sizes of surface functionalised ND species Nap-1@NDa-c are broadly 

comparable, increased to a degree of between 130 and 170 nm (by NTA) with respect 

to ND-COOH. The polydispersity indices of the functionalised dispersions were 

comparable to ND-COOH with the exception of Nap-1@NDb. Where DLS 

measurements of ND-COOH, Nap-1@NDa and Nap-1@NDc reported larger average 

particle sizes greater than those seen in the NTA measurement (as predicted by the 
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overestimation related to the direct measurement of particle scattering by DLS), the DLS 

HDD value reported for Nap-1@NDb was slightly lower than that reported by NTA. This 

is likely a result of the high degree of polydispersity (PDI = 0.39) of the Nap-1@NDb 

dispersion, making the DLS measurement less reliable on account of its lack of tolerance 

towards polydisperse samples. The NTA measured size distribution (Figure 18) of Nap-

1@NDb appears to be in reasonably close agreement of that measured for Nap-1@NDa 

and Nap-1@NDc.  

Nap-1 functionalised ND suspensions are broadly similar in their colloidal 

properties, based on identification that NTA is a more representative method of 

characterising particle dispersions which exhibit a degree of polydispersity. The increase 

in particle sizes measured in comparison with ND-COOH represents aggregation on a 

small scale of surface functionalised ND species.  

 

Figure 2.18: Particle size (hydrodynamic diameter) of dispersions of ND-COOH (top 

left), Nap-1@NDa (top right), Nap-1@NDb (bottom left), Nap-1@NDc (bottom right) in 

H2O measured by DLS (blue bars) and NTA (black solid line with red error area). 

The agglomeration on a small scale of Nap-1@ND particles in suspension is in part 

explained by the reduction in zeta potential of the ND surface from -43.0 mV for ND-

COOH to between -12 and -28 mV. The reduction in zeta potential is significant, as it 

suggests the capping of the negatively charged carboxylate ND terminations with the 
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neutral Nap-1 luminophore. Zeta potentials are heavily pH dependent with lower pH 

values associated with increasing ‘screening’ of the negative polycarboxylated surface 

by H+
.  

The high zeta potential of Nap-1@NDb in respect to the other Nap-1 functionalised 

ND samples is therefore difficult to explain; one would expect the lower pH to result in 

reduced zeta potential. The high polydispersity measured by DLS was not reflected in 

increased average particle sizes in comparison with other Nap-1@ND suspensions, 

suggesting that although the Nap-1@NDb dispersion exhibits a more negative surface 

environment of ND on average, this is not significant enough to result in aggregation to 

a lower degree. Reasons for the low zeta potential are difficult to pinpoint, although it 

would appear logical to suggest that the buffer identity (boric acid/borohydrate) could 

play a role in surface association, or was not completely removed during sample 

purification, or resulted in a lower degree of Nap-1 termination in Nap-1@NDb in 

comparison with other Nap-1 dispersions.  

To summarise, the colloidal properties of Nap-1 functionalised ND suspensions 

Nap-1@NDa-c prepared though methods 1-3 were evaluated. Evidence from NTA and 

DLS particle size measurements suggests the aggregation of ND when functionalised to 

small-order aggregates of between 120 and 170 nm in diameter. The reduction in zeta 

potential seen for all Nap-1@ND particles in suspension was identified and correlates 

with the increased propensity of ND to aggregate, suggesting that the neutral Nap-1 

luminophore was successfully attached to the ND surface via the surface 

functionalisation protocol, reducing the net surface charge distribution. 

2.3.1.3. X-Ray photoelectron spectroscopy  

Normalised atomic percentages of carbon, nitrogen and present for ND-COOH, 

Nap-1@ND and calculated from XPS spectra are shown in Table 2.4. Initial survey 

spectra revealed elements present prior to a quantitative scan. Survey spectra of ND-

COOH and Nap-1@NDa are given in the supplied appendix for this thesis. Survey scans 

were not observably different across Nap-1@ND suspensions produced by the differing 

methods, therefore Nap-1@NDa was chosen as a representative example.   

It is important to note that several impurities were present: mainly calcium (0.07 - 

1.07 At%) and sodium (1.26 - 3.73 At%), which likely represent salts present in the ND 

aqueous dispersions potentially from numerous sources (such as NaOH pH alteration of 

the concentrated CHES buffer stock). Chlorine was also found to be present albeit in 

very low (typically >0.2 At%) concentrations. A degree of sulfur content was observed 
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for Nap-1@NDa-b and to a much lower degree in Nap-1@NDc which could represent 

surface associated sulfonates from sulfuric acid used to pH balance the CHES and 

borate buffers. Importantly, no boron was detected in Nap-1@NDb, suggesting that 

borate was not in fact retained to a detectable degree.  

Upon surface functionalisation with Nap-1, changes in the atomic composition of 

the ND particles can be observed: most clearly the increase in nitrogen (from below 0.5 

At% to 7.05- 11.00 At%) and oxygen (from 11.80 At% to over 20 At%) in comparison 

with ND-COOH. As the nitrogen and oxygen content increased, respective carbon 

content decreased from 87.84% to between 60.14 and 62.47 At%. These results suggest 

the surface association of substrates Nap-1 and Taurine to ND, although they do not 

indicate whether this is through electrostatic interactions or by the formation of a covalent 

peptide bond between the carboxylated surface of ND-COOH and the amine containing 

substrates.   

Table 2.4: Normalised atomic composition as evaluated by XPS of Nap-1@NDa-c and 

ND-COOH. 

Sample 
Carbon 

% 
Nitrogen 

% 
Oxygen 

% 

ND-COOH 87.84 0.36 11.80 

Nap-1@NDa 62.15 10.51 20.64 

Nap-1@NDb 60.14 9.33 22.26 

Nap-1@NDc 61.47 11.11 20.15 

 

Deconvolution of the C(1s) peak (Figure 2.19) of ND-COOH revealed two major and two 

minor components: C(1s-1) (B.E. = 283.9 eV), C (1s-2) (B.E. = 284.6 eV), C (1s-3) (B.E. 

= 285.5) and C (1s-4) (287.2), respectively. C (1s-1) corresponds to core sp3 carbon, in 

good agreement with Shenderova et al. (B.E. = 283.2 eV) 79  for smaller diameter 

nanodiamond; C(1s-2) corresponds to other surface located C-H and C-C content.  The 

minor components C(1s-3) and C(1s-4) correlate to oxidized surface carbon species C-

O and C=O respectively, in good agreement with Lim et al. for air oxidized nanodiamonds 

of comparable size 117.  The C(1s) peak of ND-CO2H is dominated by C(1s-1) and C(1s-

2) (48 % and 43 % of total carbon composition), with the minor components, C(1s-3) 

(7%) and C(1s-4) (2%) representing very small proportions of carbon content in ND-

COOH. It is important to note that although we assume the majority of oxidised surface 

carbon in ND-COOH are present as carboxylate moieties, a wide range of other possible 

species are likely present, and the components identified here are likely made up of 
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several sub-components, which would be impossible to elucidate through gaussian 

fitting. 

 

Figure 2.19: Deconvoluted C(1s) region of the XPS spectrum of ND-COOH, showing 

components C1s-1 (red), C1s-2 (blue), C1s-3 (green) and C1s-4 (orange) fitted to the 

XPS spectral trace (light grey solid line) to give the fitted environment (black dashed 

line). 

The C(1S) peaks of Nap-1@NDa-c (Figure 2.20) show a shoulder around 287.3-288.4 

eV. Deconvolution of the C(1s) peaks of functionalised ND samples elicit the presence 

of four components: C1s-1 (B.E. = 283.61 ± 0.28) C1s-2 (B.E. = 284.41 ± 0.33) C1s-3 

(B.E. = 285.35 ± 0.33) and C1s-4 (B.E. = 287.42 ± 0.38). Again the major components 

C1s-1 and C1s-2 represent sp3 Carbon and surface associated carbon (C-H/ C-C), in 

close agreement with similar environments in ND-COOH. Both the minor components 

C1s-3 and C1s-4 also fit to similar binding energies to ND-COOH, but in surface 

functionalised ND samples represent a larger component of the C1s peak, giving rise to 

the shoulder seen.  
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Figure 2.20: Deconvoluted XPS C(1s) traces of Nap-COOH, Nap-1@NDa (top 

right), Nap-1@NDb and Nap-1@NDc showing components C1s-1 (red), C1s-2 (blue), 

C1s-3 (green) and C1s-4 (orange) fitted to the XPS spectral trace (light grey solid line) 

to give the fitted environment (black dashed line). 

The increase in contribution from C1s-3 and C1s-4 environments represents the 

increased proportion of oxidised carbon species present at the surface of ND 

functionalised samples. It is difficult to ascribe the increase in contribution from these 

components to the overall C(1s) signal, but likely due to the formation of an amide C(O)-

N environment at the ND surface, in conjunction with contributions from highly oxidised 

carbon environments (such as imides) on surface attached species.  

Ruck-Braun et al. described the binding energy of the C(O)-N as  around 288.90 

eV 118, found from deconvolution of XPS spectra of amide terminated alkyl monolayers 

on a silicon (111) surface. Although the systems described in Ruck-Braun et al. are vastly 

different to the surface functionalised ND systems reported here, the amide 

environments are certainly comparable (amide groups in the Si deposited Si layers at 

the opposite end of the a C9 alkyl linker to the Si surface). Identification of this component 

as the amide environment provides confirmation that (as opposed to electrostatic 
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association), substrates were covalently attached to the surface of ND though the 

formation of an amide bond, through treatment of the ND surface. 

2.3.1.4. Photophysical properties of Nap-1@ND 

The photophysical properties of the Nap-1 functionalised ND particles (Nap-

1@NDa-c) were determined in aqueous solution, compared to the optical properties of 

Nap-1 in aqueous solution (Section 2.2.1). Photophysical properties of Nap-1 attached 

to ND in the particles produced by the various methods were shown to be totally indistinct 

and.  

The absorption and emission characteristics (Figure 2.21, Table 2.5) of Nap-1 is 

conserved upon attachment to ND, yielding particles with identical luminescent 

properties to the unattached luminophore, exhibiting: multiple absorptions including the 

lowest energy absorption from intramolecular charge transfer (455 nm), and broad 

emission around 540 nm with a short (~5 ns) lifetime ascribed to emission from the 

singlet excited state. A distinct light scattering profile (increased absorption at lower 

wavelengths) can be observed in the UV-visible spectrum of Nap-1@ND. An apparent 

small increase in lifetime of aerated ND suspensions (by 1.2 ns) could represent the 

change in luminophore environment, where attachment to the ND surface and 

subsequent small-scale agglomeration could affect the relaxation of the excited state.  

The ICT absorption of Nap-1 (λmax = 445 nm) does not alter with respect to 

functionalisation methodology and despite the possible differences in surface 

environment and colloidal properties, one would not expect other optical characteristics 

to change depending on functionalisation method. 

Table 2.5:  Optical characteristics of Nap-1@ND in comparison with Nap-1. Bold 

absorption wavelength shows lowest energy absorption used as excitation wavelength 

for emission spectrum. 

 λabs / nm λem / nm τ / ns 

Nap-1 258, 283, 445 543 3.9 

Nap-1@ND 288, 445 540 5.1 
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Figure 2.21: UV-visible absorption and normalised luminescence emission spectra of 

Nap-1 (left) and Nap-1@ND (right). 

2.3.1.5. Transmission electron microscopy 

TEM samples were prepared by dropcasting 4 µL of sample dispersions onto grids 

and allowing for the solvent to dry.  Images of ND-COOH prepared suspensions in H2O 

and MeCN are shown as well as surface functionalised Nap-1@ND (Figure 2.22). 

 The crystalline nature of ND particles can clearly be observed in TEM images of 

ND-COOH prepared in both H2O and MeCN. Images appear consistent with those found 

for similarly sized, sourced and treated ND dispersions by Gines et al. (2015). 51 Particles 

with an approximate diameter of ca. ~ 50 nm are clearly visible for ND-COOH and Nap-

1@ND particle dispersions, with little to no other crystalline or amorphous material 

observed deposited on the grids. A contrast between the sizes of particle agglomerates 

can be seen, owing to the increased particle concentration in initial ND-COOH 

dispersions, therefore upon drying these agglomerated to a greater degree.  
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Figure 2.22: TEM images of ND-COOH from dispersions prepared in H2O (top left) and 

MeCN (top right) and Nap-1@ND dispersions once purified (bottom). 

2.3.2. Production and characterisation of Ru-1@ND, and the co-functionalised, 

dual emissive nanodiamond probe Nap-1/Ru-1@ND 

 ND-COOH was surface functionalised via EDC/NHS mediated amide formation 

in acetonitrile, as per the method described in Section 2.5.2 with Ru-1 and a 

stoichiometric ratio of Nap-1 and Ru-1 substrates.  Surface functionalised nanodiamond 

suspensions Nap-1@ND, Ru-1@ND and Nap-1/Ru-1@ND.  Ru-1 (Figure 2.23) was 

synthesised by Dr Samuel Adams (School of Chemistry, Cardiff University), from 

[Ru(bipy)Cl2], and fully characterised (reported in Section 2.5.2) giving the acetonitrile 

soluble amine terminated luminescent Ru based luminophore suitable for ND 

attachment.  
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Figure 2.23: Structure of luminescent ruthenium complex Ru-1. 

2.3.2.1. Particle size and colloidal stability  

Measurements by DLS/NTA of hydrodynamic diameter of Nap-1@ND, Ru-

1@ND and Ru-1/Nap-1@ND and zeta potential measurements are shown in table 2.6 

and Figure 2.24. Aggregation and increase in polydispersity were exhibited by both Ru-

1 functionalised particles. Ru-1@ND exhibited a positive zeta potential of +19.0 mV, 

indicative of a high degree of surface attachment of the positively charged Ru-1 complex. 

Co-functionalisation with Ru-1/Nap-1@ND yielded particles exhibiting a close to neutral 

surface zeta potential (-4.5 mV), much lower than Nap-1@ND prepared by all methods. 

This indicates that functionalisation with Ru-1, a positively charged substrate results in 

change in overall surface polarity for Ru-1@ND, indicative of extensive surface 

coverage, which is lesser for co-functionalised Ru-1/Nap-1@ND.  

Table 2.6: Particle size and zeta potential measurements of ND-COOH surface 

functionalised nanodiamond samples Ru-1@ND and Ru1-Nap-1@ND. 

Sample pH 
Particle 

Diameter / nm 
PDI 

Zeta Potential / 
mV 

  DLS NTA   

ND-COOH 5.0 62 53±1 0.13 –43.0 

Nap-1@NDc 5.2 182 165±3 0.12 -19.5 

Ru-1@ND 5.5 171 171±8 0.14 +19.0 

Ru-1/Nap-1@ND 5.4 151 218±8 0.23 –4.5 

 

The high degree of polydispersity for the Ru-1/Nap-1@ND is in agreement with the very 

low magnitude of the surface zeta potential, whereby the lack of surface charge reduces 

like-for-like surface charge repulsions leading to more extensive aggregation with 

respect to the monofunctionalised Ru-1@ND and Nap-1@ND.  
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 Particle sizes of Ru-1@ND and Ru-1/Nap-1 are of comparable order to Nap-

1@ND produced by the same method, with the bifunctional Ru-1/Nap-1@ND exhibiting 

more extensive aggregation owing to the more neutral zeta potential, arising from partial 

coverage of the ND surface by Ru-1, a positively charged complex.  

 

Figure 2.24: Size distribution analysis by DLS (blue bars) and NTA (black solid line) of 

surface functionalised nanodiamond dispersions Ru-1@ND (left) and Ru-1/Nap-1@ND 

measured immediately following final purification. 

2.3.2.2. X-ray photoelectron spectroscopy 

Initial survey spectra revealed elements present prior to a quantitative scan. 

Survey spectra of ND-COOH and Nap-1@NDa are shown in the appendix supplied with 

this thesis. Ru-1@ND and Ru-1/Nap-1@ND XPS spectra reveal the elemental 

composition, identifying the significant carbon (and ruthenium), nitrogen and oxygen 

components, as well as a level of calcium, sodium, sulfur and silicon impurity.  

Normalised atomic % composition of carbon, nitrogen, oxygen and ruthenium are 

shown in Table 2.7. Ru-1@ND exhibits a high level of nitrogen content (~17.5 At%), and 

a similar level of oxygen content to Nap-1 functionalised ND samples. (sections 2.2.3.1 

- 2.2.3.2). Ru-1/Nap-1@ND exhibits nitrogen and oxygen compositions slightly higher to 

those found for Nap-1@ND. The increased nitrogen content agrees with attachment of 

the trisbipyridyl complex Ru-1 to the ND surface, with a higher proportion of nitrogen in 

individual substrate molecules in comparison with Nap-1.  

Table 2.7: Normalised atomic percentages found from processed XPS spectra of 

Ru-1@ND and Ru-1/Nap-1@ND. 

Sample Carbon Nitrogen Oxygen Ruthenium 

Ru-1@ND 66.06 17.58 16.12 0.24 

Ru-1/Nap-1@ND 70.87 10.77 18.23 0.13 
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A clear peak at 279.20 eV prior to the C(1s) environment for Ru-1, ascribed to the 

5/2 component of the Ru(3d) environment can be seen in the C1s acquired regions of 

the XPS spectra of Ru-1@ND and Ru-1/Nap-1@ND. Ruthenium content was therefore 

derived from the combination of 5/2 and 3/2 3d peak fitted from the deconvoluted C(1s) 

scans of Ru-1@ND and Ru-1/Nap-1@ND (Figure 2.25). 

Deconvolution of this environment showed the comparable 4 components from the 

C(1s) environment fitted to the spectral trace, C1s-1 (B.E = 283.17 eV), C1s-2 (B.E. 

284.07 eV), C1s-3 (B.E. = 285.71 eV) and C1s-4 (B.E. = 286.54) as well as two 

components of the Ru 3d environment: Ru 3d5/2 (B.E. = 279.20) and Ru 3d3/2 (B.E. = 

283.2 eV). Like Nap-1 functionalised ND dispersions, the contribution of the higher 

energy C1s-3 and C1s-4 environments increased upon functionalisation with Ru-1 and 

Nap-1 in this manner, indicative of amide formation at the ND surface.  

 

Figure 2.25: Deconvoluted XPS C(1s)/Ru(3d) traces of Nap-1@ND and 

Nap1/Tau@ND1-3 showing components C1s-1 (red), C1s-2 (blue), C1s-3 (green), 

C1s-4 (orange) and Ru3d-5/2 (magenta) and fitted to the XPS spectral trace (light grey 

solid line) to give the fitted environment (black dashed line). 

2.3.2.3. Optical characterisation of Nap-1 and Ru-1 luminophores attached to the ND 

surface 

Comparison of the optical absorption spectra (Figure 2.24) of Ru-1 and Ru-1@ND 

show the retention of the lowest energy absorption arising from from the metal-to-ligand 

charge transfer at 458 nm (as well as other ligand-based absorptions below 300 nm). 

Luminescence emission spectra of Ru-1@ND showed a broad emission peak centred 

around 664 nm ascribed to emission from the 3MLCT excited state (further supported by 

the exhibited long lifetime of the excited state, 332 ns). An apparent increase in lifetime 

from 287 ns exhibited by the unattached Ru-1 luminophore could represent the change 
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in environment resulting from the small-scale aggregation of the functionalised Ru-

1@ND particles, resulting in reduced solvent exposure leading to a longer lifetime of the 

excited state.  

The co-functionalised Ru-1/Nap-1@ND exhibited an absorption profile dominated 

by light scatter, making individual absorption bands difficult to distinguish (Figure 2.26). 

The ligand centred absorption around 300 nm can be distinguished in the UV-Visible 

spectrum of Ru-1/Nap-1@ND. The emission profile of the luminescence spectrum of Ru-

1/Nap-1@ND is dominated by the peak at 540 nm corresponding to singlet emission 

from the Nap-1 excited state (confirmed by the emissive lifetime of 4.8 ns). In the 

emission peak tail, a distinct peak at 664 nm can be noted (with an emissive lifetime of 

328 nm), ascribed to emission from the 3MLCT excited state of the co-attached Ru-1 

luminophore. The disparity in emission intensities is not representative of the degree of 

functionalisation by each substrate but represents the lower quantum yield of Ru-1 with 

respect to Nap-1. The lifetimes of the two components are comparable to those seen for 

the respective mono-functionalised particles, indicating that the chromophores are not 

within a distance for resonance energy transfer.  

 

Figure 2.26: UV-Visible absorption and luminescence emission spectra of Ru-1 (left) 

and functionalised ND suspensions (right) Ru-1@ND (black solid line) and Ru-1/Nap-

1@ND (black dashed line) in aqueous solution. 

2.3.2.4. Transmission electron spectroscopy  

TEM images obtained through dropping and evaporation of 4 µL of Ru-1@ND and 

Ru-1/Nap-1 are shown in Figure 2.27. Again, particles appear to be highly ordered 

crystals, very similar to those seen for unmodified ND-COOH dispersions reported in 

chapter 2.2.2.4. Little to no other polycrystalline material was observed, confirming the 

particle dispersions purity. Particle sizes appear to be consistent with that of the primary 

ND particles (50 nm) agglomerated to an extensive degree following drying of 
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dispersions on the TEM grid. Where the colloidal parameter measurements (DLS/NTA) 

describe the particle sizes in suspension, TEM is not representative of this, rather 

providing confirmation of the agglomerated primary surface functionalised ND particles.  

 

Figure 2.27: TEM images of Ru-1@ND (left) and Ru-1/Nap-1@ND (right).  
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2.3.3. Attempting to control colloidal stability of Nap-1 functionalised aqueous ND 

suspensions through co-functionalisation with Taurine  

 In the development of the Nap-1@ND and Ru-1@ND functionalised ND 

dispersions, it was noted that upon surface functionalisation with neutral and oppositely 

charged (with respect to the negatively charged polycarboxylate surface) substrates, a 

small degree of agglomeration was observed in most cases. Whilst this is at a low order 

(generally below 200 nm from a primary particle diameter of ~50 nm) of aggregation, it 

was noted that maintenance of a high zeta potential may be advantageous to the 

stabilisation of primary ND particles.  

 It was hypothesised therefore, that a more negative surface charge in the 

production of surface functionalised ND species could result in more favourable colloidal 

properties of functionalised dispersions. Through co-incorporation of the neutral Nap-1 

luminophore with a negatively charged co-substrate, one could achieve a more negative 

zeta potential of the resulting dispersions, possibly reducing aggregation. Having 

established the precedent for co-functionalising the ND surface (Section 2.2.3), taurine 

(2-aminosulfonic acid) was investigated as a surface additive for ND (Table 2.8).  

Table 2.8: Concentrations of substrates in surface functionalisation of ND. 

Sample [Taurine]/ mM [Nap-1]/ mM 

Percentage of 

taurine upon 

coupling 

Nap-1@ND 0.0 2.0 0% 

Nap-1/Tau@ND1 0.5 1.5 25% 

Nap-1/Tau@ND2 1.0 1.0 50% 

Nap-1/Tau@ND3 1.5 0.5 75% 
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2.3.3.1. Confirmation of incremental Nap-1 functionalisation via UV-Visible 

spectroscopy 

UV-visible spectra of Nap-1@ND and Nap-1/Tau@ND1-3 (Figure 2.28) show a definite 

correlation between Nap-1 concentration upon coupling and the concentration of Nap-1 

attached in the purified surface functionalised ND suspensions. This was indistinctive of 

the method (a or b) employed in surface functionalisation.  

 

Figure 2.28: UV-Visible absorption of Nap-1 in H2O (left, red solid line) and Nap-

1/Tau@ND suspensions (10x diluted right). Nap-1@ND1 (black solid line), Nap-

1/Tau@ND1 (red solid line), Nap-1/Tau@ND2 (blue solid line), Nap-1/Tau@ND3 

(green solid line) 

Where the Beer Lambert law would normally permit calculation of concentrations (based 

on the recorded molar extinction coefficient at 445 nm of Nap-1 of 8800 dm3 mol-1 cm-1) 

of Nap-1 present in surface functionalised particles, here it would be essentially useless. 

Purification by dialysis results in a small change in volume, which would not necessarily 

be comparable across all samples, and one cannot be sure that during the purification 

process the particle concentration remains the same. However, increasing the ratio of 

Nap-1 to taurine results in an increased concentration of Nap-1 in the functionalised ND 

suspensions as measured by the change in absorbance at 445 nm (Figure 2.29).  

 

Figure 2.29: Absorbance at 445 nm as a function of concentration ratio of Nap-1 

and taurine in the functionalisation reaction. 
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2.3.3.2. Particle size and Colloidal stability 

 Zeta potential, PDI and average particle sizes (hydrodynamic diameter) of 

Nap1@ND and Nap1/Tau@ND1-3 prepared through the aqueous CHES buffered 

method (a) and borate buffered method (b) as measured by NTA and DLS are shown in 

Table 2.9, with the particle size distributions shown in Figures 2.30 and 2.31 respectively 

Table 2.9: Particle size and zeta potential measurements of surface functionalised 

nanodiamond samples ND1-4 and ND-COOH following purification. 

Sample Buffer pH 
HDD/ nm 

(DLS) 
HDD/ nm 

(NTA) 
ZP / mV 

PDI 
(DLS) 

Nap-1@NDa 
CHES 5.4 228 134 ± 2.8 -12.8 0.18 

Nap-1/Tau@ND1a 
CHES 5.3 187 123 ± 6.3 -14.2 0.25 

Nap-1/Tau@ND2a 
CHES 5.4 190 118 ± 1.2 -17.9 0.27 

Nap-1/Tau@ND3a 
CHES 5.2 153 102 ± 3.1 -18.3 0.28 

Nap-1@NDb 
Borate 4.8 143 146 ± 5.0 -24.8 0.39 

Nap-1/Tau@ND1b Borate 5.5 190 139 ± 8.2 -21.2 0.50 

Nap-1/Tau@ND2b Borate 5.2 210 109 ± 1.9 -20.9 0.60 

Nap-1/Tau@ND3b Borate 5.1 188 118 ± 4.3 -18.5 0.39 
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Figure 2.30: Size distribution analysis by DLS (blue bars) and NTA (black solid 

line) of surface functionalised nanodiamond dispersions Nap-1@NDa (top left), Nap-

1/Tau@ND1a (top right), Nap-1/Tau@ND2 a(bottom left) and Nap-1/Tau@ND3a 

(bottom right) measured immediately following final purification. 

 

Figure 2.31: Size distribution analysis by DLS (blue bars) and NTA (black solid line) of 

surface functionalised nanodiamond dispersions Nap-1@NDb (top left), Nap-

1/Tau@ND1b (top right), Nap-1/Tau@ND2b (bottom left) and Nap-1/Tau@ND3b 

(bottom right) measured immediately following final purification. 
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The CHES buffered series (Nap-1@NDa and Nap-1/Tau@ND1-3a) exhibited an 

approximate negative trend in particle size measured by both NTA and DLS (Figure 

2.28), with respect to taurine content. This was also reflected in the surface zeta 

potential. Polydispersity was shown, however, to increase with taurine content. The 75% 

taurine 25% Nap-1 functionalised dispersion, Nap-1/Tau@ND3a appeared to exhibit 

enhanced colloidal stability, exhibiting particle sizes of around 100 nm (by DLS).  

Taurine co-functionalised particles produced in the borate buffered system (Nap-

1@NDb and Nap-1/Tau@ND1-3b) appear to be a great deal more polydisperse, as 

represented by the increased PDI and very broad distribution found by DLS. NTA results 

for Nap-1@NDb and Nap-1/Tau@NDb are not concordant with this result, describing a 

system whereby little discernible trend can be observed with respect to particle size and 

composition.  

Zeta potential differences in the series of taurine co-functionalised particles were 

relatively small, exhibiting around a 20 mV reduction in magnetude in comparison with 

ND-COOH. However, ND particles functionalised by Nap-1 and taurine still display 

agglomeration in a similar manner to particles functionalised by Nap-1 alone. The 

tentative conclusion can be drawn, therefore, that in aqueous buffered systems, co-

functionalisation with taurine at the concentrations described here does not result in a 

significant increase in colloidal stability for the functionalised ND particles.  

From the investigations into the colloidal stability of Nap-1@ND and Nap-

1/Tau@ND with respect to taurine concentration, it was unclear whether increasing 

taurine concentration alters the ratios of Nap-1 and taurine attached to the ND surface.  

Co-functionalisation of ND-COOH with taurine and Nap-1 demonstrated the ability 

to alter the loading of the Nap-1 luminophore, evidenced by the decreased absorbance 

at 445 nm with increasing taurine concentration. It was unclear however whether this 

results in improved colloidal stability, as size distribution and zeta potential appear to 

exhibit differing trends depending on the buffer used for the ND functionalisation 

procedure.  

Potential reasons for the lack of correlation between taurine concentration and colloidal 

stability, may include: 

i) impact of buffer: differing trends in taurine cofunctionalisation were observed 

dependant on the borate/CHES buffer system. This could indicate that buffer 

takes part in the reaction or is surface associated to the functionalised 

particles via electrostatic interactions. This could explain the lack of response 

in zeta potential with respect to taurine concentration. 
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ii) non-covalent interactions of taurine: in aqueous media, taurine is a zwitterion, 

and although at pH 9.5 the proportion of protonated amine is relatively low, a 

significant component could surface attach to already functionalised areas of 

ND during the functionalisation reaction leading to unpredictable aggregation 

behaviours.  
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2.4. Chapter conclusion 

Surface functionalisation of polycarboxylated ND dispersion was achieved through 

amidation of the ND surface via EDC/NHS coupling in both aqueous and organic 

solvents. Successful attachment was demonstrated through retention of luminescent 

properties of the novel Nap-1 luminophore and the Ru-1 luminophore in surface 

functionalised ND dispersions Nap-1@NDa-c and Ru-1@ND.  

Surface functionalisation of ND is supported by evidence from DLS and NTA 

particle size measurements as well as zeta potential measurements. Agglomeration, 

caused by the drop in surface zeta potential reducing the like-for-like charge based 

repulsion of primary ND particles, was observed upon surface functionalisation. This 

agglomeration was shown to be reproducible in order across Nap-1@ND dispersions 

produced across methods a, b and c, and was not shown to exceed 250 nm across all 

surface functionalised ND dispersions. Functionalisation with Ru-1 appeared to result in 

polarity change of the surface zeta potential (-42 mV for ND-COOH to +19 mV for Ru-

1@ND) indicative of extensive surface coverage of the positively charged luminescent 

Ru-1 complex.   Whilst aggregation occurs, it is of low order and reproducible, indicating 

that the surface functionalisation of ND in this manner is widely applicable in producing 

dispersions which can be post-modified to provide further functionality, or be used as 

sensors in a biological and chemical context.  

XPS revealed the clear formation of a shoulder around 288 eV in the C1s peak of 

surface functionalised ND samples Nap-1@NDa-c, Ru-1@ND and Ru-1/Nap-1@ND, 

ascribed to the increased highly oxidised C component in the amide environment 

following surface functionalisation. This is evidence of covalent attachment (as opposed 

to surface association via electrostatic interaction).  

TEM imaging revealed purified, monocrystalline ND dispersions in all surface 

functionalised cases. Particle morphology appear very similar in surface functionalised 

ND samples in comparison with ND-COOH.  

In the production and extensive characterisation of bright, luminescent and co-

functionalised (in the case of Ru-1/Nap-1@ND) ND dispersions, we describe a 

reproducible system whereby extensive surface functionalisation of ND is achievable 

through the facile and oft employed route of amidation by EDC/NHS. In demonstrating 

the applicability of the system across different buffered aqueous media and organic 

media (MeCN) we open up a huge scope of potential substrates which could be attached 

to the ND surface. Results detailed here, therefore, describe a very exploitable system 
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for the production and characterisation of surface functionalised ND.  Whilst attempts at 

controlling surface electrostatic properties with co-functionalisation with taurine were 

relatively unsuccessful, ND colloidal stability does appear to alter with respect to surface 

identity. UV-Visible spectroscopic measurements identified the clear negative correlation 

of Nap-1 concentration in purified dispersions with taurine concentration upon 

functionalisation. This identifies a route whereby ratiometric control of multiple substrates 

in the attachment to ND can be employed.  

The outlook from this work involves both the interest in developing surface 

functionalised ND dispersions which exhibit as close to primary particle size distributions 

in aqueous media. This could be attained through investigating other co-functionalisation 

substrates, surface coating with a polyacid (such as oleic acid) or silica or moving 

towards a negatively charged luminophore.  

In further developing surface functionalised ND chemistry, we employed these 

synthetic routes in the development of enzyme active luminescent ND dispersions, of 

which it is hoped to attach to the curli biofilm matrix to yield the overarching aim of a 

hybrid ND-embedded biomaterial.  

  



Chapter 2. Surface functionalised nanodiamond: methodology development  

 

74 
  

2.5. Experimental 

2.5.1. General considerations and measurement parameters 

2.5.1.1. General reagents 

Reagents and starting materials were obtained from commercial sources (i.e. 

Sigma Aldrich, Alfa Aesar, VWR and fluorochem) and used without further purification. 

Purified water from a Millipore milliQ purification system with an activity of not lower than 

15 mΩcm-3 was used.  

2.5.1.2. Nanodiamond dispersions 

Nanodiamond particles were purchased from either Van Moppes or Microdiamant, 

with an average particle diameter of 50 nm. Particles were treated with air oxidation at 

420 °C for 5 hours prior to dispersal.  

Aqueous nanodiamond samples were obtained from Professor Oliver Williams as 

slurries of ~50 nm d. particles in water at a concentration of 0.5 mg mL-1 and used without 

further treatment in surface functionalisation. ND particles from either Van Moppes or 

Microdiamant were treated at ~400 °C over 5 hours in air prior to suspension in water. 

Acetonitrile slurries containing 0.5 mg mL-1 oxidised ND were prepared through 

sonication of particles in the solvent at 30% amplitude over 5 minutes (cycled 5 s on 10 

s off). Samples were centrifuged at 4000 rpm over 15 minutes and re-dispersed with 

sonication. This was repeated 5 times until all particles were well dispersed, followed by 

centrifugation at 2000 rpm over 15 minutes to remove any titanium particles sheared 

from the sonication probe.  

2.5.1.3. X-ray photoelectron spectroscopy 

Nanodiamond dispersions (20-100 µL) in water were dropped onto cleaned pure 

gold foil and dried under laminar flow prior to loading into the Thermo Escalab 250 XPS. 

Spectroscopy was performed with a monochromated aluminium K-alpha X-ray source, 

measuring a spot size of 500 µM with a power of 150 W. Detailed spectra of individual 

peaks were taken at energy of 20 eV with a step size of 0.1 eV, optimising scan number 

to give acceptable signal to noise for each measurement. Binding energy was calibrated 

by setting the Na (1s) peak to 1080 eV. Deconvolution and fitting was performed using 

Shirley or Linear backgrounds, fitting was performed using mixed Gaussian-Lorenzian 

fits in CASA XPS. Elemental analysis was derived using relative sensitivity factors from 

the CASA Scofield library.   
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2.5.1.4. Particle size and zeta potential measurements 

A Malvern Zetasizer Nano ZS (DLS and zeta potential) equipped with a 633 nm 

laser in backscattering configuration (173 °) and a Malvern Nanosight LM10 equipped 

with a 635 nm laser (NTA) were employed in particle size measurements Zeta potential 

measurements were made in the Malvern Zetasizer Nano ZS. Zeta potentials are 

reported at a given pH. Particle size distributions by DLS are the average of 100 × 30 s 

scans and zeta potential of 3 × 100 scans. Particle size measurements by NTA are the 

result of tracking over 3 x 20 s videos from scattered particles. The pH was measured 

by a Hanna Instruments HI 2211 pH meter. 

2.5.1.5. Optical spectroscopy 

UV-Visible spectroscopy was performed in aerated solutions (1 x 10-5 M where 

applicable) using a Shimadzu UV-1800 spectrophotometer. Photophysical data was 

obtained on a JobinYvon-Horiba Fluorolog spectrometer fitted with a JY TBX picosecond 

photodetection module as water solutions. Emission spectra were uncorrected and 

excitation spectra were instrument corrected. The pulsed source was a Nano-LED 

configured with for a 295 nm output at 1 MHz. Luminescence lifetimes were obtained 

using the JobinYvon-Horiba FluoroHub single photon counting module fitting the lifetime 

data using DAS6 devonvolution software. Quantum yield measurements were obtained 

on aerated solutions using [Ru(bipy)3](PF6)2 in aerated MeCN as a standard (φ = 0.016). 

119 

2.5.2. Synthetic methods 

2.5.2.1. Synthesis routes in the surface functionalisation of ND 

Method 1 

Nap-1 (aq.) was added to aqueous dispersions of ND-CO2H (0.5 mg mL-1) to give a 

final concentration of 2 mM in 3 ml. Solutions of N-hydroxysulfosuccinimide (10 mM) and 

1- ethyl-3-(3-dimethylaminopropyl)carbodiimide (20 mM) were added, giving a final ND- 

CO2H concentration of 0.25 mg mL-1. Dispersions were buffered to pH 9.5 using CHES 

and stirred at 30°C for 16 hours. Samples were dialysed using a 3 K MWCO cellulose 

membrane at room temperature into water, sonicated for a total time of 10 minutes at 

0°C and treated with another round of dialysis. A 1000-fold dilution was achieved over 

12 h of equilibration at room temperature for each round of dialysis, resulting in the 

assumed dilution of any remaining substrate or coupling reagents or byproducts to 10-6 

of their original concentration. Samples were then passed through a 0.22 µM PES 

membrane to remove any dust or large aggregates for analysis. Repeat measurements 
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after 42 days were done with no further purification of filtration, samples were kept sealed 

in a dark, dry cupboard in the intervening time.   

Method 2  

As for Method 1, but using a 50 mM borate buffer system (sodium tetraborate/boric acid) 

at pH 9.5.   

Method 3  

 ND-CO2H was dispersed in acetonitrile (0.25 mg mL-1) and then stirred at room 

temperature. A 2 mM solution of Nap-1 or Ru-1 was added together with 1-ethyl-3-(3- 

dimethylaminopropyl)carbodiimide (20 mg mL-1), N-hydroxysuccinimide (20 mg mL-1) 

and triethylamine (0.5 mL) for 24 hours. In the case of the mixed Ru-1/Nap-1@ND, the 

concentration of each was 1 mM. The functionalised nanodiamond was pelleted by 

centrifugation (4400 rpm, 30 minutes, Eppendorf micro-centrifuge), followed by 

subsequent washing steps in acetonitrile by probe sonication of the sample (30% 

amplitude, 30 minutes), followed by centrifugation (4400 rpm, 30 minutes) until the 

supernatant was clear. The nanodiamond material was finally dispersed by probe 

sonication in water (1 mL, 30% amplitude, 30 minutes), followed by centrifugation (4400 

rpm, 5 minutes) to remove residual titanium from the sonicator tip. 

2.5.2.2. Synthesis of Nap-1 from 4-chloro-1,8-naphthalic anhydride 

Synthesis of Nap-Cl precursor 

 

4-chloro-1,8-naphthalic anhydride (2 g, 8.6 mmol) was dissolved in ethanol (60 mL) and 

ethanolamine (0.79 mL, 12.9 mmol) was added. The solution was then heated at reflux 

for 12 hrs under a nitrogen atmosphere. Upon cooling to 0 °C precipitation occurred, and 

filtration yielded C1 as a yellow solid (2.01 g, 85 %). 1H NMR (400 MHz, CDCl3): δH 8.70 

(d, J = 6.8 Hz, 1H), 8.64 (d, J = 8.4 Hz, 1H), 8.54 (d, J = 7.6 Hz, 1H), 7.88 (m, 2H), 4.48 

(t, J = 4.8 Hz, 2H), 4.01 (t, J = 4.8 Hz, 2H) ppm. LRMS ES+ found m/z = 275.03 [M+] 
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Synthesis of Nap-1 from Nap-cl 

 

C1 (0.75 g, 2.72 mmol) was dissolved in DMSO (5 mL) and N-tert-butyl EBDE (1.4 g, 

5.64 mmol) was added and the solution heated at reflux for 16 hours under a nitrogen 

atmosphere. Upon being allowed to cool the solution was flooded with 30 mL of water 

and neutralised with 0.1 M HCl. The product was then extracted with dichloromethane 

(3 x 15 mL) and washed with water (3 x 10 mL) and brine (3 x 10 mL). The crude 

intermediate product was then purified further though the use of silica gel column 

chromatography using 3:2 acetone hexane with 4% triethylamine as the eluent. The 

solvents were then removed under vacuum yielding the intermediate product as a red oil 

(0.40 g, 30 %). 1H NMR (300 MHz, CDCl3): δH 8.37 (d, J = 6.8 Hz, 1H), 8.28 (d, J = 8.4 

Hz, 1H), 8.08 (d, J = 8.1 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 6.03 

(s, 1H), 5.00 (s, 1H), 4.36 (t, J = 4.8 Hz, 2H), 3.92 (t, J = 4.5 Hz, 2H), 3.82 (t, J = 5.1 Hz 

2H), 3.64 (m, 4H), 3.57 – 3.45 (m, 4H), 3.28 (d, J = 4.8 Hz, 2H), 1.34 (s, 9H) ppm. LRMS 

found m/z = 389.18  [M+H]+.  Deprotection of the intermediate product was achieved by 

stirring in 50% TFA in DCM (10 mL) for 24 hours under a nitrogen atmosphere. The 

solvents were then removed under vacuum, and the residue dissolved in methanol and 

the solvent removed again. This was repeated in triplicate to yield Nap-1 as a red oil 

(0.29 g, 91 %). 1H NMR (300 MHz, CD3OD): δH 8.31 – 8.19 (m, 2H), 8.09 (m, 1H), 7.43 

(m, 1H), 6.61 (m, 1H), 4.23 (m, 2H), 3.80 (t, J = 5.1 Hz, 2H), 3.72 – 3.64 (m, 6H), 3.59 – 

3.51 (m, 2H), 3.30 – 3.25 (m, 2H), 3.11 – 3.01 (m, 2H) ppm. 13C{1H} NMR (75 MHz, 

CD3OD): δC 164.78, 150.78, 149.04, 134.14, 133.04, 130.55, 128.31, 128.01, 127.62, 

123.86, 108.00, 103.65, 70.03, 68.62, 66.54, 59.03, 42.69, 39.22 ppm. LRMS found m/z 

= 388.18 [M+H]+.HRMS expected m/z = 388.1794 for [M+H]+, found m/z = 388.1857. 
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2.5.2.3. Characterisation of Ru-1  

Ru-1 was isolated as a red oil (45 mg, 0.05 mmol). 1H NMR (400 MHz, CD3OD) δH 8.97 

(1H, s), 8.58-8.64 (5H, m), 8.54 (1H, s), 7.99-8.09 (5H, m), 7.85 (1H, d, J = 5.9 Hz), 7.67-

7.77 (6H, m), 7.53 (1H, d, J = 5.8 Hz), 7.35-7.43 (5H, m), 7.27 (1H, d, J = 5.8 Hz), 3.49-

3.66 (8H, m), 3.17-3.22 (2H, m), 2.99-3.06 (2H, m), 2.50 (3H, s) ppm. 13C{1H} NMR (100 

MHz, CD3OD) δC 164.6, 161.0, 160.7, 158.1, 157.2, 157.1, 157.0, 156.2, 151.9, 151.3, 

151.1, 151.0, 150.4, 142.5, 138.0, 137.9, 128.8, 127.6, 125.5, 124.9, 124.4, 124.3, 121.5, 

70.0, 69.9, 69.0, 66.5, 39.7, 39.2, 19.9 ppm. HRMS found m/z = 379.1133; calcd. 

379.1133 for [C38H40N8O3Ru]2+. UV-vis. λmax (H2O) / nm (ε / dm3 mol-1 cm-1) 246 (27800), 

287 (64100), 458 (13100). 
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3.1. Chapter Aims  

The overarching aim of this study (Section 1.1) requires the production of functional 

ND species that can be used as substrates by appropriate ligase enzymes, in order to 

be incorporated into the structural biological matrix. 

The ability to co-functionalise polycarboxylated ND suspensions has been 

identified and evaluated in Chapter 2 of this thesis. In continuing from this the aim was 

to utilise a site-specific transpeptidase enzyme native to the gram-positive S. aureus and 

S. pyogenes bacterial species, Sortase A, which recognises and ligates specific peptide 

motifs to attach functional ND species onto an engineered curli biofilm (Figure 3.1). Thus, 

in developing dual-functioning ND suspensions, with particles expressing both one 

component of the Sortase A peptide tag and a functional component (i.e. luminophore), 

and recombinantly expressing the identified Sortase A enzyme, a system would be 

produced whereby it is possible to enzymatically modify engineered E. coli biofilms with 

luminescent ND particles.  

 

Figure 3.1: Route to enzyme modified nanodiamond embedded curli biofilm materials 

This chapter evaluates the following critical aspects of this aim:  

- Recombinant expression of Sortase A in E. coli 

- Confirmation of Sortase A activity through peptide ligation assay 

- Synthesis and characterisation of Ir-1 a red emitting phosphorescent dye suitable 

for the attachment to ND 

- Development of nanodiamond suspensions co-functionalised with orthogonally 

luminescent species and the Sortase A ligase peptide tag 

- Solid phase peptide synthesis of a bespoke luminescent Ru(II) peptide 

conjugate, [Ru(Bipy)2L1]-LPYTGG  

- Evaluation of the ability to utilise Sortase A to modify the co-functionalised 

Sortase A active nanodiamond suspensions  

In the evaluation of these aspects, this chapter further develops established ND 

functionalisation technologies for application for the targeted synthetic biological 

production of novel hybrid materials.  
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3.2. Introduction 

3.2.1. Sortases: a group of cell membrane associated enzymes critical for 

attachment of proteins to the peptidylglycan cell wall 

Sortases are a family of enzymes produced by Gram-positive bacteria, playing a 

critical role in the development of the peptidoglycan cell wall. 120 Recognising specific 

sequence motifs, this group of enzymes ‘sort’ secreted proteins for covalent attachment 

to the outer surface of the cell membrane (specifically via attachment to lipid II), 121 or 

are involved in polymerisation of secreted proteins to form pili. 122 Sortases have received 

a great deal of attention in recent literature, due in part to their role in virulence factor 

display in pathogens such as S.aureus, 123,124 but also due to their applicability in 

covalently modifying proteins to produce chimeric post-translationally modified proteins. 

125–127 Different sortases recognise different peptide motifs for transpeptidation, typically 

with different roles in attachment/pili formation. 120  

Typically more than one sortase is present in an organisms genome, exhibiting 

differing levels of substrate specificity and function. 128 One member of the sortase family, 

Sortase A (SrtA), is commonly termed the ‘housekeeping’ sortase, attaching a wide 

variety of protein substrates secreted via the sec pathway in S. aureus and S. pyogenes. 

126 SrtA from both organisms attaches a variety of proteins to the cell wall through 

recognition of the LPXTG (S.aureus) or LPXTA (S.pyogenes) motif (where X can be any 

amino acid). Attachment in both cases occurs through transpeptidation with an N-

terminal polyglycine entity on the peptidoglycan cell wall. For clarity, SrtA henceforth 

refers to that found in S.aureus, recognising LPXTG motif. 

SrtA is highly selective for the LPXTG motif. Experiments by Clancy et al. showed 

that apart from the X position, all amino acid residues were essential to their ability to act 

as a SrtA substrate (Figure 3.2). 129 
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Figure 3.2: Residue preference of SrtA: Libraries of substituted sequences were 

produced in varying positions of the LPXTG motif, showing that apart from residue X, 

all other residues are critical in substrate selection by SrtA. Figure adapted from 

reference 129. 

A plethora of methods have available to generate such site-specific protein modifications. 

They often require the incorporation of large enzymatic domains onto the protein 

substrate, or are limited in their range of substrates able to be attached. 126 

Transpeptidases such as SrtA provide an efficient, highly selective route to modification, 

and as such have received a large amount of interest.  

In the context of this study, SrtA provides an ideal route to attach ND a biofilm 

matrix containing an engineered amyloid protein matrix. Through incorporation of the 

specific LPXTG motif onto the CsgA protein (addressed in Chapter 4), and a H2N-(G)n 

sequence onto the surface of nanodiamond it is hypothesised that sortase will efficiently 

effect the necessary covalent attachment thus ligating the two components and yielding 

the functional biofilm matrix. 

3.2.2. Mechanism of S.aureus SrtA transpeptidation 

The structure of Sortase A is dominated by a β-barrel conformation containing 8 β-

strands (Figure 3.3). The active site is located within a hydrophobic pocket away from 

the β-barrel structure (Figure 3.4). In nature the morphology of SrtA is conserved through 

Ca2+ binding adjacent to the active site; Ca2+ has been observed to stimulate the activity 

of SrtA. 130 

SrtA catalyses transpeptidation between the specific LPXTG sequence and N-terminal 

polyglycine (NH2-(G)n) sequence. The mechanism of SrtA catalysed transpeptidation is 
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relies on a catalytic dyad formed by cysteine and histidine residues C184 and H120 in 

the active site (Figure 3.5). The arginine residue R197 and tryptophan W194 have also 

been identified to be involved in stabilisation of the enzyme-substrate complex. 129 C184, 

and H120 are absolutely critical to SrtA activity, 131,132 substitution of which abolishes the 

transpeptidation of SrtA activity.  

 

Figure 3.3: Left- β-barrel structure of SrtA from S.aureus. Right- structure of SrtA 

showing the active site (yellow coloured ribbon) in hydrophobic pocket with coloumbic 

surface rendering. Images rendered using UCSF Chimera from PDB 1T2P. 133  

 

Figure 3.4: Active site of SrtA made up of C184, H120, R197 and W194 residues 

The exact mechanism by which SrtA acts has been the subject of discussion in the 

literature, with several mechanisms suggested. In all cases, transpeptidation is proposed 

to be mediated through thioesterification of C184 with the threonine residue of the 
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LPXTG tagged substrate, which is then subjected to substitution via nucleophilic attack 

of the NH2 terminus on the second, polyglycine tagged substrate. This is aided by proton 

transfer with the nearby H120 residue.129,134,135 

Whilst detailed discussion of all postulated mechanisms for SrtA action is beyond 

the scope of this study, the most likely mechanism is based around the a ‘ping-pong’ 

reverse protonation mechanism (Figure 3.5)  proposed for similar enzymes. 136–138 

several supporting factors including data from kinetic isotope effect experiments and 

inactivation experiments support this mechanism. 129 SrtA catalyses the hydrolysis of 

proteins bearing the LPXTG motif in the absence of a polyglycinyl nucleophile, with 

kinetic studies suggesting a rate limiting step in the initial thioesterification event.131  

Importantly, this enzyme relies on the equilibrium between the thiol/imidazole and 

thiolate/imidazolium forms of C184 and H120, with the latter being the active form. 

Clearly, the nucleophilicity and basicity of the thiolate form is increased, and thus better 

able to act in thioesterification, whilst the imidazolium acidity is purported to be key in the 

non-reversible formation of the thioester intermediate. Therefore, if this mechanism is to 

be taken as true, at biologically relevant pH, only a small amount (0.06%) of SrtA is 

available to perform catalysis. 129 

In the ‘reverse-protonation’ mechanism, thioesterification is initiated by 

nucleophilic attack of the thiolate group from C184 on the amide bond between the 

threonine and glycine residues of the LPXTG motif. The imidazolium species from the 

H120 residue acts as a Brønsted acid, promoting the route to thioester formation (as 

opposed to cleavage of the sulphur-carbon bond). Transpeptidation occurs through 

nucleophilic attack by the NH2 terminus of the polyglycine substrate, which following by 

proton transfer to H120 by the intermediate thioether yields the ligated product.  
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Figure 3.5: Reverse protonation mechanism purported for SrtA 

R197 plays a key role in transient state stabilisation through hydrogen bonding with the 

LPYTG motif. Substitution of R197 with citrulline (a neutral homologue of arginine, 

capable of hydrogen bonding) showed only a slightly decreased catalytic rate, 

suggesting its role in enzyme substrate complex stabilisation as opposed to being 

directly involved as a base. 139 W194 appears important, as the W194A mutant produced 

by Ton-That et al. exhibited drastically reduced activity, suggesting further stabilisation 

of a transition state. 140 

Transpeptidation is reasonably tolerant of nucleophiles, requiring at least one N-

terminal glycine in achieving michaelis constants (Km) of between 35 – 16 µM for the 

xenobiofic substrate, Abz-LPXTG-Dpn, translating in identical conditions to turnover 

rates of around 0.1 µM min-1. 135 

3.2.3. Development of S.aureus SrtA in protein modification technologies 

A variety of SrtA enzymes have been applied in sortase mediated modification of 

proteins. Wild type SrtA from S.aureus has been noted to exhibit poor reaction rates and 

it’s applicability is limited by reliance on binding the Ca2+ cofactor. 141 Variant forms of 

this sortase exhibit superior catalytic activity. Chen et al. reported a significant 

improvement over the relevant parameters of the wild type SrtA (kcat = 1.5 s-1, Km LPETG 

= 7.6 mM,) in utilisation of the pentamutant P94R/D160N/D155A/K190E/K196T variant  

(kcat = 5.4 s-1, Km LPETG = 0.23 mM), with a 140 fold increase in overall catalytic 
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efficiency (kcat/Km LPETG). Incorporation of two further mutations identified to remove 

dependence on Ca2+ (E105K and E108Q) 142 allowed the generation of a catalytically 

optimised, calcium independent septamutant SrtA; SrtA(7M), retaining the improved 

kinetic parameters of the pentamutant form. 143 This form of the enzyme is available 

commercially through plasmid sharing platforms and presents an attractive, easily 

available optimised form of SrtA to employ for transpeptidation.  

Reversibility in SrtA mediated transpeptidation is another important issue, as the -

LPXTG- motif containing product formed can present as a target for transpeptidation with 

the cleaved H2N-G- unit. Various strategies have been employed to overcome this, 

through experimental design to yield unattractive H2N-G- fragments upon initial 

transpeptidation, complexation of the products with metal ions, and incorporation 

ofWTWTW sequences either side of the ligated peptide motifs, yielding a product 

exhibiting a β-hairpin unable to be recognised by SrtA. 144 

3.2.4. Utilisation of SrtA in chemical biology 

SrtA has been employed in a huge variety of applications to date, including protein 

and peptide labelling, 145–148 attachment of proteins/peptides to abiotic planar 127,149,150 

and particle surfaces, 151,152 and cell surface modification. 153–155 

3.2.4.1. Labelling of proteins 

Popp et al. exploited WT SrtA from both S. aureus and S. pyogenes in both the 

circularisation and PEGylation of cytokine proteins such as humnan interferon alpha 

(IFNα2). Two versions of IFNα2 (a four-helix bundle cytokine) were produced, one 

containing an N-terminal polyglycine motif and both containing either LPETG/LPETA 

sortase motifs at the opposing end of the protein (Figure 3.6). Through the orthogonal 

action of SrtA from S. aureus and S. pyogenes, a variety of different products could be 

produced from SrtA transpeptidation, including circularised and PEGylated products 

(Figure 3.6). The produced protein forms exhibited advantageous properties compared 

to the unmodified forms, including increased thermal stability of the helix bundles from 

circularisation and increased in-vivo stability of the PEGylated form. 145  
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Figure 3.6: Orthogonal SrtA modification of IFNα2 by S. aureus (SrtAstaph) and S. 

pyogenes (SrtAstrep) sortases to yield a variety of products. Adapted from reference 

145. 

Antos et al. described the C-terminal labelling of protein substrates bearing the LPETG 

recognition sequence with cholesterol tryglycine derivatives in good (60-90%) yield. 

Utilising eGFP-LPETG as the protein substrate, lipid modification resulted in a 500-fold 

enhancement (with respect to the native protein) in fluorescence intensity in HeLa cells, 

ascribed to their increased ability to interact and cross/interact with the various cellular 

membranes present. 146 

Incorporation of the LPETG motif in the internal crossover loop in the ubiquitin C-

terminal hydrolase UCHL3 contributed to the function determination that. Cleavage and 

transpeptidation at the LPETG site with a polyglycine labelled biotin substrate allowed 

for labelling of the protein active towards a streptavidin-HRP conjugate. Ubiquitin 

hydrolysis rates of the engineered strains showed a small degree of reduction in the 

enzyme function following cleavage,  contributing to the conclusion that the crossover 

loop restrict access of bulky adducts to the active site, rather than a major contribution 

to maintenance of structure at the active site itself. 148 

3.2.4.2. Attachment of proteins to abiotic planar and particle surfaces 

Sijbrandij et al. utilised SrtA transpeptidation technologies to investigate the ability 

to prevent biofouling of a surface through attachment of a PEG group. A polystyrene 
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surface was functionalised with the (G)5P3 peptide through hydrophobic interaction with 

the P3 peptide (Figure 3.7). Initial testing with a biotin labelled LPETG surface confirmed 

the ability of SrtA to covalently link substrates to the surface (via evaluation of HRP 

activity following concurrent interaction with a streptavidin-HRP conjugate). A PEG chain 

containing the LPETG sequence was then attached, which resulted in a decrease in 

bacterial binding over 3 hours of around 40% relative to the control polystyrene surface. 

127 

 

Figure 3.7: Demonstration of the ability to attach species to a polystyrene surface via 

SrtA transpeptidation Adapted from reference 127 

Ta et al. conjugated the single chain antibody (scFv) to iron oxide particles, for 

applications in contrast imaging in MRI studied. The LPETG motif was included in the 

antibody chain and expressed in insect cells. The aminated iron oxide particles were 

conjugated to a polyglycine motif. Sortase immobilisation of the antibody was then 

performed yielding the conjugate product. The conjugate product demonstrated the 

ability to attach to cells expressing the appropriate antigen in in-vitro studies, and in-vivo 

MRI imaging demonstrated the ability to utilise the conjugate as a negative contrast 

agent specific to thrombi in mouse carotid arteries. 151 

3.2.4.3. Cell surface modification 

In utilising the naturally exposed polyglycine residues on the cell surface of the 

bacterium Toxoplasma gondii, CD8 T cells, yeast cells and mouse spenocytes, 

recombinant proteins were attached to the cell surface via expression with C-terminal 

LPETG sequences and biotin-LPETG. Biotin-LPETG was conjugated via SrtA to the 

surfaces of various microorganisms, which was then subjected to attachment of 

streptavidin. SDS-PAGE analysis of the unmodified cells showed the successful 

incorporation of streptavidin. Cellular attachment of single domain antibodies to the toxic 
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CD8 T cells with a view to induce specificity to leukemic cells was performed, utilising 

the interaction with antigen labelled GFP. Successful interaction with GFP was identified 

through flow cytometry, demonstrating the ability to specifically modify the 

immunoprocessing of specific toxic cell lines. 155   
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3.3. Results and discussion 

3.3.1. Expression of S.aureus Sortase A from E. coli  

SrtA from S. aureus was expressed in E.coli from a srtA gene harboured by a 

pET30b plasmid via the method described in Section 3.5.2. The crude hexa-histidine 

tagged protein was obtained through purification of the supernatant via Ni-NTA affinity 

chromatography and eluted from the column with sortase elution buffer. SDS-PAGE 

(Figure 3.8) of fractions from Ni-NTA column confirmed the expression of SrtA, with a 

band corresponding to ~18 kDa present in all elution fractions (theoretical mass of 

heptamutant histidine tagged SrtA is 17.85 kDa). The elution fractions were then 

combined, and dialysed into sortase storage buffer (1000:1 dilution factor, 2 cycles).  

Analysis by SDS-PAGE of the dialysed protein showed the protein present as a band 

corresponding to ~18 kDa in very high purity.  

 

Figure 3.8: SDS PAGE of SrtA. Lane 1- Dialysed protien from combined fractions 

(diluted by 4), Lane 2- flow through from Ni-NTA column, Lane 3+4- wash fractions 

from Ni-NTA column, Lane 5+6- Elution fractions from Ni-NTA column. 

UV-visible analysis of the protein showed that the combined fractions contained SrtA at 

a concentration of 0.375 mM (determined from the absorbance at 280 nm, ε = 14400 

from predicted data).  

Production of SrtA was confirmed by charge deconvoluted mass spectrometry, 

identifying the mass of product at 17853 g mol-1 (Figure 3.9), within 0.1% to the 

theoretical exact mass of 17851 g mol-1, an error associated with the mass deconvolution 

process.  
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Figure 3.9:  Mass spectrum of SrtA produced from the expression of srtA in E. coli 

(left), deconvoluted by charge states (right). 

3.3.2. Confirmation of SrtA(7M) activity towards TTLPYTGG and GGGGTTTT 

peptides  

In the initial confirmation of SrtA(7M) (sequence given in section 3.5.2) activity, 

peptides TTLPYTGG and GGGGTTTT were ligated over the course of 24 hours in the 

appropriate sortase reaction buffer at pH 7.5. Integration of TIC detected chromatogram 

peaks at ~8.30 and ~8.70 minutes  corresponding to the appropriate masses of 

TTLPYTGG (809.40 for [M+H]+, Figure 3.10) and the product TTLPYTGGGGTTTT 

(1327.64 for [M+H]+, Figure 3.10) respectively allowed the reaction progress to be 

followed through aliquot quenching at specific timepoints (Figure 3.11). Although TIC 

integration cannot be employed in the absolute quantification of product formation, 

comparison of the integrals for TTLPYTGG and TTLPYTGGGGTTTT can be employed 

in the relative rate of product formation as a ratio. all chromatograms are reported in the 

appendix of this thesis.  
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Figure 3.10: Mass spectra of TTLPYTGGGGTTTT (Top) and TTLPYTGG (bottom) 

detected at ~8.7 and 8.3 minutes respectively 

From integral ratios, a rapid initial rate of product formation to almost 50% was 

observed within the first 20 minutes. This rate appeared to tail off to a lower, linear rate 

of conversion culminating around 93% product conversion under these conditions. 

Detailed rate analyses for SrtA (7M) is not relevant to this work, and would require 

multiple experiments, requiring specially designed peptide conjugates enabling 

fluorescent monitoring of reaction rate. Given the similarities of the peptides TTLPYTGG 

and GGGGTTTT to the peptides designed for utilisation in covalent ligation of ND 

particles to the surface, this assay was designed to accurately represent conditions 

employed in ligating an excess of ND particles to a LPYTGG expressing biofilm surface. 

Through this assay, it is clear that over 24 hours almost 95% of ligation product was 

formed from TTLPYTGG and GGGGTTTT, indicating that the SrtA is active and suitable 

for ND attachment.  
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Figure 3.11: Measurement of SrtA activity as a product formation ratio from 

chromatogram integrals. 
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3.3.3. Synthesis of red luminescent organometallic iridium (III) complex, Ir-1 

suitable for ND attachment.  

Luminophores employed included Nap-1 (synthesis and characterisation 

described in Chapter 2), and Ir-1 (Figure 3.12) to give a broad range of luminescent 

properties (i.e. modified lifetime and emitting wavelength). Both luminophores contain a 

terminal primary amine suitable for covalent attachment to nanodiamond through the 

methods described in Chapter 2.   

 

Figure 3.12: Structures of Nap-1 and Ir-1 luminophores 

Synthesis of the organometallic Ir-1 luminophore was achieved in 3 steps (Figure 

3.13.). Firstly, the acid catalysed condensation of 1-phenylpropane-1,2-dione with 1,2-

difluoro-4,5-diaminobenzene in ethanol yielded the quinoxaline ligand QX-1 as in Phillips 

et al. (2018). 156 The chlorine-bridged iridium dimer species Ir2Cl2(QX-1)4 was 

synthesised by ligand substitution of the hydrated IrCl3 precursor (presumably present in 

solution as [Ir(Cl3)(H2O)3] in 2-ethoxyethanol at reflux. This dimer was used without 

further purification, splitting with the 5-methyl-2,2-bipyridyl-5’-NBoc-EBDE derivative to 

yield the final complex Ir-1 as a red solid with a cumulative isolated yield of ~8%. 
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Figure 3.13: Synthetic route to the orgaometallic Ir(III) based complex, Ir-1. 
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Analysis by NMR spectroscopy (aromatic region of Ir-1 shown in Figure 3.14), 

mass spectrometry (showing correct molecular ion peak in low and high resolution) are 

conclusive in the identification of the production of Ir-1. Where QX-1 exhibited multiplet 

resonances around 7.41-7.56 ppm corresponding to the benzyl moiety attached to the 

quinoxaline. These appear to shift upfield, most extensively where the proton directly 

adjacent to the cyclometallating site shifts to ~6.53 ppm, and those in the meta- and 

para- positions to around 7.21 ppm (still observable by now occluded by the CDCl3 

residual peak). Significantly downfield resonances attributed to protons adjacent to the 

coordinating nitrogen atoms in the 2,2’-bipyridyl based ligand were also observed.  

 

Figure 3.14.: Aromatic region of the 1H NMR spectrum of Ir-1. 
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3.3.3.1. Optical properties of Ir-1 

A summary of the optical properties of luminophores and Ir-1 (along with that of 

Nap-1, previously described in Section 2.3.1) is detailed in Table 3.1. The UV-Visible 

and luminescence emission spectra is shown in Figure 3.15, and summarised in table 

3.1.  

Table 3.1: Summary of optical absorption and emission properties of luminophores 

Nap-1 and Ir-1 recorded in aerated water. 

 
λmax / nm (ε / dm3 mol-

1cm-1 

λem / 

nm 

Stokes 

shift / 

cm-1 

τobs / ns φ / % 

Nap-1 445 (8800) 542 4022 4.5 42% 

Ir-1 
258, 312 374 (15400) 

477 (3100) 
670 6039 210 0.5% 

 

Ir-1 demonstrates a complex UV-Visible absorption spectrum, with multiple absorption 

bands below 600 nm. Phillips et al. described the absorption spectra (albeit in 

chloroform) of similar diquinoxaline 2,2,’-bipyridil coordinated Ir(III) complexes, whereby 

high energy absorptions (< 420 nm) are a composite of high probability overlapping 

ligand-centred transitions (various π-π* and n-π*). 156 The strong absorption shoulder 

around 477 nm (ε = 3100 dm3mol-1cm-1) possess a degree of metal to ligand charge 

transfer character (MLCT). This extends with a slight shoulder around 580 nm. This 

observation has been attributed to the spin-forbidden 3MLCT state, supported by time 

dependent DFT (TD-DFT) and transient absorption spectroscopy. The optical absorption 

properties of iridium (III) bisquinoxaline complexes such as Ir-1 and those described by 

Phillips et al. are highly complex, and detailed characterisation and assignment is beyond 

the scope of this study. Luminescent emission centred around 670 nm, with a long 

emissive lifetime (210 ns) is supportive of phosphorescent emission from the spin 

forbidden 3MLCT excited state to the singlet ground state. The low quantum yield of the 

iridium complex in the aerated aqueous solvent is unsurprising, representing a significant 

component of deactivation by molecular oxygen of the triplet excited state. Langdon 

jones et al. previously found comparable (~2 %) quantum yields for similar complexes. 

157 
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Figure 3.15: UV-Visible absorption spectrum (black solid line) and luminescence 

emission spectrum (black dashed line, λem =350 nm, slits 8,8) of Ir-1 in water. 

3.3.4. Development of enzyme labile peptide luminophore co-functionalised ND 

suspensions suitable for surface modification by Sortase A Nap-

1/Srtpep1@ND and Ir-1/Srtpep1@ND 

In the development of bifunctional ND suspensions suitable for SrtA modification, 

a library of fluorescent covalently functionalised with the SrtA A peptide SrtPep 1 and 

luminophores Nap-1, and Ir-1. These ND suspensions were prepared through the 

acetonitrile solvated method (method 3) described in Chapter 2, followed by deprotection 

of the 9-fluorenylmethyloxycarbonyl (Fmoc) protecting group in 40% piperidine in 

acetonitrile (Figure 3.16).  

 

Figure 3.16: Schematic showing method of incorporation of SrtA recognition peptide 

and luminophore. 
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The protected SrtA recognition peptide, Srt pep 1 (Figure 3.17) was attached via the 

lysine residue as it is critical to maintain the N-terminus of the polyglycine sequence (as 

detailed in section 3.2.1). Following deprotection with 40 % piperidine in MeCN, surface 

functionalised ND dispersions Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND were 

produced.  

 

Figure 3.17: Structure of Srt pep 1. 
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3.3.4.1. Evaluating optical properties of protected and deprotected suspensions of 

Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

Analysis of optical properties of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND was 

performed to confirm preservation of optical properties of attached luminophores, as well 

as in confirmation of the attached Fmoc-protected sortase recognition peptide. A 

summary of optical properties of the deprotected surface functionalised ND dispersions 

is given in Table 3.2. Following functionalisation and deprotection, the aqueous 

dispersions of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND exhibited faint yellow and red 

colours respectively, suggesting retention of the coloured Nap-1 and Ir-1 luminophores 

attached.  

The UV-visible absorption spectrum of Nap-1/Srtpep1@ND (Figure 3.18) is 

dominated by a strong degree of scattering (evidenced by a strong background signal 

increasing in intensity in accordance with wavelength). Absorbance attributed to the ICT 

transition of Nap-1 at c.a. 450 nm (as observed for Nap-1@ND, Section 2.3.2) can clearly 

be identified as a shoulder in the scattering pattern. Due to the scattering observed, no 

other features can be distinguished.   

The UV-Visible absorption spectrum of Ir-1/Srtpep11@ND (Figure 3.18)  is again 

dominated by scatter, appearing mostly featureless with a small shoulder observable 

around 280 nm, resembling the highest energy ligand centred absorption for the Ir-1 

luminophore (Section 3.3.3). 

 

Figure 3.18: UV-visible absorption spectra of Nap-1/Srtpep1@ND (left) and Ir-

1/Srtpep1@ND (right). 

Luminescence emission spectra of Nap-1/Srtpep1@ND (Figure 3.19) prior to 

deprotection with 40% piperidine exhibit a dominant, featureless emission centred 
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around 320 nm (λex = 260 nm), consistent with fluorescent emission from the 9-

fluorenylmethyl environment, 158 in addition to a previously identified broad emission 

peak centred around 540 nm (λex = 450 nm) attributed to fluorescence from Nap-1. 

Following deprotection, this peak is seen to almost completely disappear, indicating 

efficient and complete deprotection of the N-terminal amine. 

 

Figure 3.19: Luminescence emission spectra of Nap-1/Srtpep1@ND prior to (left) and 

following (right) deprotection with 40% piperidine in MeCN. λex = 260 nm (blue solid 

lines), λex = 450 nm (red solid lines). Slits at 4,4 nm. No correction or normalisation of 

was performed. 

This is replicated in the emission spectra of protected and deprotected Ir-1/Srtpep1@ND 

(Figure 3.20), whereby almost complete loss of the luminescence emission signal around 

320 nm following deprotection is observed. This emission signal was replaced by an 

band centred around 360 nm, attributed to ligand centred emission of the QX-1 ligand.  

Broad emission from excitation at 450 nm around 670 nm was observed, attributed to 

the 3MLCT phosphorescent emission from the attached Ir-1 complex. Phosphorescent 

emission (from a triplet excited state) was further supported through lifetime 

measurements, describing a long-lived excited state with a lifetime of 230 ns. This is of 

a similar order for lifetimes found for similar iridium quinoxaline complexes described by 

Phillips et al. 2018. 156 
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Figure 3.20: Luminescence emission spectra of Ir-1/Srtpep1@ND prior to (left) and 

following (right) deprotection with 40% piperidine in MeCN. λex = 260 nm (blue solid 

lines), λex = 450 nm (red solid lines). Slits at 8,8 nm. No correction or normalisation was 

performed. 

Table 3.2: Summary of optical properties of Nap-1/Srtpep1@ND and Ir-

1/Srtpep1@ND. 

Compound 
λmax (UV-Vis) / 

nm 
λem / nm 

Lifetime / 

ns 

Nap-

1/Srtpep1@ND 
258, 283, 445 543 3.9 

Ir-1/Srtpep1@ND 380 640 230 

 

Analysis of the optical properties of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

confirmed the attachment of both the peptide and luminophores (as evidenced by dual 

emissive properties of the protected species), and the efficacy of the deprotection 

protocol (the abrogation of fluorescence emission pertaining to the 9-fluorenylmethyl 

group present).  
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3.3.4.2. Size distribution analysis of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

Size distributions and zeta potentials of aqueous dispersions of Nap-

1/Srtpep1@ND and Ir-1/Srtpep1@ND are shown in Table 3.3 and Figure 3.21 with data 

for ND-COOH and Nap-1@NDc shown for comparison in Table 3.1.  

Table 3.3: Size distribution analysis of aqueous suspensions of ND-COOH and surface 

functionalised ND samples Nap-1/Srtpep1@ND, Ir-1/Srtpep1@ND and Nap-1@NDc. 

Sample pH 

Particle 

Diameter (HDD) / 
nm 

PDI 
(DLS) 

Zeta Potential 
/ mV 

  DLS NTA   

ND-COOH 5.0 62 53±1 0.13 -43.0 

Nap-1/Srtpep1@ND 5.8 189 142±2 0.25 -14.3 

Ir-1/Srtpep1@ND 6.2 115 176±9 0.26 -30.0 

Nap-1@NDc 5.2 182 165±3 0.12 -19.5 

 

 

Figure 3.21: Particle sizes (hydrodynamic diameter) of dispersions of Nap-

1/Srtpep1@ND and Ir-1/Srtpep1@ND in H2O measured by DLS (blue bars) and NTA 

(black solid line with red error area). 

Aqueous dispersions of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND both exhibit 

aggregation to a similar degree to that of Nap-1@NDc (produced by method 3, Section 

2.3.2). Particle diameters of Nap-1/Srtpep1@ND and Nap-1@NDc and by both NTA 

and DLS were found to be broadly similar (c.a. 142 nm by NTA and 185 by DLS). Nap-

1/Srtpep1@ND is notably polydisperse (PDI = 0.26), in comparison with that of Nap-

1@NDc. Ir-1/Srtpep1@ND exhibited similar particle diameters to the Nap-1 

functionalised ND species by NTA, however DLS measurements found smaller average 
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particle sizes in comparison(c.a. 175 nm by NTA and 115 nm by DLS), with dispersions 

also exhibiting a high degree of polydispersity (PDI = 0.26) 

Zeta potential measurements of Ir-1/Srtpep1@ND found a larger (more negative) 

zeta potential of -30.0 mV, whereas Nap-1 functionalised ND species generally exhibited 

zeta potentials of less than -20 mV. This is counterintuitive, given the attachment of the 

positively charged iridium complex in comparison with the neutral Nap-1 luminophore. 

However, this could be a result of salt-charge screening (i.e. from the TFA counterion 

following deprotection of the Boc group in the final step). 

Introduction of the co-functionalised sortase recognition peptide SrtPepA appeared 

to have a drastic increase on the polydispersity as evidenced by the increase PDI and 

broadness of size distributions by DLS and NTA measurements. As seen for Nap-

1@NDb in Chapter 2, this brings into doubt whether the mean size determined for Ir-

1/Srtpep1@ND particles by DLS is representative, as the DLS measurement is typically 

not too tolerant of polydisperse samples. Still, as for chapter 2, it is likely that size 

measurements by NTA are largely more representative of the polydisperse systems 

produced upon surface functionalisation with the co-substrates.  

In summary, particle sizes of dispersions of ND particles surface co-functionalised 

with the sortase recognition peptide GGKpep and Ir-1 and Nap-1 respectively are 

broadly similar to those found for Ru-1 and Nap-1 functionalised species detailed in 

Chapter 2. The extra step in deprotection appears to have little effect on the particles 

colloidal properties, and surface functionalisation of ND appears tolerant of a wide variety 

of species.  

3.3.4.3. XPS analysis of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

Normalised atomic percentages of carbon, nitrogen and present for 

Nap1/Srtpep1@ND and Ir-1/Srtpep1@NDND-COOH, Nap-1@ND calculated from XPS 

spectra are shown in Table 3.4. Initial survey spectra revealed elements present prior to 

a quantitative scan. Survey spectra of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND are 

shown in the appendix of this thesis. XPS calculated atomic percentages for ND-COOH 

and Nap-1@NDc as detailed in Section 2.3.1.3 are included in Table 3.4 for comparison. 
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Table 3.4: Normalised atomic percentages of carbon, nitrogen and oxygen in Nap-

1/Srtpep1 and Ir-1/Srtpep1. 

Sample Carbon % Nitrogen % Oxygen % 

ND-COOH 87.84 0.36 11.80 

Nap-1/Srtpep1@ND 73.48 8.11 18.41 

Ir-1/Srtpep1@ND 70.47 12.17 17.36 

Nap-1@NDc 61.47 11.11 20.15 

 

Surface co-functionalisation with Nap-1/Srtpep1 and Ir-1/Srtpep1 of ND yielded 

particles containing a similar atomic percentage of carbon, nitrogen and oxygen as for 

Nap-1@NDc. Nap-1/Srtpep1@ND was shown to contain around 8. % of nitrogen and 

whereas the Ir-1/Srtpep1@ND species exhibited a greater (~12%) concentration. 

Considering the structures of the Nap-1 and Ir-1 (with 3 nitrogen atoms in Nap-1, 

compared to 6 in Ir-1), this is unsurprising and represents a different composition of the 

produced surface functionalised particles. Iridium was not able to be distinguished in the 

XPS spectrum of Ir-1/Srtpep1@ND, possibly due to the overlap of the strongest signal 

in the XPS spectrum of ir (4f) (around 65 eV) with numerous low-energy environments 

and a relatively low detection limit.  

Deconvolution of the C(1s) peak (Figure 3.22) of Nap-1/Srtpep1@ND  revealed 

four components: C(1s-1) (B.E. = 283.8 eV), C (1s-2) (B.E. = 284.5 eV), C (1s-3) (B.E. 

= 285.8) and C (1s-4) (287.8), respectively. Deconvolution of the C(1s) peak (Figure 

3.21) of Ir-1/Srtpep1@ND  revealed four components: C(1s-1) (B.E. = 283.6 eV), C (1s-

2) (B.E. = 284.0 eV), C (1s-3) (B.E. = 285.2) and C (1s-4) (287.4), respectively. These 

values are in good agreement with those found for surface functionalised ND species 

detailed in Section 2.3, representing the diamond (sp3) C-C, surface associated carbon, 

oxidized C-O and highly oxidised C=O environments.  
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Figure 3.22: Deconvoluted XPS spectra of Nap-1/Srtpep1@ND (left) and Ir-

1/Srtpep1@ND (right) showing components C1s-1 (red), C1s-2 (blue), C1s-3 (green) 

and C1s-4 (orange) fitted to the XPS spectral trace (light grey solid line) to give the 

fitted environment (black dashed line). 
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3.3.5. Evaluating the ability to modify luminophore/SrtPep-1 co-functionalised ND 

suspensions with SrtA using bespoke, synthesised peptide  

The sortase recognition peptide Srtpep1, co-functionalised with luminophores 

Nap-1 and Ir-1 imparts the ability to further functionalise the produced particles through 

a sortase-mediated ligation step with SrtA (Figure 3.23).  In order to evaluate the ability 

of SrtA to further modify the surface environment of these ND particles, the fluorescent 

conjugate peptide, [Ru(bipy)2L1]-Srtpep2 was synthesised by solid phase peptide 

synthesis, which can then be used as the other component of the SrtA ligation. 

Identification of the luminescent spectral profile of the [Ru(bipy)2L1] complex following 

ligation and purification is in theory diagnostic of successful sortase modification.  

 

Figure 3.23: Depiction of functionalisation of Nap-1/Srtpep1@ND and Ir-

1/Srtpep1@ND by Sortase A using the synthetic conjugate peptide [Ru(bipy)2L1]-

Srtpep2. 

3.3.5.1. Development of [Ru(bipy)2L1]-LPYTGG, a luminescent peptide conjugate 

suitable for Sortase A ligation with a polyglycine expressing peptide.  

[Ru(bipy)2L1] (Figure 3.24) was synthesised from commercially available starting 

materials by Samuel. J. Adams (School of Chemistry, Cardiff University). Based on a the 

tris-bipyridyl coordination complex of Ru2+, Ru(Bipy)2L1 exhibits a coordinated 5-

methyl,5’-carboxy 2,2-bipyridine ligand (L1), identical to that used in producing Ru-1 

described in Chapter 2.  
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Figure 3.24: Structure of [Ru(Bipy)2L1]. 

The carboxylic acid bearing ruthenium complex, [Ru(Bipy)2L1], is suitable for 

employment in solid phase peptide synthesis. The hexameric peptide sequence 

LPYTGG was synthesised from the corresponding standard Fmoc-protected amino 

acids on 2-chlorotrityl resin through the manner described in SECTION 3.5.6.2., 

[Ru(bipy)2L1] was then conjugated through identical conditions as the prior amino acids, 

in a fivefold equivalent excess. Final deprotection, TFA cleavage and initial isolation 

through precipitation in ether was performed yielding conjugate [Ru(bipy)2L1)-Srtpep2 

(Figure 3.25) isolated as a red solid following lyophilisation.  

 

Figure 3.25: Structure of the Sortase Active [Ru(Bipy)L1]-Srtpep2. 

The crude peptide isolate was evaluated by LCMS (Figure 3.27), which showed the far 

dominant species eluting at 15.0-15.5 minutes, whose mass spectrum (Figure 3.26) 

showed a single peak at m/z = 608.3. This corresponds to the theoretical mass of 

[Ru(bipy)2L1]-Srtpep2 (1216.31 g mol-1), exhibiting a double positive charge, thus 

theoretically as m / z = 608.155. The m/z = 0.15 error margin is consistent with that of 

the single decimal place quadropole detector employed.  
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Further confirmation of this species is seen in the close-up of the peak at 608.3, 

which displays an isotope pattern closely reminiscent of the theoretical isotope pattern 

of ruthenium. 

 

Figure 3.26: Comparison of  the obtained isotope pattern of of [Ru(bipy)2L1)-Srtpep2 

with a theoretical pattern of ruthenium. 

MS analysis of the peak at 9.8 minutes showed a molecular ion signal at m/z = 607.4 

consistent with that of the proton adduct ([M+H]+) [Ru(bipy)2L1] conjugated peptide 

(theoretical mass = 606.3). Later peaks corresponded to an unidentifiable mixture of 

compounds.  
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Figure 3.27: Top: LCMS chromatogram (TIC MS detection) of crude 

[Ru(bipy)2L1)-Srtpep2. Bottom left: mass spectrum of peak at 9.8 minutes. Bottom 

right: mass spectrum of peak at 15.2 minutes. 
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LC-MS analysis of the crude peptide product showed the desired product, 

[Ru(bipy)2L1]-Srtpep2 was produced in good purity. Little identifiable side products were 

found, and following preparatory LCMS using identical conditions, 4 mg of purified 

product was isolated upon lyophilisation. 

Photophysical analysis of the purified [Ru(bipy)2L1]-Srtpep2 conjugate elicited 

characteristic absorbance and emission properties of the [Ru(bipy)2L1] luminophore 

(Figure 3.28). 159 The UV-Visible absorption spectrum demonstrated a lowest energy 

absorption centred around 460 nm, arising from 1MLCT transition. Absorbances below 

400 nm are sharp and intense and arise from ligand centred transitions. The emission 

spectrum following excitation at 450 nm of [Ru(bipy)2L1]-Srtpep2 describes an intense 

emission band centred around 660 nm, typical of 3MLCT emission from the [Ru(bipy)2L1] 

luminophore.  

 

Figure 3.28: UV-Visible absorption and emission spectra of [Ru(bipy)2L1]-Srtpep2. 

3.3.5.2. Sortase A mediated ligation of [Ru(Bipy)2L1]-Srtpep2 to surface 

functionalised ND dispersions  

Sortase A active ND suspensions Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

were incubated in with shaking at 350 rpm over 24 hours with a molar ratio of 10:1 of 

[Ru(Bipy)2L1]-Srtpep2 (0.1 mmol) and S.aureus SrtA produced as detailed in Section 

3.5.2 of this chapter. The reaction was buffered with 50 mM HEPES at 150 mM NaCl. 

Negative controls whereby no SrtA was added were included (keeping all other 

conditions identical), to ensure any identification of further functionalisation of ND 

suspensions with [Ru(Bipy)2L1]-Srtpep2 was as a result of SrtA activity. 
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In both cases where SrtA was present upon incubation, a distinctive orange 

precipitate (presumably nanodiamond particles) was formed over 24 hours. Isolation of 

precipitate through centrifugation and several washes with water by sonication and 

redispersal was performed. The particles were found to exhibit very poor dispersibility in 

water, even following high power probe sonication. Particles were therefore suspended 

in 500 µL of methanol which yielded dispersions apparently stable (no notable 

sedimentation) over the course of 24 hours.  

No precipitate was observed in either cases where Sortase A was absent. The 

Sortase A negative control suspensions were purified via dialysis (cellulose membrane 

MWCO = 3000), where it was observed that the remaining deep orange colour 

disappeared, indicating removal of unbound [Ru(Bipy)2L1]-Srtpep2.  

Photophysical characterisation of resulting particle suspensions was performed in 

water. Aqueous suspensions of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND treated with 

[Ru(Bipy)2L1]-Srtpep2 in the absence of SrtA were evaluated directly following dialysis. 

100 µL of the suspensions in methanol of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

treated with [Ru(Bipy)2L1]-LPYTGG in the presence of Sortase A were diluted to 1 mL 

with water prior to analysis (final concentration of methanol at 10% v/v). Luminescence 

emission and excitation spectra of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND treated 

with [Ru(Bipy)2L1]-Srtpep2 in the presence and absence of Sortase A are shown in 

Figures 3.29 and 3.30 respectively.   

 

Figure 2.29: Left - Luminescence excitation (λem = 700 nm), and emission (λex = 450 

nm) spectra of Nap-1/Srtpep1@ND following treatment with [Ru(Bipy)2L1]-Srtpep2 

either with 10 molar % of SrtA (Red) and without SrtA (Blue). Slits 4,4 nm. 

Emission spectra of Nap-1/Srtpep1@ND from excitation at 450 nm show a distinctive 

difference in the emission profiles depending on the utilisation of SrtA. Where both 

spectra exhibited intense emission centred around 540 nm, a distinct tail and shoulder 
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at higher wavelengths was identified in the emission trace of Nap-1/Srtpep1@ND where 

SrtA was present in the coupling reaction. This shoulder corresponding to emission 

centred around 650 nm is characteristic of 3MLCT emission arising from the 

[Ru(Bipy)2L1] luminophore attached to the corresponding sortase peptide recognition 

sequence (Section 3.3.4). Excitation spectra following emission at 700 nm described a 

characteristic absorption spectrum corresponding to the 1MLCT absorption from the 

[Ru(Bipy)2L1] luminophore. Neither feature was observable where SrtA was not present 

in the coupling reaction. 

Emission and absorption profiles diagnostic of attachment of the [Ru(Bipy)2L1] 

luminophore were not observed where Sortase A was absent, suggesting the critical role 

of Sortase A in the retention of the [Ru(Bipy)2L1] luminophore. This suggests that 

Sortase A was able to further modify the surface of Nap-1/Srtpep1@ 

 

Figure 2.30: Luminescence excitation (λem = 700) and emission (λex = 450 nm) spectra 

of Ir-1/Srtpep1@ND following treatment with [Ru(Bipy)2L1]-Srtpep2 either with 10 

molar % of S.aureus SrtA (Red) or without SrtA (Blue). Slits 8,8 nm. 

Changes in the photophysical properties of Ir-1/Srtpep1@ND (Figure 2.30) appear to be 

more subtle when comparing particle suspensions treated with and without Sortase A. 

Irrespective of the presence of SrtA in the coupling reaction, emission peaks centred 

around 670 nm were observed for Ir-1/Srtpep1@ND following coupling with 

[Ru(Bipy)2L1]-Srtpep2. The emission profiles of the Ir-1 and [Ru(Bipy)2L1] 

luminophores broadly overlap (Sections 3.3.3 AND 3.3.4), making distinction extremely 

difficult. The excitation spectra of IR-1/SRTPEP1@ND following emission at 700 nm 

following coupling both showed an absorption profiles with centred around 450 nm. It 

remains impossible to accurately determine whether the Ir-1/SRTPEP1@ND species 

was able to be modified by SrtA through evaluation of their photophysical properties. 
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This is unsurprising given the broadly superimposable photophysical properties of the Ir-

1 and [Ru(Bipy)2L1] luminophores. 

3.4. Chapter conclusions 

The recombinant expression of SrtA was demonstrated in high yield and shown to 

be active yielding over 90% product formation in a ligation assay representative of the 

desired application in the further modification of ND. Synthesis of a novel iridium 

luminophore to provide an extended range of colour centres for a theorised end product 

of a biomaterial incorporating luminescent functionalised ND was achieved in good yield. 

The co-functionalisation of ND with Ir-1 or Nap-1 and the sortase recognition peptide 

Srtpep1 was demonstrated via the proposed route, producing ND species Ir-

1/Srtpep1@ND and Nap-1/Srtpep1@ND.  

In the evaluation of the activity of Ir-1/Srtpep1@ND and Nap-1/Srtpep1@ND 

towards SrtA modification, the peptide-luminophore conjugate [Ru(bipy)2L1]-Srtpep2 

was synthesised by solid phase peptide synthesis, and attachment to the functionalised 

ND particle dispersions attempted. The photoluminescent features of Nap-

1/Srtpep1@ND appear to clearly incorporate absorption and emission properties of the 

[Ru(bipy)2L1] luminophore where SrtA was present, appearing to confirm the activity of 

this suspension towards SrtA mediated ligation in the desired fashion. Results were less 

clear for SrtA modification in the same manner with Ir-1/Srtpep1@ND, due to the 

overlapping photophysical properties of the Ir-1 and [Ru(bipy)L1] luminophores.  

In conclusion, the Nap-1/Srtpep1@ND dispersion appears to be active towards 

SrtA modification via the route designed. Further investigation of Ir-1/SrtApep1@ND is 

required, utilising either a new orthogonally luminescent Srtpep2 conjugate, or possibly 

through other characterisation to confirm attachment of the [Ru(bipy)2L1] luminophore 

via XPS or MP-AES.  
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3.5. Experimental  

3.5.1. General reagents 

Reagents and starting materials were obtained from commercial sources (i.e. 

Sigma Aldrich, Alfa Aesar, VWR and fluorochem) and used without further purification. 

Peptides GGGGKTTT (GGKpep), GGGGTTTT and TTLPYTGG were obtained from 

Archichem ltd and in >95% purity and used without further purification. Purified water 

from a Millipore Milli-Q purification system with an activity of not lower than 15 mΩcm-3.  

3.5.2. Sequence of S. aureus SrtA (7M) employed 

MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAKENQSLDDQNISI

AGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQKG

KDKQLTLITCDDYNEETGVWETRKIFVATEVKLEHHHHHH 

3.5.3. Expression of S. aureus SrtA 

A gene encoding a hexa-histidine tagged septamutant form of the S. aureus 

sortase A, harboured by a pET30b plasmid under the control of a T7 promoter, was 

obtained through Addgene in a holding strain of E. coli as an agar stab as a gift from 

Hidde Plough. 134,160 An overnight culture (20 mL) was grown in LB media overnight at 

37 °C from the agar stab. Plasmid DNA was isolated via miniprep and inspected by 

PAGE. Transformation with 1 µL of miniprepped plasmid DNA into a BL21(DE3) 

expression strain of E. coli was achieved, yielding multiple (>10) colonies on an LB-agar 

plate. A 10 mL of LB was inoculated with one picked colony from the agar plate and 

grown at 37 °C overnight prior to the production of 3 glycerol stocks.  

150 mL of LB media containing kanamycin (50 mg L-1) was inoculated from the 

glycerol stock of BL21-DE3::srtA(7M) and grown overnight at 37 °C. This starter culture 

was then split equally between 4 large flasks containing 750 mL LB media, and grown at 

37 °C. Bacterial growth was allowed to continue until OD600 was between 0.6 and 0.8 

across all flasks, upon which expression was induced through the addition of IPTG (1 

mM), and the temperature reduced to 16 °C. Expression was allowed to continue 

overnight, upon which the cells were harvested by centrifugation (45 minutes, 4000 rpm). 

Cellular pellets were redisposed in chilled sortase extraction buffer, prior to disruption of 

the cell membranes by sonication (5 minutes total, cycling for 5 seconds on 10 seconds 

off). The lysate was then centrifuged for 35 minutes at 15000 rpm to remove cellular 

debris. 
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The SrtA containing crude lysate was then purified using Ni-NTA chromatography, 

eluting the purified protein with sortase elution buffer. SrtA was dialysed into sortase 

storage buffer (2 cycles, 1000-fold dilution). SrtA was  then aliquoted into 1 mL portions, 

and flash frozen with liquid N2 before being stored at -80 °C for later use. Aliquots were 

defrosted on ice prior to use and kept on ice. Once defrosted were utilized within 48 

hours or discarded, not re-frozen. 

3.5.3.1. Transformation protocol 

Supercompetent E. coli BL21-DE3 cell stocks ins 1.5 mL Eppendorf tubes were 

thawed on ice and 5 μL of plasmid DNA  to be transformed was added and mixed by 

pipetting and left on ice for 30 minutes. The suspension was then immersed in a water 

bath at 42°C for 45 seconds, then placed back on ice. Sterile LB media (1  mL) was then 

added and mixed by pipetting. Cell cultures were then grown by shaking at 150 rpm at 

37°C for 1 hour. The cultures were then spun down at 4000 rpm for 10 minutes, and 

most of the supernatant discarded, leaving 50-100 μL of liquid. The pellet was then 

resuspended in the remaining liquid and plated on LB agar containing the appropriate 

antibiotic and incubated at 37°C overnight. 

 

3.5.4. Surface cofunctionalisation of ND-COOH with Nap-1/Ir-1 and SrtPep 1 

ND-COOH was dispersed in acetonitrile (0.25 mg mL-1) and then stirred at room 

temperature with successive bath sonication steps centrifugation steps yielding a 

homogenous suspension. Nap-1 or Ir-1 as solutions in MeCN (to a final concentration of 

1 mM) was added together with a solution of Srtpep1 (final concentration of 1 mM) with 

EDC (1-ethyl-3-(3- dimethylaminopropyl)carbodiimide (final concentration of 20 mM), N-

hydroxysuccinimide (final concentration of 20 mM) to a final volume of 10 mL (final 

concentration of ND-COOH 0.125 mg mL-1) and stirred at 37 °C over 24 hours. The 

functionalised nanodiamond was pelleted by centrifugation (4400 rpm, 30 minutes), 

followed by subsequent washing steps in acetonitrile by bath sonication followed by 

centrifugation (4400 rpm, 30 minutes) until the supernatant was clear. A small amount of 

pelleted nanodiamond material was collected on the end of a glass pipette and dispersed 

in water via bath sonication of the snapped pipette tip in a centrifuge tube (pipette was 

then removed). The nanodiamond material was then redispersed by bath sonication in 

40% piperidine in acetonitrile, and stirred overnight at RT. Following deprotection, the 

deprotection cocktail was added to 10 volumes of diethyl ether, and centrifuged at 4400 

rpm for 30 minutes. The pellet containing nanodiamond particle matter was then washed 

multiple times with acetonitrile (via bath sonication and subsequent centrifugation at 
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4400 rpm for 30 minutes). The nanodiamond material was finally dispersed by probe 

sonication in water (5 mL, 30% amplitude, 30 minutes), followed by centrifugation (2000 

rpm, 20 minutes) to remove residual titanium from the sonicator tip. 

3.5.5. Sortase ligation assay with TTLPYTGG and GGGGTTTT  

Peptides TTLPYTGG and GGGGTTTT at equimolar concentration of 0.1 mM were 

ligated by expressed SrtA(7M) (10 µM) over 24 hours in sortase reaction buffer (pH 7.5, 

50 mM HEPES, 150 mM NaCl), shaking (350 rpm) at 37 °C. 100 µL aliquots were taken 

at 20, 40, 60, 120, 240 and 1440 minute time points from the reaction, quenched with 

100 µL of MeCN and stored overnight at 4 °C to ensure precipitation of SrtA. Aliquots 

were filtered and submitted to analysis by LCMS (Synapt G2-Si, ES+). Peaks were 

integrated from the TIC detection area, showing masses for 806.41(TTLPYTGG) and the 

ligated product (1327.64) at retention times of ~8.33 and ~8.60 minutes.  

3.5.6. Sortase ligation with Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND and crude 

[Ru(Bipy)2L1)-Srtpep2 

Suspensions (0.9 mL) of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND were 

buffered at pH 7.5 in HEPES (50 mM) and NaCl (150 mM). [Ru(Bipy)2L1]-Srtpep2 as a 

concentrated solution in water was added to a final concentration of 0.1 mM. Sortase A 

was added, following thawing on ice for 1h, to a final concentration of 10 µM, to give a 

total final volume of 1 mL. For the control conditions, no sortase was added, with 

deionised water added to make up the volume. Suspensions were shaken at 350 rpm at 

37 °C over 24 hours.  

Following functionalisation via SrtA, conditions where sortase was present 

exhibited significant precipitation. The precipitate was collected via centrifugation (13000 

rpm, 30 minutes), washed with water (1 mL), sonicated and re-centrifuged (13000 rpm, 

30 minutes). The washing procedure was repeated 3 times. The precipitate, assumed to 

contain nanodiamond material was dispersed in methanol via probe sonication (0.5 mL, 

30% amplitude, 5 minutes). For the sortase negative control reactions, dispersions did 

not precipitate, and therefore were dialysed 2x to water (1L) with sonication in between 

steps using a 3000 MWCO cellulose membrane.  
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3.5.7. Synthesis of compounds 

3.5.7.1. Ir-1 

Synthesis of quinoxaline ligand QX-1 

 

1-phenypropane-1,2-dione (300 mg, 2.02 mmol) and 2,3-difluoro-4,5-diaminobenzene 

(320 mg, 2.23 mmol) were suspended in ethanol (15 mL). A drop of glacial acetic acid 

was added, and the mixture heated to reflux over 16 hours. Once allowed to cool, the 

product was precipitated through the addition of H2O (50 mL). The precipitate was 

collected by filtration, washed with H2O (3 x 15 mL) and diethyl ether (3 x 15 mL) to yield 

the product QX-1 as a taupe solid (350 mg, 1.37 mmol, 68%). 1H NMR (500 MHz, CDCl3) 

δ 7.80 – 7.75 (m, 1H), 7.74 – 7.69 (m, 1H), 7.56 (d, J = 7.4 Hz, 2H), 7.49 – 7.41 (m, 3H), 

2.69 (s, 3H). LRMS found m / z =  257.08 for [M+H]+ 
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Synthesis of Ir2Cl2(QX-1)4 

 

QX-1 (300 mg, 1.17 mmol) and iridium trichloride hydrate (167 mg, 0.58 mmol) were 

suspended in 2-ethoxy ethanol (10 mL) and heated at reflux over 16 hours. Once allowed 

to cool, the product was precipitated through the addition of H2O (50 mL) and filtered to 

collect the product Ir2Cl2(QX-1)4 (310 mg, 0.21 mmol, 36%) as a red-brown solid. Product 

was used without further purification in the next reaction step. 
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Synthesis of Ir-1  

 

Ir2Cl2(QX-1)4 (150 mg, 0.10 mmol) and 5-methyl-2,2-bipyridyl-5'-NBoc-EBDE (38 mg, 

0.11 mmol) were dissolved in 2-methoxyethanol (7 mL) and stirred at reflux over 16 

hours. Once allowed to cool, solvent was removed in-vacuo and the product mixture 

dissolved in a minimal amount of dichloromethane. The product was purified via silica 

gel column chromatography using initially dichloromethane as the eluent, then 95:5 

dichloromethane/methanol collecting the product in a single 20 mL fraction. Solvent was 

then removed in vacuo to yield the Boc protected intermediate a red oil (43 mg, 41µmol, 

41%). The intermediate was deprotected by dissolving in 50% trifluoroacetic acid in 

dichloromethane overnight. Following deprotection, solvent was removed in-vacuo, 

methanol (20 mL) added and removed again in-vacuo, a process repeated three times. 

The product, Ir-1 was finally isolated as a red oil (35 mg, 34 µmol, 85%).1H NMR (400 

MHz, CDCl3) δ 9.82 – 9.69 (m, 2H), 9.29 – 9.19 (m, 1H), 8.35 – 8.30 (m, 2H), 8.13 – 8.06 

(m, 2H), 7.84 (d, J = 5.7 Hz, 1H), 7.68 – 7.61 (m, 2H), 7.24 – 7.17 (m, occluded by solvent 

peak), 7.03 – 6.79 (m, 5H), 6.51 – 6.46 (m, 2H), 5.38 (s, 1H broad),3.73 – 3.47 (m, 

occluded by solvent peak), 3.43 (t, J = 5.1 Hz, 2H), 3.28 (s, 3H), 3.26 (s, 3H),2.52 (s, 

3H). 13C NMR (101 MHz, CDCl3) δ 162.11, 156.34, 155.04, 154.41, 152.83, 152.74, 

146.54, 145.25, 144.94, 143.93, 143.82, 137.43, 137.41, 135.14, 135.09, 131.64, 

131.56, 130.93, 130.73, 128.95, 128.29, 128.27, 127.41, 123.86, 123.69, 123.43, 

115.75, 70.28, 70.22, 70.17, 69.94, 68.94, 63.78, 40.38, 40.37, 39.88, 28.43, 28.38, 

27.62, 27.57, 21.40. 19F NMR (379 MHz, CDCl3)  δ -125.45 (1F,d, J = 22.2Hz), δ -126.83 

(1F,d, J = 22.2 Hz), δ -127.87 (1F, d, J = 22.4 Hz), δ -128.29 (1F, d, J = 22.6 Hz). LRMS 

found m / z = 1047.29 for M+. HRMS expected m / z = 1047.2940 for M+, found m / z = 

1047.2944. FTIR ν selected cm-1; 2980, 2884, 2361,1670, 1533, 1504, 1333, 1233, 1198, 

1169, 1132, 876, 758. 
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3.5.7.2. [Ru(Bipy)2L1]-Srtpep2 

[Ru(Bipy)2L1]-Srtpep2 was synthesised through solid phase peptide synthesis 

using Fmoc-Gly-2-chlorotrityl resin (Merck, 1.0 mmol g-1 substitution) on a 0.5 mmol 

scale using standard Fmoc-AA-OH amino acids (obtained from Cambridge reagents, 

>95%) (using Fmoc-Tyr(OTBu)-OH) in a 5 eq. excess. Amino acids were weighed out 

into glass vials and stored dry below 0°C until immediate usage. Resin was swollen in 

~15 mL of n-methylpyrrolididone (NMP) over 1 hour prior to deprotection of the already 

present glycine residue with 40% piperidine in NMP over 40 minutes. Following removal 

of the deprotection cocktail, the deprotected resin was washed with 3 x 20 mL of NMP. 

The consecutive amino acid was then dissolved in 10 mL of NMP containing 2% 

diisopropylethylamine (DIPEA), and 4.9 equivalents of (2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) and hydroxybenzotriazole (HoBt) 

were added. The coupling mixture was gently agitated through bubbling N2 gas over the 

course of 1 hour. Following coupling the coupling cocktail was drained and the resin 

again washed with 20 mL of NMP. This was repeated for all consequential amino acids.  

[Ru(Bipy)2L1] was coupled in identical conditions, employing a 5 eq. excess but 

overnight. Following this final coupling the resin was washed with 10 x 20 mL of NMP 

(remaining brightly orange coloured) and the peptide conjugate product cleaved with 

95% TFA, 2.5% TIPS 2.5% H2O over 1 hour. The cleavage cocktail was filtered from the 

resin into a glass vial and the majority of TFA removed under a flow of N2, prior to 

precipitation of the product with ice cold diethyl ether (40 mL). Centrifugation yielded the 

crude product as a bright orange oil, analysed by LC-MS (C18 column to contain >80% 

of the desired [Ru(Bipy)2L1]-Srtpep2 product with some unconjugated LPYTGG 

peptide. Purification by semi-preparatory LC-MS utilising the same elution gradient and 

a C18 column, followed by lyophilisation yielded the final product as a red/orange solid 

(2.5 mg).  

3.5.8. Analytical techniques employed 

3.5.8.1. Particle size and colloidal stability 

Analysis of the colloidal properties of Nap-1/Srtpep1@ND and Ir-1/Srtpep1@ND 

using DLS, Zeta potential measurements and NTA were performed in an identical 

fashion to that reported in Chapter 2.  

3.5.8.2. X-Ray photoelectron spectroscopy 

XPS analysis of Nap-1/Srtpep1@ND and IR-1/SRTPEP1@ND was performed in 

an identical fashion to that reported in Chapter 2. 
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3.5.8.3. Photophysical characterisation 

UV-Visible measurements and both steady state and time resolved luminescence 

measurements were performed as per the method described in Chapter 2, using specific 

excitation and emission wavelengths and monochromator slit lengths given in respective 

results sections.  

3.5.9. Buffers and reagents for biochemical protocols 

LB media 

 Tryptone (10 g/L) 

 Yeast extract. (5 g/L) 

 Sodium chloride (5 g/L)  

 Sterilised in containers through autoclaving at 120 °C for 120 min 

Sortase reaction buffer (10X) 

 HEPES (0.5M) 

 Sodium chloride (1.5M)  

 Solution was then adjusted to pH 7.5 and employed as appropriate diluted by a 

factor of 10.  

Sortase lysis buffer 

 HEPES (50 mM) 

 Sodium chloride (150 mM)  

 Imidazole (20 mM) 

 Solution was then adjusted to pH 8.0 

Sortase elution buffer  

 HEPES (50 mM) 

 Sodium chloride (150 mM)  

 Imidazole (500 mM) 

 Solution was then adjusted to pH 7.5 

Sortase storage buffer 

 HEPES (50 mM) 

 Sodium chloride (150 mM)  
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 Glycerol (10% v/v) 

 Solution was then adjusted to pH 7.5 

 

SDS-PAGE Buffers 

Resolving gel (14%) 

 Bis-acrylamide, 30% solution (4.5 mL) 

 Deionised H2O (2.9 mL) 

 Resolving gel buffer (2.5 mL) 

 Ammonium persulfate (10%) (50 μL) 

 Tetramethylethylenediamine (10 μL) 

Stacking gel (5%)  

 Bis-acrylamide, 30% solution (1.7 mL) 

 Deionised H2O (5.7 mL) 

 Stacking gel buffer (2 5 mL) 

 Ammonium persulfate (10%) (50 μL) 

 Tetramethylethylenediamine (10 μL) 

Resolving gel buffer 

 Tris base (1.5 M) 

 Sodium dodecyl sulfate solution (10% w/v)  

 Adjusted to pH 8.0 

Stacking gel buffer  

 Tris base (0.5 M) 

 Sodium dodecyl sulfate DS solution (10% w/v) 

 Adjusted to pH 6.8 

Running buffer 

 Tris base (250 mM) 

 Glycine (1.5 M) 

 Sodium dodecyl sulfate (35 mM) 

 Adjusted to pH 8.3 

 

SDS sample buffer  
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 Tris HCl (60 mM) 

 Sodium dodecyl sulfate (5% w/v) 

 Sucrose (10% w/v) 

 Glycerol (30% v/v) 

 β-Mercaptoethanol (3% v/v) 

 Bromophenol blue (0.02 w/v)  

Coomassie blue solution  

 Coomassie blue (0.25% w/v) 

 Methanol (45% v/v) 

 Acetic acid (9% v/v)  
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4.1. Introduction 

4.1.1. Chapter aims 

Curli are proteinaceous fibrils produced by Escherichia coli and, in conjunction with 

cellulose biosynthesis, are key components of biofilm development by this bacterium. 

The ultimate aim of this research was to develop biological materials which are capable 

of incorporating a functional ND component through incorporation of surface 

functionalised nanodiamond (ND) into the material matrix (Figure 4.1). These materials 

would have potential to exhibit controlled structural properties and exhibit poly-functional 

characteristics arising from incorporation of orthogonally functionalised ND.  

This chapter assessed the effect that controlled curli production by E. coli had on 

biofilm formation, providing a template whereby incorporation of the SrtA recognition 

sequence LPYTGG at the C-terminus of the major structural protein in curli, CsgA, would, 

in theory yield a biofilm able to be adorned with appropriately labelled functional ND 

through SrtA transpeptidation.   Following from this, the effect of the C-terminal LPYTGG 

tag on the biofilm forming capabilities of E. coli was established.  

 

Figure 4.1: Schematic representation of project aims. Use of chemistry in the surface 

functionalisation of ND (top left) and synthetic biology in the production of the genetic 

circuit controllably producing structural protein (bottom left) together to (poly)functional 

bioengineered materials. 

To produce a functional biofilm, it was necessary to develop a controllable way to 

impact E. coli biofilm formation through curli expression. In doing this the initial 

hypothesis is formed:  

Current literature depicts curli formation as an essential step in the initial 

attachment phase of E. coli biofilm development. Through controlling curli expression, it 

would be possible to control the efficiency of E. coli biofilm formation. 
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Assuming this hypothesis holds true, producing a genetic construct system 

whereby curli production could be ‘switched-on’ through a stimulus (i.e. addition of a 

chemical) would facilitate the developed E. coli strain to produce large volumes of biofilm 

which could then be engineered to incorporate ND.  

4.1.2. Role of curli amyloid in the biofilm environment of Escherichia coli 

Aggregates of multicellular communities known as biofilms, formed by single celled 

microorganisms are one of the most widely distributed and successful modes of life 161. 

Bacterial cells in biofilms develop their surrounding environment, through production of 

extracellular polymeric substances (EPS), forming a habitat which confers tolerance and 

resistance to external stress factors (e.g. biocides, desiccation and extreme 

temperatures) 162.  

Biofilms are comprised of intricate colonies of densely packed microorganisms (cell 

density ranging from 108 to 1011 cells/g wet weight 163) and are typically polymicrobial 162. 

Cells in biofilms have also been shown to undergo differentiation within the biofilm 

community, leading to greater genetic diversity 162. Many species of microorganisms are 

capable of forming biofilms through the controlled production of EPS, forming the 

extracellular matrix  and facilitating cell-cell adhesion and attachment to abiotic surfaces 

164. The formation of biofilms from microorganisms in planktonic state in a liquid culture 

is a complex and dynamic process typically described by four stages: initial surface 

contact, attachment, maturation and dispersion 165.  

The majority of the biofilm biomass comprises of hydrated EPS, as opposed to 

microbial cells 166. The extracellular polymeric matrix of E. coli biofilms is extremely 

complex, consisting of a variety of proteins (predominantly curli 16,17), polysaccharides, 

lipids and a comparatively minor (by mass) polynucleotide component 167. Curli are 

extracellular amyloid fibrils, consisting mostly of a single component protein (CsgA). Curli 

is broadly classed as an ‘adhesin’, taking a leading role in the second stage of biofilm 

formation (attachment), promoting intercellular attachment and attachment to abiotic 

surfaces162,167,168. The biogenesis of curli involves stringently controlled expression of 

several proteins that enable controlled release of this non-aggregate protein from the 

cell. 16 
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4.1.3. Amyloids as functional biofilm components 

Amyloids are fibrillar, highly ordered structures of protein consisting predominantly 

of a cross β-sheet structure 14,15 formed through aggregation of one or multiple 

component proteins. 

Amyloid formation is often implicated in the pathogenisis of neurogenerative 

diseases such as Alzheimer’s disease (β-amyloid), Parkinson’s disease (α-synuclien) 

and Creutzfeldt-Jakob type encepalopathy (prion protien). 12–14 The abberant misfolding 

and aggregation of the particular peptide or protien is attributed to the development of 

these diseases and a large volume of research has been conducted to investigate the 

role of amyloidogenesis in the development of disease.  

Functional amyloid materials have been observed in multicellular eukaryotic 

organisms (e.g. the Mα protien in humans, fungi and prokaryotes). 169 These amyloid 

materials are non-toxic to the producing organism and are typically beneficial.  

Curli is an example of a functional amyloid and can promote biofilm formation 

through acting as a fimbral adhesin (Figure 4.2). Fimbral adhesins such as curli are most 

commonly implicated in the attachment phase of biofilm growth, 16,165,170 and curli 

deficient strains show altered biofilm morphology or even no biofilm growth at elevated 

temperatures.170 

 

Figure 4.2: Electron micrograph of E. coli K12 BW25113 grown on a low-salt agar 

plate at 26°C, showing amyloid fibrils produced by cells, creating a cell-cell adhesive 

environment. Adapted from reference 15. 
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4.1.4. Curli biosynthesis in Escherichia coli 

Curli production by E. coli is involves the well-controlled expression of a number of 

genes (csg: curli specific genes). At least 7 proteins are encoded by the divergent 

csgBAC and csgDEFG operons and contribute to curli formation 16,167,168. The csgBAC 

operon contains the genes csgA and csgB and csgC, which upon expression produce 

the respective proteins CsgA, CsgB and CsgC. 

CsgA is the major curli subunit and is a low molecular weight protein (~15 kDa) 

consisting of 151 amino acids (Figure 4.3). Soluble monomeric CsgA folds into a 5- 

strand β-helix with a period of ~23 residues (Figure 3.2) (predicted structure from 

computational experiments, validated from SS-NMR, EM and XDR data) 171. The 5 

chains arise from the 5 imperfect repeating units, maintaining contact in the β-helix 

through conserved hydrophobic and hydrophilic residues, which interact to stabilise the 

structure. The N-terminal 22 amino acid region of CsgA is not thought to be part of this 

β-helical structure, and is instead reported to be essential to the excretion of CsgA 

through the cell surface membrane via interaction with CsgE and CsgG 172.  

 

Figure 4.3: CsgA Sequence and contact predictions from multiple sequence alignment 

(Right). Left- β-Sheet predicted structures of CsgA in solution, as both left-handed (a, c 

and e) and right handed (b, d and f) helices. Adapted from reference 171. 

In-vitro aggregation of CsgA occurs spontaneously over a broad (3.0 - 9.0) pH range, 

identified by Dueholm et al to imply that the ‘design’ of aggregation is very robust (i.e. 

the protein’s sole function is to participate in fibrillation). 173 The amyloid aggregation 

event of any protein consists of a lag-phase (very slow aggregation associated with a 

period of nucleation and seeding) followed by an exponential phase (rapid growth of 

amyloid fibrils) and is concentration dependant. At concentrations ranging between 5 

and 30 µm the lag phase typically lasts 2 h (at 37 °C) 174. In-vivo, however, CsgA 
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aggregation is very inefficient without the nucleator protein (CsgB) encoded on the same 

operon 14. The nucleation event can also be observed in-vitro through a process termed 

‘seeding’. When adding  preformed CsgA amyloid fibrils to soluble CsgA, the lag-phase 

is eliminated, proving that nucleation requires the change in protein conformation to the 

ideal-amyloid formation 175. 

CsgB and CsgA share ~30% sequence identity, and are of identical predicted size, 

and both consist of similar repeat motifs 14. It is hypothesised that CsgB interacts with 

the cell surface membrane via the 5th repeating unit, (however the mode of association 

is unknown), and nucleation of secreted CsgA by CsgB results in the amyloid fibrils 

attaching to cells.  

Curli form an inter-cellular community through interbacterial complementation, 

where CsgA excreted by one cell can nucleate to and form fibrils at the surface of another 

cell, through interaction with CsgB expressed at the cell surface. This is best shown by 

colony formation by CsgA deficient (but CsgB proficient) and CsgB deficient (but CsgA 

proficient) strains of E. coli (Figure 4.4). Congo Red (CR) impregnated agar showed that 

amyloid fibril aggregation only occurred when both strains were present 16.  

 

Figure 4.4: CR indicator agar demonstrating interbacterial complementation between 

csgA- and CsgB- strains of E. coli . Amyloid aggregation (evidenced by CR binding, 

darker red) only occurs when both strains were present. Adapted from reference 16. 

The role of CsgC was not well understood until recently. Evans et al. reported its 

function as a periplasmic inhibitor of CsgA aggregation. CsgC is selective to CsgA in 

terms of its interaction and amyloid formation inhibition, related to its purported function 

as a chaperone, inhibiting potentially toxic intracellular amyloid formation. The route to 

which CsgC inhibits amyloid formation is likely through specific interaction with CsgA 

promoting the formation off off-target oligomeric species which do not exhibit the required 

confirmation for amyloid templating. 176  
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Expression of the csgBAC operon is controlled by a dedicated transcription factor: 

csgD, encoded on the second curli related operon: csgDEFG. The csgDEFG operon 

encodes four proteins (CsgD, CsgE, CsgF and CsgG) essential for the excretion of CsgA 

through the outer membrane (OM), thus preventing the protein forming amyloid 

aggregates inside the cell.  

CsgD is a transcriptional activator belonging to the FixJ/UhpA family. It contains a 

LuxR type DNA binding helix-turn-helix domain, with a high degree of sequence similarity 

to other DNA binding regions of proteins 177. CsgD not only controls expression of the 

csg operons, but also other genes associated with the adaptation of the cell to 

containment in a biofilm 178. CsgD expression is controlled directly and indirectly by 

several cell regulatory systems: OmpR/EnvZ, CpxA/R and Rcs, as well as RpoS (the 

stationary-phase sigma factor). Given that csgD controls expression of the csgBA 

operon, these regulatory systems have an important role in the control of biofilm 

generation. 

The two component systems OmpR/EnvZ and CpxA/R consist of a sensor kinase 

(EnvZ and CpxA), which detect changes in osmolarity (EnvZ), envelope stress/misfolded 

periplasmic proteins (CpxA), and a response regulator (which controls expression of 

genes which effect the response, in this case OmpR and CpxR) 16. The allele, ompR234, 

contains a mutation (L43R) of the ompR protein, and has been shown to promote biofilm 

formation in strains of E. coli that are otherwise biofilm deficient 179. Strains carrying the 

ompR234 mutation can spontaneously colonise inert surfaces and generally produce 

fuller, thicker biofilms 179.  

While both OmpR/EnvZ upregulate csgD expression, the CpxA/R Rcs pathways 

negatively regulate curli operon expression 16, showing the complex level of control 

exerted on the expression of curli-related genes.  

CsgE and F are chaperone proteins, which interact with CsgG, a protein which 

forms a nonameric homo-oligomeric pore at the outer-membrane (Figure 4.5). CsgE is 

located in the periplasm and is required for directing soluble CsgA to the CsgG pore. 

CsgF is located at the OM and required for the assembly of CsgB into a cell surface 

amyloid template 17. Deletion of the CsgG gene results in no extracellular curli formation, 

nor internal accumulation or aggregation of csgA indicative of csgA proteolysis and 

down-regulation of curli associated genes 180. Application of periplasmic extracts 

containing only CsgE and CsgF in in-vivo aggregation experiments reveal inhibition of 

CsgA aggregation into mature amyloid fibrils, which is related to their chaperoning 

capacity in-vivo 180. 
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Figure 4.5: Mechanism of export of CsgA and CsgB via accessory proteins CsgE, 

CsgG and CsgF. Adapted from reference 180. 

4.1.5. Design of E. coli strain demonstrating controllable curli production 

Given the critical role of csgA in curli production, controlling csgA gene expression 

could facilitate an overarching control of biofilm formation. When csgA expression is 

absent, biofilm production in E. coli is severely impaired or arrested 16,17,170. Knockout of 

the csgA gene in E. coli is evident in the E. coli strain MG1655 ompR234 PRO ΔcsgA 

(obtained from Chen et al 181) and indeed, curli production is absent for this strain. 

Through incorporation of the csgA gene on a plasmid, under control of an inducible 

promoter (i.e. the PL-TetO promoter), it is possible to impart chemical control on the 

expression of curli fibrils (Figure 4.6).  

 

Figure 4.6: Route to engineered curli production under the control of an inducible 

promoter. 
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4.1.6. Overview of methods employed in biofilm analysis 

Several methods in evaluating the biofilm environment have been described, 

differing in terms of culture scale and throughput. 

Curli is not a product of planktonically cultured E. coli but is an integrated biofilm 

component. As such, there is a need to generate biofilms on an abiotic surface which is 

partly dependent on substrate-surface properties (e.g. charge/polarity 167,182 and surface 

roughness 183), and extracellular adhesins 16,17,164,179.  

Several critical reviews have been published on this subject, evaluating the 

contextual applicability, benefits and limitations of several biofilm generating methods 

162,166,184,185. Here several methods of producing, and evaluating E. coli biofilms are 

detailed, identifying the selected approaches and highlighting why their use is most 

applicable in the context of this work.  

4.1.6.1. Biofilm culture methods 

In the case of the studied E. coli curli adhesin, the extracellular amyloid based 

proteinaceous fibrils act as an adhesive element of the ECM produced by E. coli, 

promoting attachment to abiotic surfaces and interbacterial complementation. 

Expression of curli specific genes essential to curli production is controlled by several 

global cell signalling pathways (through csgD expression), and thus in evaluating curli 

production, one must maintain conditions throughout experiment series’ to assure 

representative results.  

To achieve representative, reproducible biofilms, it is essential control culture 

medium content, inoculum size, temperature, mechanical environment (shaking/stirring) 

and medium flow (if applicable). Visualisation of the biofilm is achieved typically through 

binding of a dye such as Congo red (CR), or through direct observation by light 

microscopy and transmission electron microscopy (TEM). Advanced optical microscopy 

techniques (such as confocal fluorescence microscopy) allow for three-dimensional 

representations of biofilms to be generated in the form of z axis stacked image series. 

Small volume biofilm cultures 

Small volume cultures in microtiter plates, or devices derived from them (such as 

the Calgary biofilm device) allow for high-throughput evaluation of biofilm formation. 

Given the large number of conditions that can be screened in a single plate, this format 

is particularly suited to screening conditions of biofilm growth in response to medium 

content or ability different strains to form biofilms. Biofilm biomass is evaluated by 
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allowing a biofilm to form on the surface of the microtiter plate, before removal of 

planktonic cells through pipetting and washing steps 186. Evaluation of biofilm biomass 

can be performed through measuring light absorbance through the microtiter wells (from 

the cellular biomass), or through visualisation of biomass after its staining with an 

appropriate dye such as crystal violet (CV).  

One potential limitation to the microtiter plate assay arises from cell-sedimentation 

during culture which means that the biomass evaluated may not arise solely from the 

biofilm. The Calgary device, incorporates a lid containing hanging ‘pegs’ which are 

inserted into the microtiter plate and it is on these pegs that the biofilm forms. This format 

eliminates the potential problem of sedimentation contributing to the measured biomass.  

A low cellular volume typically occurs in small batch cultures where there is 

restricted nutrient supply, and in such cases formation of extensive biofilms is often 

difficult to achieve. Whilst the high-throughput nature of microtiter plates allows easy 

comparison of biofilm formation across conditions, formation of more extensive biofilms 

for materials science (as desired here, outlined in study aims section 3.1.3) is required. 

Other limitations to the microtiter plate format include the possibility to disrupt the biofilm 

formed through repeated washing and pipetting steps.  

 Larger volume biofilm devices 

 To produce biofilms representative of a studied environment (such as a water 

pipe, medical urinary catheter or marine environment) multiple biofilm growing devices 

on larger scales (over 100 mL culture sizes) have been developed. Some involve 

incorporation of culture-interfacing surfaces, described as ‘coupons’, which can be 

removed from the device following or during the experiment for further analysis, 

Examples of these devices are the Modified Robbins Device, rotary biofilm reactors, 

microfluidic devices, and the drip flow biofilm reactor (where a small volumes of culture 

media is flown over a standard microscopy slide).  

 The Modified Robbins Device is attached to a section of sterile tubing, and 

medium flows at a constant rate through the cylindrical shaped device, and collected at 

the other end. Designed for high flow rate and low nutrient contexts (such as biofilm 

formation in water pipes) 187, coupons are inserted into the device allowing the media to 

flow over the coupon surfaces for a length of time. Through altering hydrodynamic 

conditions (flow rate, for example) a range of conditions can be evaluated.  

 Several types of rotary biofilm reactors have been described in literature, with the 

CDC biofilm reactor (Biosurface technologies, Figure 4.7) detailed in ASTM standard 
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method for quantification of Pseudomonas aeruginosa biofilms. In these devices, media 

flow is controlled using a magnetic stirrer bar with baffle. Coupons (similar to that of the 

Robbins device) are placed in plastic rods and hung from the fitted lid so they are 

suspended in the stirred media. Advantages of this type of reactor include the ability to 

screen multiple surfaces and a high number of replicate conditions. Controlling stirrer 

speed and flow of medium can be undertaken to affect biofilm formation. However, 

throughput is limited as only one microbial strain can be tested for each run of the 

bioreactor, making screening of multiple strains time consuming.  

 

 

Figure 4.7: CDC bioreactor ® used in this study. 

 The CDC bioreactor ® was selected for use in this study, due to the potential to 

produce more extensive biofilms on a variety of surfaces, which could be further 

analysed with a large number of replicate samples. Given the materials aspect of this 

project, a larger quantity of biofilm was required, and the possibility to obtain multiple 

replicate samples from a single biofilm culture provided a suitable route to produce large 

volumes of biofilms suitable for ND attachment.  

 In deciding the route to reproducibly form E. coli biofilm, the next essential step 

is to identify reliable methods to evaluate the biofilm production. Several methods have 
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been developed to evaluate biofilm production, mostly independent of microorganism or 

identity of ECM, making direct analysis difficult.  

4.1.6.2. Overview of methods employed in biofilm analysis 

Given the highly complex biofilm environment, a wide variety of experimental 

techniques have been developed to evaluate biofilm formation. Techniques vary in 

throughput, but invariably rely on biofilm staining with a dye which either binds to the 

extracellular matrix or cellular component.  

 A summary of methods employed in biofilm analyses relevant to this study are 

shown in Table 4.1, with selected methods described in following sections. A large 

number of possible analytical techniques have been developed, often aimed at 

evaluating treatment regimens for disrupting pathogenic or deleterious biofilms. Only 

approaches suitable for materials science application are outlined here.  
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Table 4.1: Selected analytical techniques employed in biofilm analyses. 

Method Application Advantages / Limitations References 

Colony 

Formation 

unit counting 

Assesses culture 

formation from 

swabbed biofilms to 

give data on cellular 

content 

Easy to perform with no 

specialised laboratory 

equipment / Technique 

difficult to reproduce; only 

evaluates microorganisms 

able to be swabbed from 

biofilm surface; no 

selectivity for biofilm bound 

cellular component. 

188,189 

Dye staining 

of biofilm with 

CR/CV 

Indirect measurement 

of biofilm biomass 

through 

adsorption/retention 

of a dye such as 

crystal violet or 

Congo Red. 

Versatile method with wide 

applicability towards high 

and low throughput assays 

/ Lack of reproducibility; 

adsorption of dye common 

for a wide range of 

laboratory used plastics; no 

standardised method, poor 

detection limit; no selectivity 

towards any type of 

biomass or extracellular 

substance. 

190,191 

Confocal 

luminescence 

microscopy / 

COMSTAT 

quantification 

Employs specific 

dyes such as 

propidium iodide 

(DNA staining of 

dead cells) or SYTO-

0 (live cell staining). 

COMSTAT 

quantification from 

confocal Z-image 

series provides a 

wide array of 

parameters for a 

biofilm such as: 

Detection and direct 

staining of biofilm matrix 

(often cellular component) 

provides detailed 

information on biofilm 

morphology on a cellular-

scale. COMSTAT 

evaluation thereof provides 

huge amount of detail in 

quantifying parameters. 

Wide applicability through 

variable dyes available /  

Expensive and time 

192,193 
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Biomass, surface 

area and surface 

roughness. 

consuming. Photobleaching 

of dyes often a problem 

over the course of Z-image 

series acquisition. 

4.1.6.2.1. Congo Red binding 

Congo Red (CR, Figure 4.8) is a dye widely used in biochemistry and has been 

shown to bind both amyloid fibrils produced by curli and in the evaluation of curli 

production by E. coli 14,194,195 (Figure 4.8). Binding of CR in indicator agar to curli (25 µg 

mL-1) causes cultured streaks or colonies to appear red. CR can interact with cellulose 

and other polysaccharides 14,195–197 present in the ECM of the E. coli biofilms, potentially 

leading to false-positive results depending on the strain of E. coli used. E. coli MC4100 

derivatives such as LSR10 (MC4100 ΔcsgA) are often used as it reportedly does not 

produce a great deal of cellulose, flagella or O-polysaccharides 198–200.  E. coli MG1655 

and its derivatives (including W3110) are reportedly unable to produce cellulose due to 

a premature stop codon in the bcsQ gene, essential for cellulose biosynthesis, however 

they have not been reported to downregulate flagella or O-polysaccharide formation.  

 

Figure 4.8: Left- structure of CR.  Right- CR indicator plate showing the effect of 

deletion of curli specific genes A, F and E from the genome of E. coli MC4100. 

4.1.6.2.2. Crystal violet assay 

 Another dye commonly employed in biofilm growth studies is crystal violet (CV; 

Figure 2) which stains both live and dead cells as well as some components of the ECM 

184. The assay typically involves growth of biofilm in static liquid cultures in microtiter 

plates, followed by extensive washing to remove liquid culture and planktonic bacteria. 
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An aqueous CV solution at concentrations ranging from 0.1-1% (v/v) is then applied to 

the empty wells and left to bind biofilm present. Following another wash step, the bound 

CV is solubilised in ethanol, acetone or isopropyl alcohol, and the absorbance at 570 nm 

is measured. Issues arise with unspecific CV retention by certain plastics and the multiple 

wash steps leading to potential disruption of a formed biofilm, and lack of relevance when 

producing biofilm as a useful material.  

4.1.6.2.3. Fluorescence microscopy and confocal fluorescence microscopy 

Confocal fluorescence microscopy (CFM) is frequently used to image a stained 

biofilm. In this study, detection of cells and amyloid material in the biofilm extracellular 

matrix was via CFM and staining with propidium iodide (PI). PI cannot cross extracellular 

membranes of live cells 201 and can therefore be used as a component of live-dead 

staining with a vital dye (SYTO9). Alternatively, in a biofilm treated overnight in 4% formal 

saline, it can be used to measure total (now all dead) cell content of the biofilm.  

CFM generates images in a single focal plane (i.e. a ‘slice’ in the z-axis) of a 

fluorescence image. Through taking a series of slices a 3D image of the biofilm known 

as a Z-series of images can be constructed, yielding detailed information on the level of 

cellular retention in the biofilm. From 3-5 biological replicate samples (it is possible to 

build a representative and accurate description of the biofilm structure using COMSTAT2 

analysis.  

A Z-series of images obtained from CFM is composed of multiple slices of 2D 

images. The z-dimension of the images obtained arises from ‘slicing’ in the focal plane 

of a subject, through moving the subject stage in the Z-direction. Through moving at a 

constant step height, a 3D representation of a sample can be obtained with quantifiable 

parameters in the X, Y and Z directions, provided the image series dimensions are 

recorded.  

4.1.7. Background to Escherichia coli strains employed in the present study 

Escherichia coli W3110 was the positive controlstrain and was derived from E. 

coli MG1655, with an inversion mutation from the rrnD to rrnE genes. Escherichia coli 

W3110 is frequently used as the model strain for production of a curli dominant E. coli 

biofilm in the absence of cellulose production 197,202–204. Cellulose biosynthesis is absent 

in K12 strains such as E. coli MG1655 and E. coli W3110 due to a premature stop codon 

in the essential bcsQ gene 197.  
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Escherichia coli BL2-DE3 is a commercially available E. coli strain and reportedly 

does not produce significant amounts of curli at 37°C 36,37, and will only produce curli 

under certain conditions (mainly lower temperatures 15,36), making it an ideal negative 

control for curli production.  

Escherichia coli MG1655 ompR234 PRO ΔcsgA was gifted from T.K. Lu et al. 

The strain was produced to enable controlled production of engineered curli following 

deletion of the csgA gene encoding the main structural component of curli. The ompR234 

mutation is a single point mutation in the ompR gene, reportedly affecting how csgD 

induces expression of curli specific genes involved in the excretion of csgA and B, 

resulting in a strain which effectively produces curli under a wide range of temperatures 

(including 37°C). The authors reported the abolishment of curli production following the 

deletion of the csgA gene, which was re-established following incorporation of a plasmid 

harbouring csgA under the control of an inducible promoter. 181 
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4.2. Results and discussion 

4.2.1. Plasmid and strain construction 

All methods such as transformation, PCR, miniprep plasmid DNA isolation for 

example were undertaken according to Section 4.4 unless otherwise stated. Primers 

used for SDM are designed according to specifications outlined in Liu and Naismith 205. 

All sequencing chromatographs are presented on the supplied multimedia disk, along 

with full gene sequences from analysis of CsgA and engineered versions thereof.  

4.2.1.1. PFF753CcsgA  

The final form of the plasmid employed in controlling biofilm production by E. coli 

MG1655 ompR234 PRO ΔcsgA, PFF753CcsgA (Figure 4.9) was designed to 

incorporate csgA under the inducible pLl-tetO promoter, to allow expression via the 

addition of supplementary anhydrotetracycline (aTC) to the culture medium. Also 

contained in the plasmid is tetR (expression of which yields the repressor protein 

involved in the pL-tetO promoter system), and a gene yielding a fusion protein of 

S.aureus SortaseA and green-fluorescent protein (GFP). The ampR gene confers 

resistance to ampicillin. 

 

Figure 4.9: Plasmid map of PFF753CcsgA. 
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PFF753CcsgA was produced from the purchased version PFF753csgA following 

several steps to improve csgA expression and post-expression processing of the 

produced CsgA protein by E. coli (detailed in Section 4.4.1.4). Transformation of 

PFF753CcsgA into E. coli MG1655 ompR234 PRO ΔcsgA yielded the strain able to 

controllably produce biofilm in response to aTC. 

4.2.1.2. PFF753CcsgASau 

PFF753CcsgASau was produced from PFF753CcsgA (proto) via site directed 

mutagenesis (detailed in Section 4.4.1.4). PFF753CcsgASau contains the engineered 

csgA gene encoding for the C-terminal tagged- LPYTGG version of CsgA capable of  

sortase ligation (Figure 4.10), termed CsgASau. 

4.2.1.3. PFF753CcsgASauGGS 

PFF753CcsgASauGGS was produced from PFF753CcsgASau via site directed 

mutagenesis (detailed in section 4.4.1.5). PFF753CsgASauGGS encodes the 

engineered CsgA protein containing a glycine-glycine-serine linker region between the 

C_terminus of CsgA and the LPYTGG sequence (Figure 4.10), Termed CsgASauGGS 

 

Figure 4.10: Representation of relevant sections of plasmids PFF753CcsgA (top), 

PFF753CcsgASau (middle) and PFF753CcsgASauGGS (bottom) and their translated 

products showing the engineering of the C-terminal end of the produced CsgA protein. 

4.2.2. Inspection of curli ECM production by E. coli MG1655 ompR234 PRO ΔcsgA 

:: pFF753CcsgA 

To provide initial confirmation of curli production following expression of curli 

specific genes in induced cultures of E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA, liquid cultures of identical turbidity were filtered through a 0.22 µm 
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polycarbonate membrane. The whole surface of the filter membrane was then examined, 

and images provided were representative of the surface as a whole.  

Uninduced E. coli MG1655 ompR234 PRO ΔcsgA :: PFF753CcsgA cultures 

appeared to be evenly distributed across the filter membrane (Figure 4.11). Higher 

magnification revealed some small clusters, interspersed with single rod-like cells 

characteristic of E. coli distributed across the surface. At ultra-high resolution, single E. 

coli cells were clearly visible. The cluster observed showed no cell covering material 

adjoining neighbouring cells. It can be concluded from this that in an uninduced state no 

extracellular material was observed for liquid cultures.  

An immediately obvious contrast was evident for induced liquid cultures of E. coli 

MG1655 ompR234 PRO ΔcsgA::PFF753CcsgA (Figure 4.12). An extensive network of 

rod-shape cells covering a large portion of the filter membrane surface was observed. 

Where no network was present, very few individual cells were evident, indicating the 

propensity of the induced cell populations to agglomerate. At higher magnification, large 

volumes of E. coli cells covered with an extracellular substance, appeared in a single 

mass of material. Imaging at ultra-high magnification confirmed the presence of this 

extracellular substance, with the highest magnification providing insight into its 

macrostructure. The presence of EPS covering induced E. coli populations was 

consistent with the production of a large volume of curli and other EPS components.  
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Figure 4.11: SEM micrographs of deposited E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA  without aTC induction from a liquid culture. 
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Figure 4.12: SEM micrographs of deposited networks of E. coli MG1655 ompR234 

PRO ΔcsgA :: PFF753CcsgA with aTC induction from a liquid culture. 
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4.2.3. Evaluation of curli production by reference strains and 

MG1655ompR234ΔcsgA::PFF753CCsgA in  static culture over 72h  

Biofilms formed on polycarbonate coupons from a static 72h culture in the CDC 

bioreactor were prepared as described in section 4.4.3.1. Coupons were washed twice 

carefully by immersion in sterile dH2O before being fixed in 4% formal saline overnight 

prior to analysis.  

4.2.3.1. Morphology and distribution of biofilm at the coupon surface 

Maximum projection and 3D rendered images produced as described in 3.4.3.2 

are shown for biofilms produced by E. coli strains BL21-DE3 (Figures 4.13 and 4.14, 

W3110 (Figures 4.15 and 4.16), MG1655 ompR234 ΔcsgA (Figures 4.17 and 4.18) and 

MG1655 ompR234 ΔcsgA :: PFF753CcsgA induced with 200 ng mL-1 of 

anhydrotetracycle (aTC) (Figures 4.19 and 4.20) and without induction (Figures 4.21 and 

4.22). CFM analysis  and quantification was performed as outlined in section 4.4.3.2. 

Videos of 3D renderings are detailed in the appendix of this thesis. 
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Figure 4.13: Maximum projection images of propidium iodide stained 72h static 

biofilms formed on a polycarbonate coupon surface by E. coli BL21-DE3 (scale bar 

represents 50 µm). 

 

Figure 4.14: 3D projection image of propidium iodide stained 72h static biofilm formed 

on polycarbonate coupon surface by E. coli BL21-DE3 (tick marks represent 5 µm). 

Propidium iodide (PI) staining of the biofilm following incubation in a bioreactor containing 

liquid E. coli BL21-DE3 culture for 72h revealed a very sparse, evenly distributed array 

of luminescence across the entire polycarbonate coupon (Figures 4.13 and 4.14). This 

fluorescence from PI was representative of the dead-cell component of the biofilm (i.e. 

total biofilm as previously treated with formal saline), indicating a relatively low surface 

coverage and thickness of biofilm.  
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Figure 4.15: Maximum projection images of propidium iodide stained 72h static 

biofilms formed on polycarbonate coupon surface by E. coli W3110 (scale bar 

represents 50 µm). 

 

Figure 4.16: 3D projection image of PI stained 72h static biofilm formed on 

polycarbonate coupon surface by E. coli W3110 (tick marks represent 5 µm). 

PI staining of the biofilm following incubation in a bioreactor containing liquid E. coli 

W3110 culture for 72h showed a distinct difference in the intensity and area of PI staining, 

as evidenced by the high degree of red-PI emission shown in Figures 4.15 and 4.16. 

Both the size of cellular aggregate clusters and number exceeded that seen for biofilms 

produced by the negative control strain, E. coli BL21-DE3, evidencing more extensive 

biofilm development. 
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Figure 4.17: Maximum projection images of propidium iodide stained 72h static 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA (scale bar represents 50 µm). 

 

Figure 4.18: 3D projection image of PI stained 72h static biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 ΔcsgA (tick marks 

represent 10 µm). 

PI staining of the biofilm following incubation in a bioreactor containing liquid E. coli 

MG1655 ompR234 ΔcsgA culture for 72h revealed a very sparse, evenly distributed 

array of fluorescence around the entire coupon, as shown in Figures 4.17 and 4.18. This 

sparse cellular distribution was reminiscent of the biofilms depicted in Figures 4.13 and 

4.14 from E. coli BL21-DE3, the negative control strain.  
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Figure 4.19: Maximum projection images of propidium iodide stained 72h static 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgA without induction with aTC (scale bar represents 50 µm). 

 

Figure 4.20: 3D projection image of PI stained 72h static biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA without induction with aTC (tick marks represent 10 µm). 

PI staining of the biofilm following incubation in a bioreactor containing liquid E. coli 

MG1655 ompR234 ΔcsgA ::PFF753CcsgA culture for 72h with no aTC induction, 

revealed a high degree of surface associated biomass, as shown in figures 4.19 and 

4.20, reminiscent of the cellular biomass at the coupon surface exhibited in the biofilm 

produced by E. coli W3110 (Figures 4.15 and 4.16).  
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Figure 4.21: Maximum projection images of propidium iodide stained 72h static 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgA with induction with 200 ng mL-1 aTC (scale bar represents 50 

µm). 

 

Figure 4.22: 3D projection image of propidium iodide stained 72h static biofilm formed 

on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA with induction with 200 ng mL-1 aTC (tick marks represent 10 µm). 

PI staining of the biofilm following incubation in a bioreactor containing liquid E. coli 

MG1655 ompR234 ΔcsgA ::PFF753CcsgA culture for 72h with aTC induction revealed 

a high degree of surface associated biomass, as shown in figures 4.21 and 4.22, 

reminiscent of the biomass exhibited in the biofilm produced by E. coli W3110.  

The small quantity and sparse distribution of cellular biomass observed on the 

coupon surface for E. coli MG1655 ompR234 PRO ΔcsgA was expected, as the ΔcsgA 

mutation imparts an inability of the E. coli strain to efficiently produced curli, negatively 

affecting abiotic and intracellular attachment (critical to biofilm formation). This was 

further supported by the apparent similarity in cellular biomass to the negative control 

strain, E. coli BL21-DE3 which has previously been demonstrated not to produce curli 
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efficiently at 37 °C. 170,206 This also supported the hypothesis that curli was essential to 

the irreversible attachment of E. coli to abiotic surfaces. 

Conditions where E. coli MG1655 ompR234 PRO ΔcsgA contained the csgA 

containing plasmid PFF753CcsgA appeared to show greatly extended cellular surface 

coverage of the polycarbonate coupon independent of activation of csgA expression 

through aTC induction. This infers a degree of basal expression of csgA independent of 

aTC induction.  

4.2.3.2. COMSTAT 2 quantification of biofilm properties 

COMSTAT analysis of all Z-series confocal datasets was performed for all 

conditions in triplicate, obtaining quantitative results describing biofilm biomass, 

thickness, surface area and surface roughness parameters (Table 4.2, Figure 4.23). All 

Z-series images were obtained with a Z-step height of 1 µm and subjected to 

thresholding at a value of 20. Values were the arithmetic mean from each condition in 

triplicate. 

Conditions in this section where biofilms were produced by E. coli MG1655 

ompR234 PRO ΔcsgA are described henceforth by their presence of the plasmid 

PFF753CcsgA (+ or -) and whether aTC was added to the culture (+ or -) respectively. 

For example, the -/- condition represented absence of the plasmid PFF753CcsgA and 

without aTC addition. Similarly, +/- represented the condition where PFF753CcsgA was 

present, but induction of aTC was not performed.  

Table 4.2: Comstat evaluation of biofilms produced by E. coli strains over 72h in a 

static culture. 

Condition 
Biomass / 
µm3µm-2 

Average 
Thickness 
of biomass 

/ µm 

Average 
Thickness in 
entire area / 

µm 

Surface 
roughness 

(R*) 

Surface 
area / 
cM2 

Surface area 
to biovolume 

ratio / 
µm2µm-3 

BL21-
DE3 

0.82 11.20 2.80 1.50 0.71 5.99 

W3110 3.54 12.06 7.87 0.71 2.12 4.25 

-/- 0.40 12.92 2.17 1.67 0.46 7.65 

+/- 2.99 12.62 7.92 0.77 2.05 4.59 

+/+ 3.30 15.22 9.57 0.77 1.98 4.20 
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Figure 4.23: COMSTAT quantification results illustrating biofilm biomass (red bars), 

average thickness of biofilm (blue bars), average thickness in entire area (magenta 

bars), surface roughness (green bars), surface area (yellow bars) and surface area to 

biovolume ratio (orange bars). 
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 Biofilms produced by the csgA negative control strain E. coli BL21-DE3 and E. 

coli MG1755 ompR234 PRO ΔcsgA exhibited comparable biomass of < 1 µm3 µm-2, as 

well as a low average surface thickness of < 3 µm. Average surface area of biofilm was 

also very low compared with other conditions, < 1 cm2. High surface area to biovolume 

ratios (in effect, reciprocal biomass) of 6 µm2 µm-3 and greater were also observed, which 

was in agreement with the low biomass quantification. These results were consistent 

with the visual representations of the biofilms produced by E. coli BL21-DE3 and 

MG1655 ompR234 PRO ΔcsgA, representing a very sparse distribution of small volumes 

of microcolonies covering a small portion of the imaged surface.  

In contrast, biofilms produced from the +/- and +/- conditions exhibited 

biomasses, entire area thicknesses and surface areas (and surface area to biovolume 

ratios) that were in close agreement with those found for the positive control strain E. coli 

W3110. High biomass (> 3.00 µm3 µm-2), thickness (over 7.50 µm2) and surface area 

(over 2.00 cm2) contrasted with reduced surface roughness parameters (< 0.80) and 

surface area to biovolume ratio values (Below 5 µm2 µm-3), which together demonstrate 

the ability of E. coli W3110, +/- and +/+ strains to produce a thicker, more uniform biofilm.  

It appeared from these results, that the plasmid PFF753CcsgA had a great 

impact on the ability of E. coli MG1655 ompR234 PRO ΔcsgA to produce biofilm, likely 

due to expression of csgA from the plasmid itself. It does however suggest that due to 

the apparent similarity of biofilms produced in the presence and absence of aTC, that 

the PL-TetO promoter controlling csgA expression was ‘leaky’ as the qualitative analysis 

of biofilm images suggest.  

4.2.3.3. Statistical verification of COMSTAT 2 results 

Statistical analysis (one-way ANOVA with post-hoc Tukey-Kramer) of the 

COMSTAT results elicit allowed evaluation of how the mean values of variables 

measured (such as biomass and surface area) differed between conditions. Depending 

on several factors including variance within groups and variance between groups and 

the degrees of freedom (arising from number of number of repeats and conditions), a 

critical value from the statistical test enabled comparison on which pairs of conditions 

were statistically independent.  
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Several assumptions are made in a one-way ANOVA experiment: 

- Independent and identically distributed variables (i.e. random sampling: datasets 

are not linked and detection of one variable does not affect measurement of 

another) 

- Homoscedasticity: the dependant variable has the same variance within each 

population  

- Normality: dependant variable is normally distributed within each population  

The first two conditions were met in these experiments. Samples were randomly 

collected and the measurement of the biomass from one image did not affect the 

measurement of another. Variance across experiments was identical as all sample sizes 

were identical (results collected in triplicate). 

Data is normally distributed when the mean median and mode are equal, and 

therefore distributed about the mean as an asymptotic, symmetric bell curve. Given the 

very small sample size (N = 3 for each measurement) it is potentially difficult to accurately 

evaluate whether this data was normally distributed. Using the Shapiro-Wilk normality 

test the extent to which the data collected was normally distributed could be determined: 

as described in the appendix of this thesis. Box and whisker plots identify where data is 

possibly not normally distributed (i.e. the very ‘bottom heavy’ distribution of the E. coli 

W3110 biomass results, however to a large extent, the means seem to be well distributed 

between the data extremes. Results from Shapiro Wilk analysis indicated that data was 

sufficiently normally distributed (Sig. value was greater than 0.05) for all conditions and 

metrics aside from the SA/BV ratio measurements.  

Results from one-way ANOVA analysis (Table 4.3) described how all datasets 

apart from ‘average thickness in biomass’ return significance values of below the critical 

value (Sig. 0.05), meaning that one or more conditions were statistically significant from 

each other. Average thickness in biomass appeared to be statistically identical across all 

conditions.  

  



Chapter 4. Development of controllable, engineered curli mediated E. coli biofilms  

 

156 
  

Table 4.3: Critical values from one-way ANOVA analysis of data described in Table 4.2 

and Figure 4.23. 

Metric F Sig. 

Average 

thickness in 

entire area 

11.621 0.001 

Average 

thickness in 

biomass 

2.649 0.096 

Biomass 6.580 0.007 

Roughness (R*) 20.070 0.000 

Surface area 13.983 0.000 

Surface area to 

biovolume ratio 
14.763 0.000 

 

Post-hoc Tukey-kramer analysis (Table 4.4) from the one-way ANOVA test 

describes grouping of results in a dataset by those statistically identical to one-another. 

As described by the one-way ANOVA test results, all conditions were seen to give 

statistically identical results when measuring average thickness in biomass. Surface area 

to biovolume ratio showed no difference between the +/+. +/-, E. coli BL21 and E. coli 

W3110 conditions, although both groupings had significance values very close to the 

critical value of 0.05.  

Measuring the biomass of biofilm produced gave three distinct groupings. Group 

C had a very high significance value (0.959, +/+, +/-. W3110) suggesting very close 

agreement in mean values. Whilst the significance value of Group A and Group B were 

close to the critical value of 0.05 and an order of magnitude lower than that of group C. 

The groupings showed that the +/- and +/+ conditions do not necessarily show a degree 

of statistical difference in biofilm biomass to that the negative control condition, BL21-

DE3, casting doubt on whether the biomass of the supposedly curli positive conditions 

(+/+ and +/-) differed from that of the curli negative conditions (such as BL21-DE3).  

The average thickness in entire area, roughness (R*) and surface area 

measurements were all in agreement, describing two distinct groupings: BL21-DE3 

(negative control) and -/-, separate from W3110, +/- and +/+.   
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Table 4.4: Groupings from post-hoc Tukey-Kramer analysis. 

 Group A (Sig.) Group B (Sig.) Group C (Sig.) 

Average 

thickness in 

entire area 

-/-, BL21-DE3 

(0.990) 

W3110, +/-, 

+/+ (0.738) 
- 

Average 

thickness in 

biomass 

ALL GROUPS 

(0.069) 
- - 

Biomass 

-/-, BL21-DE3, 

+/- 

(0.060) 

BL21-DE3, +/-, 

+/+ 

(0.074) 

+/-, +/+, W3110 

(0.959) 

Roughness (R*) 
BL21-DE3, -/- 

(0.759) 

W3110, +/-, 

+/+ 

(0.995) 

 

Surface area 
-/-, BL21-DE3 

(0.921) 

W3110, +/-, 

+/+ 

(0.990) 

 

Surface area to 

biovolume ratio 

-/- 

(0.052) 

+/+, +/-, 

W3110, BL21-

DE3 (0.073) 

 

 

4.2.3.4. Significance of results obtained for 72h static biofilm experiments 

It was clear from confocal fluorescence microscopy and COMSTAT 2 analysis that 

E. coli MG1655 ompR234 PRO ΔcsgA did not form an extensive biofilm network on the 

polypropylene surface. The morphology and surface coverage evident in the maximum 

projection and 3D representations of the biofilm from the -/- condition appeared to be 

similar to that of E. coli BL21-DE3, the negative curli control. Both BL21-DE3 and -/- 

conditions showed very low surface thickness and coverage of the coupon surface 

compared to that of the +/+, +/- and W3110 conditions. This difference was confirmed by 

statistically verified COMSTAT 2 quantification of the biofilms: where average thickness 

on the entire area, surface roughness and surface area appeared to be reliable markers 

of surface coverage. 

Average thickness entire area (ATEA) is a robust variable to determine the overall 

surface coverage of the biofilm, in contrast to the widely variable average thickness in 
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biomass (ATBM) measurement. This is due to the thickness represented by the different 

measurements: 

- ATEA determines the average thickness from all thresholded signal  across the 

measured area, derived from signal considering all voxels regardless of whether  

biomass was detected 

- ATBM determines average thickness across area determined by COMSTAT 2 to 

be continuous biomass  

The similarity between all conditions in the ABTM measurement describes how 

microcolonies of similar thicknesses were formed over 72h across all conditions. The 

difference revealed itself in the morphology and size of microcolonies, where the ATEA 

measurement describes the average thickness over the entire measured area i.e. where 

there was more biofilm coverage, the thickness measured was greater. The ATEA 

measurement does not give an accurate measurement of biofilm thickness, due to 

influence in the measurement from regions not containing biofilm at all, and therefore it 

can be concluded that over 72h, E. coli microcolony formation at the coupon surface 

occurred with uniform thickness across conditions of around 13 µm.  

The high surface area exhibited by biofilms produced in the +/+, +/- and W3110 

conditions correlate with the observed trend in biomass; where extensive networks of E. 

coli biofilms were observed. Biomass quantification also suggested this grouping, 

however statistical analysis suggested the differences could not be statistically verified.  

Extensive biofilm formation over a 72h time period by E. coli MG1655 ompR234 

ΔcsgA was reliant on the presence of plasmid PFF753CcsgA. When present, the strain 

appeared to form extensive microcolonies covering a large majority of the observed 

surface. This appeared to be independent of the inducer aTC, responsible for activation 

of transcription via the PL-TetO promoter.  
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4.2.4. Evaluation of curli production MG1655 ompR234 ΔCsgA :: PFF753CCsgA in  

flow culture over 24h  

4.2.4.1 Morphology and distribution of biofilm at the coupon surface 

Biofilms formed by E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA under flow 

conditions (experimental procedure detailed in sections 4.4.3.1) over 24h are shown as 

maximum projection images (Figures 4.24 and 4.26), and 3D renderings (Figures 4.25 

and 4.27). The two conditions represented when expression was induced through 

supplementation of the media with 200 ng µL-1 of anhydrotetracycline (aTC) and were 

described as uninduced or induced. CFM analysis  and quantification was performed as 

outlined in section 4.4.3.2. Videos of 3D renderings are detailed in the appendix of this 

thesis.  

 

Figure 4.24: Maximum projection images of propidium iodide stained 24h flow system 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgA without induction with 200 ng mL-1 aTC (scale bar represents 

50 µm) 
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Figure 4.25: 3D projection image of PI stained 24h flow system biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA without induction with aTC (tick marks represent 10 µm) 

PI staining of the PC coupons from the bioreactor containing an E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgA culture without aTC induction showed a distinct 

lack of luminescence from PI indicating a low (dead) cellular volume at the PC coupon 

surface. This indicates a distinct lack of cellular surface coverage similar to that seen 

previously for 72h biofilms formed by E. coli BL21-DE3 and MG1655 ompR234 PRO 

ΔcsgA (Section 3.2.3.1). 
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Figure 3.26: Maximum projection images of propidium iodide stained 24h flow system 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgA with induction with 200 ng mL-1 aTC (scale bar represents 50 

µm) 
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Figure 3.27: 3D projection image of PI stained 24h flow system biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA without induction with aTC (tick marks represent 10 µm) 

PI staining of the PC coupons from the bioreactor containing an E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgA culture with aTC (100 ng mL-1) induction showed 

extensive  luminescence from PI indicating a very high (dead) cellular volume at the PC 

coupon surface. This indicates extremely high cellular surface coverage, indicative of 

extensive biofilm formation from the induced E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgA culture population. In contrast with biofilms formed in the 72h static 

system (section 3.2.4), a very clear disparity can be observed between biofilms formed 

with induction of aTC.  

Without induction, biofilm formation over 24h in a flow system was very sparse, 

closely resembling that for the curli negative BL21-DE3 biofilms shown in section 3.2.4. 

Well distributed individual aggregates of cells were observed spread over the imaged 

surfaces, very small in size and low in observable biomass. 

Induction with 200 ng µL-1 of aTC over 24h under flow conditions appears to yield 

very thick biofilms, covering the entire imaged area. Channels in the biofilm matrix are 

observed, a characteristic property of a more mature biofilm. 167 In comparison with the 

72h static biofilms, the induced 24h flow biofilm produced upon aTC induction appears 

thicker and denser, despite the shorter incubation time. This is likely attributed to the 

effect of replenishing media supply through flowing 5L of media through the bioreactor. 

It is likely that the increased flow sheer forces and replenished supply of nutrients allows 

for the biofilm to develop further in a short space of time. 
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4.2.4.2. COMSTAT 2 quantification of biofilms 

COMSTAT analysis of 24h flow biofilms formed by MG1655 ompR234 PRO ΔcsgA 

:: PFF753CcsgA with and without induction with 200 ng mL-1
 of aTC was performed as 

per the same parameters described in section 4.2.3. Mean values of biomass, average 

thickness, surface roughness, surface area and surface area to biovolume ratio are 

described in Table 4.5 and presented as bar charts in Figure 4.28 (with error bars 

representing minimum and maximum experimentally obtained values).  

Table 4.5: Comstat evaluation of biofilms produced by E. coli strains over 24h in a flow 

culture with (+aTC) and without (-aTC) induction with 200 ng mL-1 aTC. 

Condition 
Biomass / 
µm3µm-2 

Average 
Thickness 
of biomass 

/ µm 

Average 
Thickness in 
entire area / 

µm 

Surface 
roughness 

(R*) 

Surface 
area / 
cM2 

Surface area 
to biovolume 

ratio / 
µm2µm-3 

-aTC 0.17 15.12 1.23 1.84 0.56 5.21 

+aTC 7.37 23.97 20.94 0.31 2.64 2.45 
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Figure 4.28: Comstat analysis results from 24h flow biofilms describing biofilm 

biomass (red bars), average thickness of biomass (blue bars), average thickness in 

entire area (magenta bars), surface roughness (green bars), surface area (yellow bars) 

and surface area to biovolume ratio (orange bars). 
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In agreement with qualitative observations described in section 3.2.5.1, a clear 

disparity in the properties of biofilms produced by E. coli MG1655 ompR234 PRO ΔcsgA 

:: PFF753CcsgA is seen depending on induction by aTC. Herein this section, the terms 

‘induced’ and ‘uninduced’ biofilms represent biofilms formed by E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgA with and without aTC induction respectively.  

The mean biomass of the induced biofilm was found to be over forty times greater 

(7.37 µm3µm-2) in comparison with that of the uninduced biofilm (0.17 µm3µm-2), 

representing a disparity unmatched to those seen in the 72h static experiment. 

Additionally, in comparison with the biomass found for induced and uninduced biofilms 

in the 72h experiment (~3 µm3µm-2) the induced biofilm formed over 24h under flow 

conditions appears to contain a much larger biovolume per unit of area (i.e. increased 

cellular matter content).  This large degree of difference is maintained to a similar degree 

in surface roughness, average thickness of entire area and surface area measurements. 

The mean thickness of formed biofilms when induced was also shown to increase 

for both entire area and of biomass measurements. Average thickness over entire area 

increased by nearly twenty times, from 1.23 when csgA expression was not induced to 

20.94 µm. By comparison, the average thickness of biomass of biofilm increased by a 

smaller degree (15.12 µm to 24 µm) upon aTC induction. This represents both the 

formation of a biofilm which covers the entire coupon surface when csgA expression is 

induced, as well as suggesting that the actual thickness of the biofilm (where formed) 

increases to a degree.  

In comparison of the 24 h flow biofilms with biofilms produced over 72h in a static 

culture (section 4.2.3), average thickness of induced biofilms over the entire area 

increased by a factor of 2 when comparing the 24h flow and 72h static conditions. Non-

induced biofilm produced over 24 h in flow was of a similar thickness found for the 

negative control conditions detailed for the 72h static experiment (section 4.2.3). 

The decrease in mean surface roughness by a factor of six following induction 

represents the more total surface coverage of the thicker, evenly distributed biofilm 

formed over when induced with aTC. One can see in the 3D representations shown in 

section 3.2.5.1 that where induction was not performed, small distributed aggregates are 

observed at the coupon surface, causing the ‘roughened’ surface. Where extensive 

biofilms are formed, this roughness decreases by a large degree as most of the surface 

is covered by biomass.  
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Again, the uninduced biofilm formed from the 24h flow experiment was found to 

exhibit a similar surface roughness to the negative curli control strains in the 72h static 

experiment. Biofilm morphology appears similar across these conditions (numerous 

sparsely distributed aggregate structures), giving rise to the rougher surface. The 

induced biofilm formed from the 24h flow experiment appears to be less rough than all 

conditions in the 72h static experiment, which supports the hypothesis that the increased 

extent of biofilm formation seen for the induced 24h  flow experiments produces a flatter, 

thicker, evenly distributed biofilm containing a larger amount of biomass.  

The increase in surface area by a factor of five where curli production is induced 

in the 24h flow experiment represents the increase in coverage by a large, structured, 

faceted biofilm such as the one seen in the 3D representation (section 4.2.4.2). The 

surface area to biovolume ratio decreases by a factor of two where comparing induced 

24h flow biofilms with uninduced biofilms formed by the same technique, in agreement 

with the biomass and surface area measurements.  

The surface area to biovolume ratio of biofilms produced from induced 24h flow 

cultures was lower than any seen in the 72h conditions, representing the smooth surface 

and increased biomass. The uninduced 24h flow biofilm showed similar surface area to 

biovolume ratios for all 72h static conditions.  

4.2.4.3. Statistical verification of COMSTAT quantification  

One-way ANOVA statistical analysis of data was performed to verify whether 

differences in mean metrics collected from COMSTAT 2 analysis are significant. 

Parameters required for the One-way anova test are as described in section 4.2.3.3, with 

the key requirement of all data to be normally distributed.  

Normality was tested by shapiro-wilk analysis, which showed all data was 

sufficiently normally distributed (i.e. returned a significance value of over 0.05) for one-

way anova analysis. Normality analysis and box and stem plots showing distribution of 

data are given in the appendix of this thesis.  

One-way ANOVA verification shows that all metrics, other than average thickness 

in biomass, return statistically different mean values (significance value >0.05), and 

therefore the two conditions are significantly different from each other (Table 4.6). There 

is no need to perform a post-hoc Tukey-Kramer test, as there are only two conditions to 

measure. 
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From these results we conclude that aTC induction has a statistically significant 

impact on biofilm biomass, thickness (when measured over the entire area), surface 

roughness, surface area and surface area to biovolume ratio. As with the 72h biofilm 

experiment, the actual thickness of formed biofilms were unaffected by aTC induction.  

Table 4.6: Critical values from one-way ANOVA analysis of data described in Table 4.5 

and Figure 4.28. 

Metric F Sig. 

Average 

thickness in 

entire area 

55.717 0.000 

Average 

thickness in 

biomass 

4.794 0.060 

Biomass 62.757 0.000 

Roughness (R*) 359.003 0.000 

Surface area 43.262 0.000 

Surface area to 

biovolume ratio 
11.125 0.010 

 

4.2.4.4. Significance of results for 24h flow biofilm experiments 

Through altering the incubation time and introducing media flow-through, we 

elucidate a very well controlled mechanism whereby biofilm development by E. coli 

MG1655 ompR234 ΔcsgA :: PFF753CcsgA is mediated through aTC induced 

expression of csgA. Through confocal fluorescence microscopy of PI stained biofilms 

produced over 24h under flow conditions, a large disparity in the cellular coverage of 

biofilms produced was observable and confirmed through COMSTAT analysis.  

These results suggest that where basal level of csgA expression allows for biofilm 

development over 72h in a static culture, extensive biofilm development over 24h in a 

media flow environment is reliant on extensive csgA expression, induced by aTC. Further 

to this, these results demonstrate the significantly increased biofilm production by E. coli 

MG1655 ompR234 ΔcsgA :: PFF753CcsgA under flow conditions in comparison to static 

conditions.  
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4.2.5. Evaluation of curli production MG1655 ompR234 ΔCsgA :: 

PFF753CCsgASau and PFF753CcsgASauGGS in  flow culture over 24h 

4.2.5.1. Morphology and distribution of biofilm at the coupon surface 

Biofilms formed by E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgASau and E. 

coli MG1655 ompR234 ΔcsgA :: PFF753CcsgASauGGS under flow conditions 

(experimental procedure detailed in Section 4.4.3.1) over 24h with induction with 200 ng 

mL-1 are shown as maximum projection images (Figures 4.29 and 4.31), and 3D 

renderings (Figures 4.30 and 4.32) respectively. CFM analysis and quantification was 

performed as outlined in section 4.4.3.2. Videos of 3D renderings are detailed in the 

appendix of this thesis. 
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Figure 4.29: Maximum projection images of propidium iodide stained 24h flow system 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgASau with induction with 200 ng mL-1 aTC (scale bar represents 

50 µm). 

 

Figure 4.30: 3D projection image of PI stained 24h flow system biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgASau with induction with aTC (tick marks represent 10 µm). 

PI staining of the PC coupons from the bioreactor containing an E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgASau (expressing the CsgA protein with a C-

terminal SrtA tag) culture with aTC (200 ng mL-1) induction showed a low level of 

luminescence from PI indicating a low (dead) cellular volume at the PC coupon surface. 

This indicates a reduced cellular surface coverage in comparison to the biofilm produced 

by induced E. coli MG1655 ompR234 PRO ΔcsgA :: PFF753CcsgA (without the C-

terminal SrtA tag) indicative of an aberrant effect upon the C-terminal inclusion of the -

LPYTGG sequence on biofilm formation.  
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Figure 4.31: Maximum projection images of propidium iodide stained 24h flow system 

biofilms formed on polycarbonate coupon surface by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgASauGGS with induction with 200 ng mL-1 aTC (scale bar 

represents 50 µm). 

 

Figure 4.32: 3D projection image of PI stained 24h flow system biofilm formed on 

polycarbonate coupon surface by E. coli MG1655 ompR234 PRO ΔcsgA :: 

PFF753CcsgASauGGS with induction with aTC (tick marks on top image represent 10 

µm, bottom image 5 µM). 

PI staining of the PC coupons from the bioreactor containing an E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgASauGGS (expressing the CsgA protein 

containing the C-terminal SrtA tag mediated by a flexible GGS linker region) culture with 

aTC (200 ng mL-1) induction showed a moderate level of luminescence from PI indicating 

a moderate (dead) cellular volume at the PC coupon surface. A notable increase in 

biofilm surface coverage was observed in comparison to biofilms formed by E. coli 
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MG1655 ompR234 PRO ΔcsgA :: PFF753CcsgASau (without the mediating flexible 

GGS linker). Biofilm formation was not however formed to a comparable extent observed 

for E. coli MG1655 ompR234 PRO ΔcsgA :: PFF753CcsgA (without any C-terminal 

modification).  

The confocal fluorescence micrographs appear to show inhibition of biofilm 

formation by the C-terminal -LPYTGG linker on the engineered CsgA protein expressed 

by PFF753CcsgASau. Some level of restoration in biofilm formation capability appears 

to occur where a flexible -GGS- linker region between the C-terminus of the wild-type 

CsgA protein and the -LPYTGG tag.  

4.2.5.2. COMSTAT 2 quantification of biofilm properties 

COMSTAT analysis of 24h flow biofilms formed by E. coli MG1655 ompR234 PRO 

ΔcsgA :: PFF753CcsgASau (herein described as the SrtA tag condition), MG1655 

ompR234 PRO ΔcsgA :: PFF753CcsgASauGGS (herein described as the SrtA tag with 

linker condition) following induction 200 ng mL-1 of aTC was performed as per the same 

parameters described in section 4.2.3. Data for COMSTAT analysis of biofilms formed 

by MG1655 ompR234 PRO ΔcsgA :: PFF753CcsgA as discussed in section 4.2.4. is 

included here for comparative purposes (herein described as the no tag condition). Mean 

values of biomass, average thickness, surface roughness, surface area and surface area 

to biovolume ratio are described in Table 4.6 and presented as bar charts in Figure 4.33 

(with error bars representing minimum and maximum experimentally obtained values). 

Table 4.6: COMSTAT evaluation of biofilms produced by E. coli strains over 24h in a 

static culture. 

Condition 
Biomass / 
µm3µm-2 

Average 
Thickness 
of biomass 

/ µm 

Average 
Thickness 
of entire 

area / µm 

Surface 
roughness 

(R*) 

Surface 
area / cm2 

Surface 
area to 

biovolume 
ratio / 

µm2µm-3 

No tag 7.37 23.97 20.94 0.31 2.64 2.45 

Srt A tag 0.79 19.05 3.34 1.65 0.51 4.53 

Srt A tag with 
linker 

3.67 29.61 19.40 0.71 1.89 3.46 
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Figure 4.33: COMSTAT analysis results from 24h flow biofilms with no c-terminal tag, 

with a C-terminal SrtA tag and a C-terminal SrtA tag with a mediating  flexible GGS 

linker region describing biofilm biomass (red bars), average thickness of biomass (blue 

bars), average thickness in entire area (magenta bars), surface roughness (green 

bars), surface area (yellow bars) and surface area to biovolume ratio (orange bars). 
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In confirmation with observations from the confocal fluorescence Z-image series 

(section 4.2.5.1), quantification of biofilm biomass, surface area, average thickness and 

surface roughness appear to represent the abrogation of biofilm formation following the 

inclusion of the C-terminal SrtA tag on expressed CsgA, which is partially mitigated by 

the inclusion of a mediating flexible GGS linker region between the CsgA protein and the 

SrtA tag. 

Biofilm biomass, surface area, roughness and thickness of the SrtA tag condition 

appeared to be reminiscent of that of the non aTC induced biofilm formed by by E. coli 

MG1655 ompR234 PRO ΔcsgA :: PFF753C in the same conditions as described in 

section 4.2.4. Upon the introduction of the mediating GGS linker region, biofilm formation 

appears partially reestablished under the same conditions, with biofilm biomass, surface 

area and roughness appearing to be intermediary to the non-tagged and SrtA tagged 

CsgA mediated biofilms. Interestingly the average thickness of biofilm biomass appears 

to be increased when comparing the biofilm mediated by non-tagged CsgA and the 

tagged with linker CsgA, although significant overlap in the error bars of this 

measurement could indicate a lack of significance in this observation.  

4.2.5.3. Statistical verification of COMSTAT quantification 

One-way anova statistical analysis of data was performed to verify whether 

differences in mean metrics collected from COMSTAT analysis are statistically 

significant. Parameters required for the One-way anova test are as described in section 

4.2.3.3 with the key requirement of all data to be normally distributed.  

Normality was tested by Shapiro-Wilk analysis, which showed all data was 

sufficiently normally distributed (i.e. returned a significance value of over 0.05) for one-

way anova analysis apart from where surface area to biovolume ratio was evaluated for 

the SrtA tag with linker condition. Normality analysis and box and stem plots showing 

distribution of data are given in the appendix of this thesis.   

One-way anova verification (Table 4.7) shows that all metrics, other than average 

thickness in biomass, return statistically different mean values (significance value >0.05), 

and therefore all conditions are significantly different from each other.  
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Table 4.7: Critical values from one-way ANOVA analysis of data described in 

Table 4.6 and Figure 4.33. 

Metric F Sig. 

Average 

thickness in 

entire area 

10.658 0.002 

Average 

thickness in 

biomass 

6.5515 0.012 

Biomass 35.936 0.000 

Roughness (R*) 2.347 0.000 

Surface area 5.819 0.000 

Surface area to 

biovolume ratio 
27.765 0.010 

 

Post-hoc Tukey-Kramer analysis (as outlined in section 4.2.3.3) of the one-way ANOVA 

test described a dataset whereby several groupings of datasets are statistically 

inseparable (Table 4.8). Biofilm biomass, surface roughness and surface area describe 

three sets of statistically distinct results where the no tag, SrtA tag and SrtA tag with 

linker conditions are distinct. The average thickness in biomass was identified by the 

one-way ANOVA to contain statistically inseparable means, grouping the n tag and SrtA 

tag conditions and the not tag and SrtA tag with linker conditions, again proof of the 

similar biomass thicknesses of biofilms produced across all E. coli described in this 

chapter. The no tag and SrtA tag with linker conditions appear to produce biofilms with 

indistinguishable average thicknesses over the entire area and surface area to biofilm 

ratios.  
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Table 4.8: Groupings from post-hoc Tukey-Kramer analysis of the no tag, SrtA 

tag and SrtA tag with linker conditions. 

 Group A (Sig.) Group B (Sig.) Group C (Sig.) 

Average 

thickness in 

entire area 

SrtA tag (1.000) 

No tag, SrtA 

tag with linker 

(0.624) 

- 

Average 

thickness in 

biomass 

No tag, SrtA tag 

(0.248) 

No tag, SrtA 

tag with linker 

(0.175) 

- 

Biomass 
No tag 

(1.000) 

SrtA tag 

(1.000) 

SrtA tag with 

linker 

(1.000) 

Roughness (R*) 
No tag 

(1.000) 

SrtA tag 

(1.000) 

SrtA tag with 

linker 

(1.000) 

Surface area 
No tag 

(1.000) 

SrtA tag 

(1.000) 

SrtA tag with 

linker 

(1.000) 

Surface area to 

biovolume ratio 
SrtA tag (1.000) 

No tag, SrtA 

tag with linker 

(0.173) 

 

 

4.2.5.4. Significance of results of 24h flow biofilms produced by E. coli producing 

engineered mutants of CsgA incorporating the SrtA tag 

Confocal fluorescence microscopy appeared to show a very sparse biofilm cellular 

coverage of the polycarbonate coupon for biofilms produced by E. coli MG1655 

ompR234 PRO ΔcsgA :: PFF753CSau (expressing the engineered SrtA tagged CsgA). 

This was confirmed by statistically verified COMSTAT quantification, which 

demonstrated that for all measured parameters aside from average biomass thickness, 

a significant decrease in biofilm formation occurred over 24 hours in flow.  

Biofilm formation was shown to be partially re-established, through the 

incorporation of a mediating flexible glycine-glycine-serine (GGS) linker region between 

the C-terminal SrtA tag and the CsgA protein (produced by PFF753CSauGGS). This was 

confirmed by confocal fluorescence microscopy and statistically verified COMSTAT 
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quantification, identifying a significant increase in biofilm formation supported by all 

measured parameters aside from average biomass thickness.  

The impairment and partial reestablishment of biofilm formation upon the C-

terminal modification of CsgA is indicative of reduced (and then ameliorated) amyloid 

aggregation ability of the engineered CsgA proteins CsgASau and CsgASauGGS, owing 

to their identified essential contribution to biofilm development (outlined in sections 4.2.3 

and 4.2.4). Aligning the sequences to represent the semi-repeating unit structure of the 

β-barrel of CsgA computed by Tien et al 171 (outlined in Section 4.1.4) showing series 

repeating β-strands R1-R5 could suggest why the LPYTGG tag on the protein CsgASau 

affects amyloid aggregation, and why the GGS linker in CsgASauGGS partially re-

established amyloid aggregation. The LPYTGG sequence aligns with the last 3-4 

residues, part of the loop region joining the respective β-strands. This β-barrel structure 

likely resembles the amyloid folding in the aggregated protein. Through affecting the 

supramolecular interactions necessary in holding the amyloid folding together and 

significantly altering the confirmation of monomeric CsgA, the LPYTGG sequence likely 

inhibits amyloidogenisis by the protein, which therefore affects biofilm formation. 

Through incorporating the flexible (and mostly benign in terms of supramolecular 

interactions) GGS linker region, the LPYTGG sequence is no longer aligned with the 

other repeating units. This would therefore promote CsgA amyloidogensis to a greater 

extent, further supporting biofilm formation.  

 

Figure 4.34: Structural alignments of protiens CsgA, CsgASau and CsgASauGGS in 

line with the calculated β-barrel structure identified by Tian et al. 171 
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4.3. Chapter conclusion 

Results detailed in this chapter describe a system whereby biofilm formation is 

effectively controlled in E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA. Initial SEM 

results show the formation of large-scale networks of individual E. coli cells, connected 

by an extracellular substance ascribed to the formation of curli containing ECM. 

 72h static incubation from 400 mL of liquid E. coli MG1655 ompR234 ΔcsgA :: 

PFF753CcsgA culture shows that the presence of plasmid PFF753CcsgA results in 

biofilms of similar morphology to the curli positive control E. coli W3110. Without plasmid 

PFF753CcsgA, E. coli MG1655 ompR234 ΔcsgA does not produce significant quantities 

of biofilm, in agreement with the curli negative control strain E. coli BL21-DE3. These 

results are supported by extensive imaging analysis of biofilms whose (dead) cellular 

component is stained by propidium iodide, and quantification of images produced by 

COMSTAT 2 analysis. Statistical verification identified that measurement of biofilm 

biomass, surface area and average thickness (over entire area) result in two groupings 

of statistically identical values: curli negative (BL21-DE3 and E. coli MG1655 ompR234 

ΔcsgA) and curli positive (E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA +aTC, E. 

coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA -aTC and E. coli W3110). These results 

indicate that a potential basal level of CsgA production through a ‘leaky’ promoter 

controlling expression of the csgA gene, combined with the extended time allowed for 

biofilm production, result in biofilm formation independent of aTC induction of the csgA 

gene.  

Through altering the incubation time and introducing media flow-through (24h flow 

experiments), we elucidate a very well controlled mechanism whereby biofilm 

development is mediated through induced expression of csgA. Biofilms produced by 

induced cell populations of E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA in a 5L 

flow experiment over 24h are thicker, denser and more mature than their uninduced 

counterparts. Again, results were supported by imaging analysis and quantification 

thereof. Results were statistically verified. This suggests that where basal level of csgA 

expression allows for biofilm development over 72h in a static culture, extensive biofilm 

development over 24h in a media flow environment is reliant on extensive csgA 

expression, induced by aTC. 

It is likely that where over 72h in a static culture vessel, any small volume of curli 

or other potential extracellular adhesins allow for the initial phase of biofilm development. 

From this attachment, the longer incubation time would allow for biofilm development to 

‘catch-up’ to that of the induced condition. This is not possible in the 24h flow condition, 



Chapter 4. Development of controllable, engineered curli mediated E. coli biofilms  

 

178 
  

where the sheer forces induced by media flow and the shorted incubation time do not 

allow for extensive biofilm development over the course of the experiment. 

Following methodology development, the effect of incorporating a C-terminal SrtA 

tag on the CsgA protein (produced by PFF753CsgASau) and CsgA containing a C-

terminal SrtA tag mediated by a flexible GGS linker sequence on biofilm formation was 

investigated. The incorporation of the SrtA tag appeared to abrogate biofilm formation, 

as evidenced by confocal fluorescence microscopy and COMSTAT quantification 

thereof. Biofilm formation was partially reinstated where the flexible GGS linker was 

incorporated. This is likely due to the effect of the LPYTGG sequence on the 

conformation of the monomeric CsgA protein, affecting the ability of CsgA to aggregate 

towards amyloid structures.  
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4.4. Experimental 

Unless otherwise stated, antibiotic supplementation of media or agar was used with the 

concentrations described in Table 4.9 

Table 4.9: Antibiotic concentrations used. 

Antibiotic Concentration / mg L-1 

Kanamycin 50 

Ampicillin 100 

 

4.4.1. Plasmid constructs used in this study 

4.4.1.1. Design of PFF753csgA(proto) 

The starting plasmid, PFF753csgA(proto) was designed computationally using 

snapgene (R) software. Promoter sequences, genes carrying antibiotic resistance, GFP 

and terminators were obtained from the igem database. Sequence of the csgA gene was 

obtained from Chen et al 2014 181, Sortase A sequence obtained from plasmid 

pET30bSausrt(7M) (Chen et al 2011) 207. Plasmid was sequenced though solid phase 

nucleotide synthesis by Thermofisher Geneart (TM) and supplied as dehydrated 

nucleotide. To verify sequence, whole plasmid sequencing by Thermofisher, as well as 

sequencing aiming to look at the csgA gene and the sortase gene was performed by us. 

Both confirmed the production of PFF753csgA(proto). 

 

4.4.1.2. PFF753BcsgA(proto) 

Due to an error in design, plasmid PFF753csgA(proto) was altered through site 

directed mutagenesis to correct the too large gap between the RBS and initial methionine 

codon of csgA, using primers PFF753RBSFIX (forward and reverse), using standard 

conditions described in section 3.4.4. 5 µL of the PCR product was transformed into E. 

coli XL1-Blue. Following selection and picking of colonies, plasmid DNA was isolated by 

miniprep prior to initial inspection by PAGE. Sequencing confirmed the deletion mutation 

yielding plasmid PFF753BcsgA(proto). 

  

4.4.1.3. PFF753CCsgA(proto) 

Plasmid PFF753B(proto) (supplementary info) was later found to contain an error 

in design, pertaining to the gap between ribosome binding site and gene start codon 

(ATG) (Figure 9), which includes an in-frame sequence prior to the 3’ end of the csgA 

gene. This would produce a protein upon expression with a NSLWITSPF sequence 
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appended to the N-terminus of the protein. The N-terminal region of the CsgA protein is 

critical for the proper export of the protein from the cell, containing a Nsec and N22 

regions responsible for the direction to the CSM and correct attachment to CsgE and G 

for transport through the membrane (respectively). Primers were designed to produce a 

circular PCR product containing a deletion of the MSLWITSPF region at the 3’ end of the 

csgA gene using PFFNSecRepair (FWD and REV). Following PCR mutagenesis 

performed as described in section 3.4.4, the mixture was treated with 1 µL of DpnI 

enzyme to destroy methylated template DNA for 1 h at 37 °C. Transformation with 2 µL 

of the PCR mixture into prepared supercompetent E. coli XL1-blue cells. Plasmid 

isolation by miniprep from an overnight culture from a single colony, produced the 

isolated plasmid PFF753CcsgA, which was inspected by poly agarose gel 

electrophoresis. Sequencing confirmed the deletion product PFF753CcsgA was 

produced.  

4.4.1.4. PFF753CcsgA and PFF753CcsgASau  

Plasmids PFF753CcsgA and PFF753CcsgASau,  were produced through SDM 

alteration of PFF753CcsgA(proto), to yield genes encoding for respective C-terminal 

sortase tag fusion proteins of CsgA. PFF753CcsgA was also produced, deleting the C-

terminal LPYTG sequence. Primers were designed to either add an extra 5’ glycine 

codon (plasmid PFF753CcsgASau, primers ADSDM1 and ADSDM2) or delete the 

LPYTG sequence entirely (plasmid PFF753CcsgA, primers ADSDM5 and ADSDM6). 

Following PCR mutagenesis performed as described in section 4.4.4.2, the mixture was 

treated with 1 µL of DpnI enzyme to destroy methylated template DNA for 1 h at 37 °C. 

Transformation (protocol outlined in section 4.4.4.3 with 2 µL of the PCR mixture into 

prepared supercompetent E. coli XL1-blue cells, followed by plasmid isolation by 

miniprep, produced the isolated plasmids PFF753CcsgA PFF753CcsgASau, and which 

were inspected by poly agarose gel electrophoresis. Sequencing confirmed the desired 

products were produced.  

4.4.1.5. PFF753CcsgASauGGS 

Plasmid PFF753CcsgASauGGS was produced from PFF753CcsgASau through 

site directed mutagenesis  by the protocol outlined in section 4.4.4.2 using primers 

ADSDM8 and ADSDM9. Following PCR Following PCR mutagenesis the mixture was 

treated with 1 µL of DpnI enzyme to destroy methylated template DNA for 1 h at 37 °C. 

Transformation (protocol outlined in section 4.4.4.3 with 2 µL of the PCR mixture into 

prepared supercompetent E. coli XL1-blue cells, followed by plasmid isolation by 

miniprep, produced the isolated plasmid PFF753CcsgASauGGS which was inspected 
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by poly agarose gel electrophoresis. Sequencing confirmed the desired products were 

produced.  

4.4.2. Escherichia coli strains used in this study 

The genotypes of E. coli strains used in this study are given in Table 4.10 

Table 4.10: Overview of E. coli strains employed in study. 

Strain Genotype 42,43 

W3110 
F- LAM- IN(rrnD-rrnE)1 

rph-1 

BL21-DE3 

fhuA2 [lon] ompT gal (λ 

DE3) [dcm] ∆hsdS λ DE3 = 

λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 

gene1) i21 ∆nin5 

MG1655 ompR234 PRO ΔcsgA 
F- LAM- rph-1 ompR234 

PRO ΔCsgA 

MG1655 ompR234 PRO ΔcsgA 

::PFF753CCsgA 

F- LAM- rph-1 ompR234 

PRO ΔCsgA carrying 

plasmid PFF753CCsgA 

 

4.4.2.1. MG1655 ompR234 PRO ΔcsgA 

Escherichia coli MG1655 ompR234 PRO ΔcsgA was obtained as a gift from the 

laboratory of Timothy K. Lu as an agar stab. This was streaked onto a LB-agar plate 

supplemented with kanamycin and grown overnight at 37 °C. A single colony from this 

plate was picked, and grown overnight in LB media (10 mL) supplemented with 

kanamycin shaking at 250 rpm at 37 °C. The culture was split into 5 aliquots of 0.5 mL 

in sterile microcentrifuge tubes, and flash-frozen with liquid N2 following the addition of 

0.5 mL sterile 50% glycerol (v/v). As these glycerol stocks are from the same colony on 

the streaked plate, they were considered to be genetically identical and all suitable for 

use in preparation of chemically competent cell stocks for plasmid incorporation.  

4.4.2.2. W3110 

Escherichia coli W3110 was obtained from Yale University Coli Genetic Stock 

Centre (CSGC) as lyophilised bacteria deposited on a piece of filter paper. Full detail of 

how this sample was prepared can be found on the CSGC website: 
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https://cgsc2.biology.yale.edu/FAQonProcs.php (Feb 2019). The paper was placed in LB 

media (10 mL) and the culture grown overnight shaking at 250 rpm at 37 °C. The liquid 

culture was streaked out onto a LB-agar plate and grown overnight at 37 °C. A single 

colony was picked and grown in LB media (10 mL)  overnight, shaking at 250 rpm at 37 

°C. The culture was split into 5 aliquots of 0.5 mL in sterile microcentrifuge tubes, and 

flash-frozen with liquid N2 following the addition of 0.5 mL sterile 50% glycerol (v/v). As 

these glycerol stocks are from the same colony on the streaked plate, they are 

genetically identical 

4.4.2.3. BL21-DE3 RP codonplus 

BL21-DE3 RP codonplus (Agilent technologies) was obtained from Dr Robert Mart 

(School of Chemistry, Cardiff University) as a gift, plated on LB agar and a single colony 

picked and grown with shaking 37 °C overnight. Glycerol stocks were then produced, 

and cultures produced from these when required. 

4.4.2.4. XL-1 Blue 

The cloning strain XL1-Blue (Agilent technologies ™)  was obtained as a glycerol 

stock from Dr Robert Mart (School of Chemistry, Cardiff university). Used only for DNA 

cloning, chemically competent stocks were produced through the method described in 

section X in order for plasmid transformation.  

4.4.3. Control of curli biofilm formation by Escherichia coli with plasmid 

PFF753CcsgA 

4.4.3.1. Growth of curli biofilm on polypropylene coupons in CDC bioreactor ® 

The bioreactor used in this study is the CDC bioreactor ® (Figure 3.26) from 

biosurface technologies. In each use the full complement of 24 polypropylene coupons 

purchased from biosurface technologies were used.  

Static biofilm culture method 

 The bioreactor containing the full complement of 24 polypropylene coupons was 

filled with 400 mL of low-salt LB media and sterilised by autoclave. A culture from a 

glycerol stock of the target strain was prepared in LB media and shaken overnight at 250 

rpm at 37 °C. The cooled bioreactor was inoculated with the overnight culture, adding 4 

mL of 0.1 OD culture to the media, ensuring to re-cover the inlet tube to avoid infection. 

Where the media was supplemented with the appropriate antibiotic, this was added as a 

filter sterilised solution prior to inoculation.  
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 Biofilm growth was allowed to occur for the appropriate time before the apparatus 

was drained of liquid culture medium. The liquid culture was drained from the apparatus 

and coupons were removed from their rods in a category 2 safety cabinet to prevent 

contamination. Coupons were washed carefully in two successive petri dishes of sterile 

water, before being carefully dabbed dry and placed in a 24-well microtitre plate. 3 

coupons were selected at random and swabbed tenfold with a dampened wooden swap, 

and each swab was streaked on LB-AGAR plates for gram-staining to determine the 

presence of contaminating microorganisms, which were grown at 37 °C overnight.   

Following removal from the apparatus, coupons were fixed with a 4% formal 

saline (1 mL per well in microtitre plate) solution overnight at room temperature. Formal 

saline was then removed by pipetting and the coupons were washed with three 1 mL 

portions of sterile water, taking care to pipette gently so to not disturb the biofilm layer. 

Coupons were then dried under a laminar flow hood before being stored at 4 °C for 

analysis. Coupons were not stored longer than two weeks before analysis.  

Flow biofilm culture method 

 The bioreactor containing the full complement of 24 coupons was sterilised by 

autoclaving, along with 5L of low-salt LB media in a vessel and tubing. Once cooled, the 

apparatus was set up according to Figure 4.35, where tubing connecting the bubble trap 

with the media container was passed through a peristaltic pump, and the bubble trap 

connected to the bioreactor. Media was flowed into the reactor at the maximum rate, until 

approximately 350 mL had filled the bioreactor. A culture from a glycerol stock of the 

target strain was prepared in LB media and shaken overnight at 250 rpm at 37 °C. The 

cooled bioreactor was inoculated with the overnight culture, adding 4 mL of 0.1 OD 

culture to the media, ensuring to re-cover the inlet tube to avoid infection. Where the 

media was supplemented with the appropriate antibiotic, this was added as a filter 

sterilised solution prior to inoculation.  

Biofilm growth was allowed to occur for the appropriate time before the apparatus 

was drained of liquid culture medium. The liquid culture was drained from the apparatus 

and coupons were removed from their rods in a category 2 safety cabinet to prevent 

contamination. Coupons were washed carefully in two successive petri dishes of sterile 

water, before being carefully dabbed dry and placed in a 24-well microtitre plate. 3 

coupons were selected at random and swabbed tenfold with a dampened wooden swap, 

and each swab was streaked on LB-AGAR plates for gram-staining to determine the 

presence of contaminating microorganisms, which were grown at 37 °C overnight.   
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Following removal from the apparatus, coupons were fixed with a 4% formyl 

saline (1 mL per well in microtitre plate) solution overnight at room temperature. Formyl 

saline was then removed by pipetting and the coupons were washed with three 1 mL 

portions of sterile water, taking care to pipette gently so to not disturb the biofilm layer. 

Coupons were then dried under a laminar flow hood before being stored at 4 °C for 

analysis. Coupons were not stored longer than two weeks before analysis.  

 

 

Figure 4.35: Diagram showing flow biofilm culture apparatus set up. Light yellow 

represents sterile media whilst darker yellow represents inoculum. 

4.4.3.2. Confocal fluorescence microscopy 

Confocal fluorescence microscopy was performed with a Leica SP5 confocal 

microscope, with all laser lines at 20% total power. Staining with 20µm propidium iodide 

was done immediately prior to loading the coupon for measurement. Sequential scanning 

was performed with the following settings: 

- Emission of PI collected following excitation with 543 nm laser line at 60%, 

detecting emission between 600 and 700 nm, with a gain of 720 mV 

- Reflection of the PC coupon surface collected following illumination with the 488 

nm laser line at 20% detecting from 468-488 nm with a gain of 420 mV.  

Data was processed without colour correction or other alteration, and Z-series 

images were cut off at the point where the reflection signal saturated the detector in the 

series, as to avoid any fluorescence from the plastic coupon being analysed as biofilm. 



Chapter 4. Development of controllable, engineered curli mediated E. coli biofilms  

 

185 
  

Z-stacks were then represented as both 3D representations and maximum projection 

images, as well as being evaluated by COMSTAT 2 analysis.  

4.4.3.3. COMSTAT 2 analyses Z-series of the stained biofilm 

In each 2D slice of a confocal Z-series, as with other digital images, the image is 

composed of many pixels (Picture Elements) which is the smallest square area which 

makes up the image. The size of the pixels depends on the resolution of the image, which 

in the case for this study is 1024x1024 pixels (1048576 total pixels), and remains 

constant provided the resolution is unchanged. This translates to each pixel representing 

a finite area in the XY plane of the confocal image acquired. For example, where a 2D 

slice represents a total of 150156.25 µm2, each pixel represents an area of 0.143 µm2. 

To convert this 2D information into imaging the whole 3D volume of a confocal z-series 

image, each slice is stacked on top of each other, and each pixel in a slice will have a 

pixel on top and below it (excluding the first and last slice in each series). From this we 

obtain voxels, a 3D pixel, where the X and Y lengths were the dimensions of the pixel 

from the 2D images and the Z length is the step height (distance between each slice). It 

is therefore critical throughout comparing data series to maintain a constant step-height, 

as to maintain the same voxel dimensions throughout the experiment. 

 Therefore, images obtained from the Leica SP5 confocal microscopy (with the 

40x objective lens, where the 2D resolution of 1024x2014 pixels represented 150156.25 

µm2), where each z-series is obtained with a Z step height of 1 µm, would be comprised 

of voxels each with a volume of 0.143 µm3.  

Thresholding  

 In order to process data, COMSTAT 2 requires voxels to contain binary 

information, i.e. each voxel is either ‘on’ (biofilm present in voxel) or ‘off’ (no biofilm 

present in voxel). Pixels in images obtained from CLSM (and by extension, voxels 

derived from them) are of variable intensity, depending on the intensity of luminescent 

emission at that point in space, and are therefore not binary.  
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Figure 4.36: Example of thresholding in COMSTAT 2 of a single slice in a z-series 

image of a biofilm produced by E. coli (from this work). The uncorrected image (left) 

was subjected to thresholding with a value of 20 to produce the binary image (right). 

To obtain binary pixel data, slices in a z-series image subjected to binary threshold 

filtering, where pixels above a threshold intensity are ‘on’ and those below the intensity 

are ‘off’ (Figure 4.36). In effect, this forces an intensity limit on each pixel in the dataset 

to either contain or not contain biofilm (represented by luminescent emission of the 

staining component). Applying thresholding to each slice in a z-series image yields a 

binary image suitable for COMSTAT 2 analysis.  

To accurately compare results from COMSTAT 2 analysis of Z-series images 

across a dataset, both the z-step height when collecting the images and the thresholding 

value needs to be constant, otherwise individual Z-series images of biofilms will be 

quantified differently and incomparable. 

Data produced from COMSTAT 2 analysis includes measurement of biofilm 

biomass, thickness, surface area (and surface area to volume ratio), dimensionless 

roughness coefficient (R*).  

Biomass is a measure of density of the biofilm. When biofilms are stained with 

propidium iodide (a dead cell stain), this value represents the (dead) cellular component 

of biomass of the biofilm. It is calculated by the number of voxels containing biofilm 

divided by the total area containing biofilm.  

Average thickness measurements are conducted in two modalities: 

i) Average thickness over entire area. The average height of biofilm determined 

from voxel stacking in the Z-direction over the entire measured area.  
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ii) Average thickness of biomass. The average height of biofilm determined from 

voxel stacking in the Z-direction over only areas in the XY plane displaying biofilm 

containing voxels 

Surface area (and surface area to volume ratio) is calculated by counting all voxels 

in a series containing surface facing biofilm (i.e. is not completely surrounded by biofilm 

containing voxels on all sides. 

Dimensionless roughness coefficient determines the variability in biofilm height 

through the following expression: 

𝑅∗ =
1

𝑁
∑

|𝐿𝑓𝑖 − 𝐿𝑓|

𝐿𝑓

𝑁

𝑖=1
 

where 𝐿𝑓𝑖 is the i’th individual height measurement, 𝐿𝑓 is the average thickness and N is 

the number of thickness measurements.  

4.4.3.4. Scanning electron microscopy 

Two E. coli MG1655 ompR234 ΔcsgA :: PFF753CcsgA liquid cultures (10 mL) 

were prepared in LB media supplemented with ampicillin and kanamycin from an 

overnight culture grown from a glycerol stock, and shaken at 150 rpm at 37 °C until the 

OD600 value reached 1.0 (approximately 6.5 h). Following this, aTC was added to a final 

concentration of 100 ng mL-1, and cultures grown in the same conditions for a further 4 

h.  

Cells were diluted to an OD600 value of 0.1 in 0.1 M sodium cacodylate buffer (pH 

7.4) containing glutaraldehyde (XX % v/v) and incubated at room temperature without 

shaking over 2 h. Cell suspensions were then filtered through a 0.22 µm filter membrane 

under a moderate vacuum, taking care not to over-dry the filter membranes. To remove 

glutaraldehyde, membranes were then incubated in 0.1 M sodium cacodylate buffer (pH 

7.4) for 5 minutes prior to a second round of filtration. Membranes were then dried 

through sequential solutions of ethanol in increasing concentration (starting at 50% up 

to 100% v/v in water) and incubated for 10 minutes in hexamethyldisilazane before being 

dried overnight in a vacuum desiccator. Samples were then sputter-coated with a 

gold/palladium mixture prior to being loaded into the TESCAN VEGA  FEG SEM. Images 

were obtained at 15 keV. 
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4.4.4. General biochemical protocols 

4.4.4.1. PCR with PrimeSTAR® HS DNA polymerase 

Polymerase chain reactions (PCR’s) performed in this report were undertaken 

using PrimeSTAR® HS DNA polymerase  (Takara), supplied as a premix containing  

PrimeSTAR® HS DNA polymerase (1.25 units per 25 µL), PrimeSTAR buffer including 

Mg2+  (2 mM) and dNTP’s (0.4 mM) with the components listed in Table 4.11.  

Table 4.11: Composition of PCR mixture employed in this project. 

Component Amount / µL 

PrimeSTAR® 
premix 

25 

Template DNA (25 – 
100 ng µL-1) 

1 

Forward primer (10 
µm) 

1 

Reverse primer (10 
µm) 

1 

Water 22 

 

Thermocycling conditions (Table 4.12) of the PCR reaction invariably involved a 

three-step heating protocol for 30 cycles (from Takara primeSTAR information manual), 

with alterations on extension time to compensate for the length of the copied section of 

DNA and occasionally altering annealing temperatures depending on primer properties.  

Table 4.12: Thermocycling conditions used for PCR reactions in this study 

Step Temperature Time 
Number of 

cycles 

Initial denaturation 95°C 60 1 

Denaturation 
Annealing 
Extension 

95°C 
62°C 
72°C 

30 
5 

60 per kb 
30 

Final extension 72°C 5 minutes 1 

Final Hold 4°C indefinite  

 

4.4.4.2. Site directed mutagenesis 

Site directed was performed using identical PCR conditions described in section 

3.4.4.1, using partially overlapping primer pairs (Table 4.13) designed to either 

incorporate an insertion, deletion or mutation (Figure 4.36), first described by Liu and 

Naismith et al. Semi-overlapping primers allow the produced PCR product to be 
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circularised, removing the need for ligation following the procedure. To avoid primer 

heterodimer formation, the melting temperature (Tm) of the non-overlapping region was 

designed to be between 10-15 °C higher than that of the overlapping region.  

 

Figure 4.37: Design of semi-overlapping primers (solid black line) for point (A, 

mutations represented by black wedges), deletion (B) and insertion (C) mutations of a 

template plasmid. Figure adapted from Naismith et al. 205 

  



Chapter 4. Development of controllable, engineered curli mediated E. coli biofilms  

 

190 
  

Table 4.13: Primers employed in this study. 

Name Sequence Use 

PFF753RBSFIXfwd 
CATGCGGTACCTTGTCCCCT
CTTTCTCTAGAATGCAGGTCA
GTG 

Deletion mutation 
to remove 
extraneous 

sequence between 
RBS and csgA 

gene 

PFF753RBSFIXRe
v 

GGACAAGGTACCGCATGAAG
CTGCTGAAAGTTGCAGCAATT
G 

Deletion mutation 
to remove 
extraneous 

sequence between 
RBS and csgA 

gene 

PFFNsecrepairfwd 
CAAACTAGATGAAGCTGCTG
AAAGTTGCAGCAATTGCAGC
C 

Remove 
MSLWITSPF in 

frame sequence at 
N-terminus of csgA 

gene 

PFFNsecrepairrev 
GCAGCTTCATCTAGTTTGTCC
CCTCTTTCTCTAGAATGCAG 

Remove 
MSLWITSPF in 

frame sequence at 
N-terminus of csgA 

gene 

ADSDM1 
GTCTCGATCCTTATCCACCG
GTATACGGCAGATAC 

FWD direction 
insertion of G at 

LPYTG terminus of 
csgA gene in 

PFF753C(proto) 

ADSDM2 
GGATAAGGATCGAGACGCGT
TGGTACGCGTG 

REV direction 
insertion of G at 

LPYTG terminus of 
csgA gene in 

PFF753C(proto) 

ADSDM5 
ATCCTTAATACTGATGTGCGG
TTGCATTATTGCCAAAGC 

REV direction 
deletion of entire 
LPYTG motif at 

Cterm of csgA gene 
in PFF753C(proto 

ADSDM6 
GCACATCAGTATTAAGGATG
GATCGAGACGCGTTGG 

FWD direction 
deletion of entire 
LPYTG motif at 

Cterm of csgA gene 
in PFF753C(proto) 

ADSDM7 
GGTGGATCTCTGCCGTATAC
CGGTGGATAAGGATCGAGAC
GCGTTG 

FWD direction 
insertion of GGS 

sequence between 
csgA gene and 

LPYTGG sequence 
of 

PFF753CcsgASau 

ADSDM8 
CGGCAGAGATCCACCATACT
GATGTGCGGTTGCATTATTGC
CAAAGCCAACCTGG 

FWD direction 
insertion of GGS 

sequence between 
csgA gene and 

LPYTGG sequence 
of 

PFF753CcsgASau 
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4.4.4.3. Transformation of supercompetent E. coli cell stocks with plasmid DNA 

The appropriate supercompetent E. coli cell stocks were thawed on ice. 1 μl of 

isolated plasmid DNA to be transformed was added and mixed by pipetting and left to 

stand on ice for 30 minutes. Mixtures were then immersed in a water bath at 42 °C for 

45 seconds exactly. Sterile LB (1μl) was then added and mixed by pipetting. Cell cultures 

were then grown by shaking at 150rpm at 37°C for 1 h. The cultures were then 

centrifuged at 4000rpm for 10 minutes, whereupon the majority of the supernatant was 

discarded. The pellet was then resuspended in the remaining medium and plated on LB-

agar containing appropriate antibiotic and incubated at 37°C overnight.  

4.4.4.4. Miniprep plasmid isolation 

Overnight cultures in LB media supplemented with appropriate antibiotic (5-20 

mL) of E. coli strains containing the desired plasmid DNA were grown at 37 °C, shaken 

at 150 rpm. The cultures were centrifuged at 4000 rpm for 15 minutes and supernatants 

discarded. The pellet was then resuspended in buffer P1 (250μL) by pipetting. The 

mixture was then transferred to a sterile microcentrifuge tube before buffer P2 (250μL) 

was added and the suspension mixed slowly with a pipette. Buffer N3 (350μL) was then 

added after no more than 5 minutes and mixed with a pipette until a homogenous 

suspension was obtained. This was then span down at 13000 rpm for 10 minutes. The 

supernatant was then decanted into a QIAprep spin column and centrifuged at 13000rpm 

for 1 minute and the flow-through discarded. The spin column washed by adding 750μL 

of buffer PE which was then centrifuged at 13000 rpm for 1 minute, discarding flow-

through. To remove traces of PE, the dry column was centrifuged for a further minute at 

13000 rpm. The spin column was then transferred to a clean tube and 30 μL of sterile 

deionised water was added and left to stand for 1-2 minutes. DNA was eluted from the 

column by centrifugation at 13000 rpm for 1 minute. 

 

4.4.4.5. Preparation of glycerol stocks of E. coli strains 

Overnight cultures (5 mL) of the desired E. coli strains (i.e.  strains containing a 

desired plasmid) were grown in LB media overnight without antibiotic at 37 °C with 

shaking at 150 rpm. Cultures were divided into 0.5 mL aliquots in sterile microcentrifuge 

tubes followed by the addition of an equivolume of sterile 50% glycerol in water (v/v). 

The closed tubes were then flash frozen with liquid N2, prior to storing indefinitely at -80 

°C. 
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4.4.4.6. Poly agarose gel electrophoresis 

The desired mass of agarose was suspended in TAE buffer to give the desired 

concentration of agarose (usually 1-2% v/v) which was then heated carefully in a 

domestic microwave until the agarose fully dissolved, whereupon safe-red DNA stain 

was added (5 µL for a 100 mL gel). The solution was poured into a casting mould with 

the desired. DNA samples (5μL) were mixed with 10x fast digest green buffer (2μL) and 

loaded into the sample wells alongside a DNA marker. Electrophoresis was undertaken 

at a constant voltage (100 V) for 40 minutes. Images of the gel were obtained using 

ultraviolet illumination in a Syngene Bio Imaging Geneflash light box with a camera and 

printer attached. 

4.4.5. Buffers and reagents 

All buffers and solutions were in deionised H2O unless specified  

 

Qiagen Miniprep buffers  

Buffer P1 

 Tris HCl (50 mM)  

 Ethylenediaminetetraacetate (10 mM) 

 RNase A (100 μg / Ml) 

 Adjusted to pH 8.0, stored at 2-5°C 

Buffer P2 

 Sodium hydroxide (0.2 M) 

 Sodium dodecyl sulfate (1% w/v) 

Buffer N3 

 Guanidinium hydrochloride (4 M) 

  Potassium acetate (0.5 M) 

 Adjusted to pH 4.2 

Buffer PE 

 Sodium chloride (20 mM) 

 Tris HCl (2 mM) 

 Ethanol (80% w/v) 

 Adjusted to 7.5 
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SDS-PAGE Buffers 

Resolving gel (14%) 

 Bis-acrylamide, 30% solution (4.5 mL) 

 Deionised H2O (2.9 mL) 

 Resolving gel buffer (2.5 mL) 

 Ammonium persulfate (10%) (50 μL) 

 Tetramethylethylenediamine (10 μL) 

Stacking gel (5%)  

 Bis-acrylamide, 30% solution (1.7 mL) 

 Deionised H2O (5.7 mL) 

 Stacking gel buffer (2 5 mL) 

 Ammonium persulfate (10%) (50 μL) 

 Tetramethylethylenediamine (10 μL) 

Resolving gel buffer 

 Tris base (1.5 M) 

 Sodium dodecyl sulfate solution (10% w/v)  

 Adjusted to pH 8.0 

Stacking gel buffer  

 Tris base (0.5 M) 

 Sodium dodecyl sulfate DS solution (10% w/v) 

 Adjusted to pH 6.8 

Running buffer 

 Tris base (250 mM) 

 Glycine (1.5 M) 

 Sodium dodecyl sulfate (35 mM) 

 Adjusted to pH 8.3 

SDS sample buffer  

 Tris HCl (60 mM) 

 Sodium dodecyl sulfate (5% w/v) 
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 Sucrose (10% w/v) 

 Glycerol (30% v/v) 

 β-Mercaptoethanol (3% v/v) 

 Bromophenol blue (0.02 w/v)  

Coomassie blue solution  

 Coomassie blue (0.25% w/v) 

 Methanol (45% v/v) 

 Acetic acid (9% v/v)  

 

Agarose Gel buffers 

TAE buffer  

 Tris base (40 mM) 

 Acetic acid (20 mM) 

 Ethylenediaminetetraacetate (2 mM) 

 Adjusted to pH 8.2 

LB media 

 Tryptone (10 g/L) 

 Yeast extract. (5 g/L) 

 Sodium chloride (5 g/L)  

 Sterilised in containers through autoclaving at 120 °C for 120 min 
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5.1. Chapter aims 

Building from the synthesis 4-amino-1,8-naphthalimide lumiphores bearing the 

terminal primary amine (Nap-1) for conjugation to ND, dipicolylamine based ligands (Lx, 

Figure 5.1) were developed for chealation of fac-tricarbonyl Re(I) and 99mTc(I) metals in 

the development of mitochondrial targeting bioimaging probes. These ligands once 

coordinated to the metal species with a facial grouped geometry with carbon monoxide 

co-ligands provide a linked fluorescent functionality through the 4-amino-1,8-

naphthalimide to the metal complex. Coordination complexes of Re(I) and 99mTc(I) are 

well employed in bioimaging, with complexes of this type exhibiting advantageous 

characteristics (e.g. charge, lipophilicity and stability) towards both in-vitro and in-vivo 

application. In the development of several ligands with different linker moieties, the 

solubilities of the ligands in aqueous media can be tuned.  

 

Figure 5.1: Structure development of ligands Lx for coordination to M = Re(I) and 

99mTc(I) from amine terminated 4-amino-1,8-naphthalimides Nx. 

Six novel ligands (L1-L6, Table 5.1) were synthesised and coordinated to Re(I) (fac-

[Re(CO)3(Lx)]+) to probe their photophysical properties and solubility in a variety of 
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media. Ligand L5 was consequently chosen for further study, owing to its optimal water 

solubility relevant to the 99mTc radiolabelling process (Discussed in section 5.2.4). 

Mitochondrial targeting and biodistribution characteristics of L5 and fac-

[Re(CO)3(L5)]BF4 were evaluated through a variety of imaging methods. The analogous 

99mTc complex, fac-[99mTc(CO)3(L5)]+ was synthesised in aqueous media by Juozas 

Domarkas et al (S.J. Archibald group, Positron Emission Tomography Research Centre 

and Department of Chemistry and Biochemistry, University of Hull). Mitochondrial 

targeting of fac-[99mTc(CO)3(L5)]+ was further established in in-vitro assessment, and 

stability in biological media as well as In-vivo distribution was assessed through radio-

HPLC and SPECT-CT experiments respectively.  
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Table 5.1: Structures of ligands L1-L6. 

Compound Compound 

 

L1 

 

L4 

 

L2 

 

L5 

 

L3 

 

L6 
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5.2. Introduction 

5.2.1. General characteristics of an ideal bioimaging probe 

The biological environment is extraordinarily diverse and complex, meaning a huge 

variety of factors to consider when designing biological probes. The effective function of 

a biological sensor or drug depends on a seemingly endless list of factors, including 

toxicity, solubility/lipophilicity, cell/membrane permeability and metabolic stability. 208  

5.2.1.1. Toxicity 

In limiting the toxicity of a biological probe, one can reduce the impact of the 

respective probe on the imaged system, leading to an increasingly representative 

description of the probed environment. Of course, where in-vivo multicellular imaging is 

targeted, it is important to reduce potential harm to the patient/animal in the imaging 

process.  

In-vitro cytotoxic effects can be attributed to a large number of causes including 

(but not limited to); DNA binding/intercalation (affecting replication/mutation, e.g. 

ethidium bromide) 209, generation of reactive oxygen species (ROS, such as  phototoxic 

rhenium-porphryin species) 210, inhibition of enzymes critical to metabolic function (i.e. 

drug-drug interaction effects on cytochrome P450 and associated enzymes) 211 and 

inhibition of protein synthesis apparatus (diptheria toxin) 212. Whilst toxicity/structure 

relationships are often complex and difficult to identify, several methods including the 

tetrazolium/formazan dye based MTT/MTS assays can evaluate general cytotoxic 

effects in-vitro, allowing for initial screening and evaluation of toxic effects on a cellular 

scale.  

Routes to which an exogenous compound can exhibit toxicity in-vivo (i.e. on a 

multicellular level) are innumerable, depending on subject species, state of health and 

localisation of a compound within a living subject. In general screening of in-vivo toxic 

effects requires years of detailed, multispecies study, often a limiting factor in drug 

development.  

5.2.1.2. Metabolic stability 

Development of a metabolically stable biological probe is essential, as a rapidly 

degraded probe results in a shorted utilisable lifetime for data collection, as well as 

possible toxic effects arising from the degradation products. Screening of compound 

degradation in a variety of buffers (varying pH environments in different biological 

contexts) and sera by LC-MS analysis allows for comprehensive evaluation of compound 
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stabilities in-vitro and in-vivo. Photostability of luminescent species can be evaluated 

through continuous photocycling between the ground and excited states. In the context 

of inorganic chemistry, achieving both thermodynamically and kinetically inert metal 

coordination environments is ideal in the development of a metabolically stable metal-

conjugate probe.  

 

5.2.1.3. Permeability and solubility  

A degree of water solubility is essential in administration of a biological probe in 

the predominantly aqueous intra- and extracellular environment. Solubility and 

permeability are interdependent, generally highly permeable compounds are 

increasingly insoluble and vice-versa, thus generally it is critical to strike a good balance 

between both factors to develop an optimal biological probe.213 Several active (e.g. 

endocytosis) and passive (pore diffusion) uptake mechanisms can apply in terms of 

probe uptake into a cellular environment, depending on numerous chemical factors. 

Permeability relies on the probe in question being able to cross the phospholipid bilayer 

environment of biological membranes, with a (negatively) charged hydrophilic outer and 

hydrophobic (lipophilic) inner. Therefore, species charge  and lipophilicity are critical 

factors. 213 Cationic species are commonly associated with increased permeability owing 

to opposing charge interactions with phospholipids at the exterior of the membrane 

bilayer.214 Species with moderate lipophilicity often exhibit a good balance between 

cellular penetration/activity and solubility in aqueous media essential to administration. 

Lipophilicity (LogP/D) has been identified as a crucial parameter in the biodistribution 

and metabolism of organometallic compounds. 215 ).  LogP/D values between 0 – 3 often 

provide a good balance between solubility and lipophilicity. 213 

5.2.2. Re(I) and Tc(I) coordination complexes in bioimaging  

Re(I) and Tc(I) coordination compounds have been applied in a variety of 

therapeutic and diagnostic functions. 99mTc exhibits particularly suitable radiological 

properties (t1/2 = 6.01 h, γ = 142.7 keV) for in-vivo bioimaging, achieving an optimal 

balance in effective imaging time and minimal radiotoxicity. No stable isotopes of Tc (I) 

exist, thus Re (I) is often employed as an analogue when designing ligand coordinate 

systems for Tc (I), owing to their similar coordination chemistry (d6 valence shell electron 

configuration). Radionucleotide isotopes of Re (I) are also relevant in this context (168Re 

t1/2 = 3.68 d, β = 1.07 MeV, γ = 137 keV, 188Re t1/2 = 16.98 h, β = 2.12 MeV, γ = 155 keV), 

and thus both Re(I) and 99mTc(I) analogues warrant investigation as biological probes.  
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5.2.2.1. Cationic fac-{M(CO)3} based Re(I) and Tc(I) complexes utilised in 

bioimaging 

Re (I)/99mTc(I) complexes utilised in this context are generally cationic 216, and can 

be intrinsically luminescent (such as for the fac-[M(CO)3(N^N)L]+ complexes, N^N = 

aromatic diimine, L = ancillary lewis base type ligand such as pyridyl derivative) or 

optically benign (such as for the fac-[M(CO)3(dipicolyamine)]+ complexes) (Figure 5.2). 

The cationic nature of these complexes imparts particular suitability towards 

mitochondrial imaging. 112,216,217  

 

Figure 5.2: Examples of cationic M= Re(I)/ 99mTc(I) complexes exhibiting fac-

{M(CO)3} geometry employed in bioimaging. 

Luminescence of the fac-[M(CO)3(N^N)L]+ arises from absorption (1MLCT) around 350-

400 nm, 218 intersystem crossing to and phosphorescent emission from the 3MLCT 

excited state. Several examples of these luminescent Re(I)/99mTc(I) complexes utilising 

2,2’-bipyridil and 1,10-phenanthroline ligands with a variety of ancillary ligands have 

been reported, whereby photophysical properties and biodistribution can be varied 

through varying N^N and ancillary ligand identities, with strong evidence of mitochondrial 

localisation. 216–220 

The second mode of coordination of Re(I)/99mTc(I) (in fac-[M(CO)3(dipicolyamine)]+ 

complexes) which does not comport any significant intrinsic luminescence emission or 

MLCT absorption can be particularly useful in development of bimodal imaging agents, 

as a separate luminescent moiety (such as a 4-amino-1,8-naphthalimide derivative) can 

be attached via the tertiary amine site in the dipicolylamine chelate. Therefore, optical 

properties and radiological emission can be separated entirely, with the metal centre 

providing the whole-body SPECT-CT information (as well as imparting cellular 

penetration and biodistribution properties) independent of luminescence emission.  

Preceding work by Langdon Jones et al where similar dipicolyl-4-amino-1,8-

naphthalimide linked fac-[Re(CO)3(Lx)]+ complexes (Figure 5.3) demonstrated the 
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promising in-vitro distribution towards mitochondria in human osteoarthritic, HepG2 

(human liver cancer) and HeLa (human breast cancer) cells, particularly that of the 

complex detailed in figure 5.3, ELJ-fac[Re(CO)3(L2)]BF4. ELJ-fac[Re(CO)3(L2)]BF4 

exhibited excellent cellular uptake, and a level of concentration dependant organelle 

staining. At higher agent concentrations significant rapid mitochondrial membrane 

staining was observed (for human osteoarthritic cells, Figure 5.3). Imaging of the fish 

parasite S. vortens, including colocalization studies with tetramethylrhodamine ethyl 

ester (TMRE) provided further evidence of mitochondrial localisation.  

 

Figure 5.3: Left: structure of ELJ-fac[Re(CO)3(L2)]BF4, previously employed in in-

vitro studies. Right: imaging of osteoarthritic cells undergoing apoptosis showing 

staining of mitochondrial membranes by ELJ-fac[Re(CO)3(L2)]BF4 using fluorescence 

(top) from ELJ-fac[Re(CO)3(L2)]BF4 (λex = 504 nm; λem = 515 nm) and transmitted light 

(bottom). 

Despite promising in-vitro imaging with ELJ-fac[Re(CO)3(L2)]BF4, the solubility of the 

respective ligand was highly limiting towards producing the analogous 99mTc complex 

through the method described by Alberto et al in PBS. 221 Through the utilisation of a 

more water-soluble analogue of these complexes, this study builds on this work and 

allows for radiolabelling in this manner to be achieved.  

5.2.2.2. Other Re(I) and Tc(I) coordination modes utilised in bioimaging 

Other coordination modes of Re(I)/Tc(I) utilised in bioimaging include the neutral 

dirhenium pyridazine and fac-[Re(CO)3(N^N)Cl] complexes (Figure 5.4). 222,223 
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Figure 5.4: Neutral dirhenium pyridazine (left) and fac--[Re(CO)3(N^N)Cl] luminescent 

complexes utilised in bioimaging. 

Ferri et al described a series of dirhenium pyridazine di-chlorine bridged 

phosphorescent complexes. Absorption around 370-409 nm (1:1 MeCN:H2O) arising 

from dπ(Re)-π*(diazine) charge transfer (R = COOH/C3H6-COOH). 222 Interestingly, the 

presence of an alkyl spacer between the carboxylic acid ‘R’ group has an enormous 

impact on the emissive capabilities of the complexes, whereby a total lack of emission is 

seen where no linker is present. Triplet emission (τobs = 1600 ns in deareated solutions) 

occurs for the alkyl spaced complex around 610 nm in 1:1 MeCN:H2O. Absorption 

characteristics are modulated upon the conjugation to peptide nucleic acids (PNA), 

inducing hypsochromic shifts in the CT absorption, however emission characteristics 

were not demonstrated. Mitochondrial localisation was not observed, instead general 

cytoplasmic and nuclear staining properties were observed upon staining of HEK-293 

cells with 3 µM of the complex-PNA conjugates. 222 

Clède et al. demonstrated utilisation of fac--[Re(CO)3(N^N)Cl] in the perinuclear 

staining of MDA-MB-231 cells. 223 The described complexes utilising the pyta N^N ligand 

demonstrated absorption around 335 nm (in MeCN) arising from 1MLCT absorption, with 

long-lived triplet emission around 500-530 nm. By modulating lipophilicity though 

incorporation of an alkyl chain off the pyta ligand, Clède et al. demonstrated the effect of 

increasing lipophilicity on cellular penetration. Again no evidence for mitochondrial 

localisation was observed. 

5.2.3. Mitochondrial targeting in bioimaging 

 Mitochondrial targeting is a key aspect of evaluating biological function in 

bioimaging. One can create a parallel between mitochondria function and cell health due 

to the crucial role of mitochondria in producing ATP for energetic processes in cell 

metabolises. Additionally, rapid growth associated with malignant tumor development in 

cancers results in a reduced number and overall functionality of mitochondria in tumor 

cells, associated with a hypoxic and reducing environment. 
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 As a result of this, mitochondrial targeting/accumulating probes in bioimaging are 

highly informative of cellular health and in distinguishing between normal and tumor-

differentiated cells.  

 Several examples already detailed in this introduction of Re(I)/Tc(I) coordination 

compounds demonstrate mitochondrial localisation, and often cationic, 112,218,222 with the 

notable exception of the neutral fac-[Re(CO)3(phen)L] (L=carboxylic acid derivative 

ancillary ligands) complexes described by Skiba et al. 216  

5.2.3.1. Mitochondrial membrane potential dependant uptake  

 Mitochondrial membrane potential (MMP) is the electronic potential across the 

impermeable inner mitochondrial membrane, around negative potential of around -150 

mV to -170 mV in healthy cells. 224 Mitochondrial disfunction results in disruption of the 

MMP 225, occurring upon apoptotic and necrotic cell death whereby depolarisation occurs 

226 (therefore abrogating uptake of pyruvate and other compounds associated with 

oxidative respiration).  

 In developing luminescent (or otherwise detectable) probes whose localisation in 

mitochondria depend on MMP, one can evaluate cellular function through monitoring 

mitochondrial accumulation of said probe. In general cationic species are essential for 

MMP dependant mitochondrial uptake 224,227,228. Phosphonium-based radiologically 

tagged lipophilic cations such as the 64Cu labelled species (Zhou and Liu, 2011) 229 and 

dually 64Cu/Rhodamine (luminescent) functionalised (Yan et al) 230 have shown MMP 

dependant uptake, as well as increased tumor cell uptake owing to their mitochondrial 

accumulation.  

 A phosphonium BODIPY based, bright luminescent cationic species developed by 

Nigam et al (2016) 227 demonstrated MMP dependant uptake into mitochondria as 

evidenced by colocalization studies. Depolarisation of the mitochondrial membrane 

achieved through treatment with CCCP caused decreases in uptake of a factor around 

85%, further proving MMP dependence.  

 To date, MMP dependence on mitochondrial uptake of Re(I) and Tc(I) coordination 

compounds has not been demonstrated. The neutral fac-[Re(CO)3(phen)L] produced by 

Skiba et al. showed no association between MMP and mitochondrial localisation. 216 
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5.3. Results and discussion 

5.3.1. Synthesis of ligands L1-L6 

The 4-amino-1,8-naphthalimide based ligands bearing dipicolylamine chelating 

units L1-L6 were produced from 4-chloro-1,8-naphthalic anhydride in a 3 or 4 step 

synthesis (Figure 5.15).  

The first synthetic step to produce L1-L6 was identical, involving the nucleophilic 

(Sn2) substitution of the anhydride moiety of the starting material with either 

ethanolamine or the methyl protected version, 2-methoxyethylamine to give compounds 

C1 and C2. This was achieved in both cases in high (~80%) yield.  

From C1 and C2, syntheses of the ligands diverged according to the linker length 

and identity employed. Ligand precursors N1-N6 were produced through SnAr substitution 

of the chloride on C1 and C2 with the mono-Boc protected diamine linker in DMSO and 

subsequent deprotection thereof (Method A). N1 and N2 exhibit an ethyl chain linker 

(using mono-Boc ethylene diamine) with the corresponding -OH (N1) or -OMe (N2) 

termination at the other end of the naphthalimide species. N3 and N4 exhibit a hexyl chain 

linker (using 1,6-diaminohexane), again with the corresponding -OH (N3) and -OMe (N4) 

termination. Finally, N5 and N6 exhibit the diether-diethyl linker group (from mono-Boc 

2,2’-(ethylenedioxy)bis(ethylamine)), also with the corresponding -OH (N5) and (-OMe) 

(N6) terminations. Ligand precursor (N5) is identical to the water-soluble naphthalimide 

employed in chapters 2 and 4, termed Nap-1. For clarity in the context of this chapter, 

this chemical species will be referred in this chapter only as N5.  

The hexyl-chain linker naphthalimide ligand precursors N3 and N4 were 

synthesised in one step, affording the desired products with a 42-44% yield. The ethyl 

(N1 and N2) and diether diethyl (N5 and N6) linker bearing precursors were synthesised 

in two steps, utilising the mono-BOC protected diamines to aid aqueous-workup. N5
 and 

N6 required purification through silica gel column chromatography, due to the presence 

of an unidentified 4-amino-1,8-naphthalimide (identified from the bright fluorescent 

yellow colour of the spot on a TLC plate) impurity, possibly from substitution from the 

secondary Boc protected amine. Following deprotection in 50% TFA/DCM; N1, N2, N5 

and N6 were isolated in moderate cumulative yields (27 – 36%), in all cases limited by 

the initial SnAr step. The moderate yields obtained for ligand precursors N1-N6 are likely 

due to the difficulty of extraction of the product from the high boiling point DMSO solvent, 

which was observed to result in a partial emulsion forming upon separation and 

extraction from the aqueous/DMSO phase to chloroform/DCM, in addition to incomplete 

formation of the product in the SnAr reaction. 
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Figure 5.5: Synthetic routes to ligands L1-L6 from commercially available 4-chloro-1,8-

naphthalic anhydride. 

Ligands L1-L6 were synthesised from the deprotected amine ligand precursors N1-N6
 

(termed accordingly) via reductive amination with 2-pyridinecarboxaldehyde (2 

equivalents respective of the amine precursor) using sodium tris-acetoxyborohydride 

(STAB, 2.5 equivalents respective of the amine precursor) in 1,2-DCE with ~4% 

triethylamine (ensuring deprotonation of any -NH3
+TFA- salts from TFA deprotection). 

Reductive amination of N1-N6 proceeded with varied yields from 51% (L2) to 95% (L3).  

 Cumulative yields of ligands L1-L6 were between 15-25% with respect to the 

commercially available starting material (4-chloronaphthalic anhydride), which was 
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reasonable over the course of a 3-4 step synthesis. Sources of reduced yield likely lie 

primarily in the loss of product during purification following the SnAr step, due to 

emulsification upon separation of the aqueous/DMSO mixture and chloroform/DCM. 

5.3.2. Synthesis of rhenium complexes fac-[Re(CO)3(Lx)]BF4  

Complexes fac-[Re(CO)3(Lx)]BF4 (respective of ligand identity) were produced 

from ligands L1-L6 through substitution of the facial orientated tricarbonyl triacetonitrile 

precursor, [Re(CO)3MeCN3]+ (Figure 5.12).  Substitution of the weakly coordinating 

acetonitrile ligands is promoted through thermodynamic stabilisation through chelation, 

and kinetic stabilisation of the fac-tricarbonyl coordination geometry.  

 

Figure 5.6: Chelation of rhenium by the dipicolylamine chelating units present in L1-L6 

(R group represents linker and naphthalimide) through substitution of the labile 

acetonitrile ligands in the precursor. 

Reaction conditions employed to produce the detailed complexes were identical: heating 

overnight at reflux in chloroform in the absence of light with silver tetrafluoroborate. In all 

cases, precipitation from a minimum solvent volume through the addition of hexane or 

ether yielded the isolated cationic fac tricarbonyl tridentate complexes as yellow or 

orange solids in moderate yields (around 20-30%). Precipitation of the coloured solids 

from the increasingly non-polar solvent system supports the production of the BF4 salt, 

luminescent naphthalimide linked dipicolylamine complexes as the majority of the ligand 

precursors were isolated as oils. 

The respective 1H NMR spectra (Example shown in Figure 5.7, detailed in section 

5.4.10) provided unequivocal confirmation that the desired complexes were produced. 

1H NMR spectra of complexes fac-[Re(CO)3(Lx)]BF4 exhibited extensive shifts in the 

aromatic region (respective of the ligand spectra) corresponding to the change in 

electronic environment following donation of electron density by the bispicolylamine 

nitrogen and tertiary amine lone pairs to the metal centre.  

In addition to mild shifts of aliphatic resonances corresponding to the ethyl 

environments on the linker groups, a distinctive feature arising from coordination of the 

dipicolyl unit is observed in for all fac-[Re(CO)3(Lx)]BF4 complexes. The respective 
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ligand L1-L displayed a singlet around ~3.9 ppm (4H) corresponding to the methyl 

environment between the tertiary amine and 2-pyridyl groups on the dipicolylamine 

chelating unit. In this case two protons in each methyl group are homotopic, and thus, 

magnetically equivalent. Following complexation, this environment is no longer present. 

Coordination of both pyridyl groups via the nitrogen atom to rhenium results in each 

methyl group no longer able to freely rotate and are now diastereotopic and magnetically 

inequivalent, leading to 2JHH geminal coupling (2JHH = 16 Hz) (Figure 5.7).  

 

Figure 5.7: 1H NMR spectrum of fac-[Re(CO)3(L5)]BF4 (structure top left) with 

diastereotopic methyl resonances starred at around 5.2 ppm and 4.4 ppm. 
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This feature was observed in the aliphatic region of the 1H NMR spectra of all fac-

[Re(CO)3(Lx)]BF4 complexes. Whilst the geminal 2JHH coupling constant remained the 

same across all complexes, interestingly, the separation of the two diastereotopic 

resonances was shown to differ drastically depending on the naphthalimide/linker 

environment. The smallest separation (appearing similar to a quartet) of 0.3 ppm was 

observed for fac-[Re(CO)3(L2)]BF4, increasing to 1.3 ppm for fac-[Re(CO)3(L4)]BF4. This 

differed according not only to linker identity but also the termination of the alkyl chain at 

the bottom of the 1,8-naphthalimide moiety. This is consistent to previous observations 

made by Langdon-Jones et al. who observed similar disparities in separation of the 

equivalent resonances 4-amino-1,8-naphthalimide linked dipicolylamine fac-tricarbonyl 

complexes.112  

13C NMR spectra of complexes fac-[Re(CO)3(Lx)]BF4 (example given in Figure 5.8, 

detailed in section 5.4.10), example shown in Figure 5.8 for fac-[Re(CO)3(L5)]BF4) 

exhibited distinctive resonances characteristic of both the metal carbonyl environment 

(single peak cf. 195 ppm) and the naphthalimide carbonyl environment (2 peaks around 

165 ppm).  

 

Figure 5.8: Selected region of 13C NMR spectrum of for fac-[Re(CO)3(L5)]BF4 showing 

metal carbonyl resonance c.f. 195 ppm and naphthalimide resonances c.f. 165 ppm. 

Formation of the corresponding rhenium tricarbonyl complexes exhibiting facial 

geometry is further supported by infra-red spectroscopy. The IR spectrum of all fac-

[Re(CO)3(Lx)]BF4 complexes exhibits a sharp resonance around 1054 cm-1, from the 

symmetric stretch of the B-F bond in the tetrafluoroborate counterion. Further to this, all 

complexes exhibited two or three metal carbonyl resonances around 2040-1900 cm-1 

(Table 5.2) indicative of a pseudo C3 symmetry for fac-[Re(CO)3(L1-2)]BF4, and a Cs 
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symmetry for other complexes, in addition to the two naphthalimide carbonyl resonances 

around 1640-1680 cm-1 

Table 5.2: Metal carbonyl CO stretches observed for rhenium complexes fac-

[Re(CO)3(Lx)]BF4. 

Complex νCO / cm-1 

fac-[Re(CO)3(L1)]BF4 1904, 2027 

fac-[Re(CO)3(L2)]BF4 1910, 2029 

fac-[Re(CO)3(L3)]BF4 1944, 2031, 2050 

fac-[Re(CO)3(L4)]BF4 1907, 2029, 2056 

fac-[Re(CO)3(L5)]BF4 1928, 2031, 2048 

fac-[Re(CO)3(L6)]BF4 1908, 2029, 2048 

 

5.3.3. Optical properties of ligands L1-L6 and corresponding fac-[Re(CO)3(L6)]BF4 

complexes 

Before radiolabelling and imaging studies were undertaken, the optical properties 

of ligands L1-L6 and the corresponding fac-tricarbonyl rhenium complexes were 

evaluated. It was hypothesised that due to the (unconjugated) linker length between the 

metal centre and luminescent centre (naphthalimide group), complexation would have 

little effect on the luminescent properties, identified for similar naphthalimide-rhenium 

tricarbonyl complexes reported by Langdon Jones et al. . 112  

UV-Visible absorption properties and both steady state and time resolved 

properties of emission characteristics were recorded in two solvents for all ligands and 

complexes (Table 5.3) Optical characteristics in acetonitrile were recorded across all 

species, ligands L1-L4 (and their corresponding rhenium complexes) were also recorded 

in chloroform. Ligands L5 and L6 were also optically characterised in water, owing to their 

excellent solubility therein.  
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5.3.3.1. UV-Visible absorption spectra 

UV-Visible absorption data (Table 5.3) was recorded for ligands L1-L6 and their 

corresponding rhenium complexes. Selected spectral traces for ligand L4 and 

[Re(CO)3(L4)]BF4, L5 and [Re(CO)3(L5)]BF4 are shown in Figure 5.9.  Ligands L1-L4 and 

their corresponding fac-[Re(CO)3(Lx)]BF4 complexes exhibited very poor water 

solubility, to the end where optical characterisation therein was not possible. In contrast, 

L5 and L6 exhibited excellent water solubility, as per their design (through choice of the 

more polar 2,2’-(ethylenedioxy)bis(ethylamine linker), and thus were characterised as 

both acetonitrile and water solutions. Acetonitrile proved to be an ideal common solvent 

for all ligands and complexes in this study, as all compounds were shown to exhibit 

significant solubility therein. 

Table 5.3: Lowest energy UV-visible absorption maxima recorded for ligands L1-L6 

and for the corresponding [Re(CO)3(L1)]BF4 complexes in acetonitrile, chloroform and 

water. 

Compound 
abs ( / M-1 cm-1)/ 

nm (MeCN) 

abs ( / M-1 cm-1)/ 

nm (CHCL3) 

abs ( / M-1 cm-1)/ 

nm(H2O) 

L1 434 (9310) 428 (7800) - 

L2 436 (10420) 427 (8160) - 

L3 435 (8240) 433 (7300) - 

L4 430 (8600) 429 (8000) - 

L5 429 (8910) - 448 (10220) 

L6 429 (7920) - 448 (2620) 

[Re(CO)3(L1)]BF4 432 (7510) 430 (8560) - 

[Re(CO)3(L2)]BF4 
433 (19200) 

 
430 (14300) - 

[Re(CO)3(L3)]BF4 434 (10100) 430 (16300) - 

[Re(CO)3(L4)]BF4 
431 (13020) 

 
425 (13660) - 

[Re(CO)3(L5)]BF4 429 (8100) - 446 (7190) 

[Re(CO)3(L6)]BF4 430 (12240) - 445 (10700) 

 

All ligands L1-L6 and their corresponding complexes showed higher energy absorptions 

around 260-290 nm corresponding to π-π* and n-π* transitions characteristic of the 

naphthalimide species, which do not exhibit a significant degree of solvatochromism. The 



Chapter 5. Development of luminescent naphthalimide conjugated Re(I) and Tc(I) complexes  

 

212 
  

lowest energy absorptions of ligands, L1-L6 and their corresponding [Re(CO)3(Lx)]BF4 

complexes appeared to remain unchanged respective of linker identity; exhibiting a 

featureless, broad emission profile centred around 430 nm in acetone. This absorption 

was shown to exhibit significant solvatochromism, displaying a hypsochromic shift to 

around 420 nm for L1-L4 in chloroform, and bathochromic shift to around 445 nm in water. 

No trend in intensities of respective transitions was observed.  

The solvatochromic nature of this lowest energy transition is in agreement with the 

assignment as arising from intramolecular charge transfer (ICT), through donation from 

the secondary amine in the 4 position on the 1,8-naphthalimide towards the imide moiety 

on the same group. Given the charged excited state the solvatochromic nature of this 

ICT transition is expected. A move towards a higher energy transition in the less polar 

chloroform (ε = 5.69 with respect to acetonitrile, ε = 36.64) suggests destabilisation of 

the charged excited state, increasing its energy and thus the energy gap between ground 

and excited state (Figure X). The inverse was also observed when moving to a more 

polar solvent such as water (ε = 78.54), where a bathochromic shift represents 

stabilisation of the charged excited state.  

 

Figure 5.9: UV-Visible absorption spectra of selected ligands and complexes in this 

study. Left: Ligand L4 (blue) and [Re(CO)3(L4)]BF4 (red) in acetonitrile (solid lines) and 

chloroform (dashed lines). Right: Ligand L5 (green) and [Re(CO)3(L5)]BF4 (orange) in 

acetonitrile (solid lines) and water (dashed lines). 

5.3.3.2. Luminescence emission properties of ligands L1-L6 and their corresponding 

[Re(CO)3(Lx)]BF4 complexes 

Luminescence emission properties of ligands L1-L6 and their corresponding 

[Re(CO)3(Lx)]BF4 complexes from excitation at 405 nm, or 295 nm (for lifetime 
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measurements) is summarised in Table 5.4, and selected spectral traces are shown in 

Figure 5.10. 

Bright emission in the yellow-green region of the visible spectrum at ambient 

temperature was observed for all ligands L1-L6 and their corresponding 

[Re(CO)3(Lx)]BF4 complexes. Emission maxima appeared consistent across all ligands 

and complexes in acetonitrile (~520 nm) from excitation at 405 nm, and again a 

significant solvatochromic shift in emission to around 505-512 nm in chloroform and to 

540-550 in water. This corresponds to stokes shifts in the order of at least 3500 cm-1. 

Emission spectral profiles appeared broad and featureless (Figure 5.17), and relatively 

consistent across all ligands and complexes. One outlier, emission at 483 nm by 

[Re(CO)3(L4)]BF4 is intriguing, as this was not reflected in the emission spectrum of L4 

(λem = 505 nm) and corresponds to a much lower stokes shift of 2825 cm-1.  

 

Figure 5.10: Normalised emission spectra of ligands L4 and L5 and their corresponding 

[Re(CO)3(Lx)]BF4 complexes. Right: L4 (taupe) and [Re(CO)3(L4)]BF4 (magenta) in 

acetonitrile (solid lines) and chloroform (dashed lines). Left: L5 (red) and 

[Re(CO)3(L5)]BF4  in acetonitrile (solid lines) and chloroform (dashed lines) 
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Table 5.4: Summary of luminescence emission properties of L1-L6 and corresponding 

[Re(CO)3(Lx)]BF4 complexes from excitation o a measurements obtained in aerated 

solutions. a ex = 405 nm; b ex = 295 nm; c using aerated MeCN solution of 

[Ru(bipy)3](PF6)2 as a reference; d in acetonitrile; e in chloroform; f in water; g calculated 

from lowest energy (ICT) UV-Visible absorption and maximal emission intensity from 

excitation at 405 nm. 

Compound 
em / 

nma 

Stokes shift / 

cm-1 g 

obs / 

nsb 
 / %c 

L1 
518 d 

508 e 

3736 d 

3679 e 

11.1 d 

9.8 e 

15 d 

19 e 

L2 
521 d 

510 e 

3742 d 

3811 e 

10.5 d 

8.5 e 

22 d 

17 e 

L3 
518 d 

508 e 

3790 d 

3303 e 

9.7 d 

1.4, 8.8 (94%) e 

28 d 

28 e 

L4 
517 d 

505 e 

3968 d 

3454 e 

9.5 d 

8.1 e 

31 d 

35 e 

L5 
542 f 

521 e 

3871 f 

4116 d 

3.4, 6.0 (64%) f 

9.4 d 

39 f 

12 e 

L6 
549 f 

520 e 

4106 f 

4079 d 

5.4 f 

9.7 e 

8 f 

30 e 

[Re(CO)3(L1)]BF4 
515 d 

503 e 

3838 d 

3267 e 

10.9 d 

9.1 e 

67 d 

23 e 

[Re(CO)3(L2)]BF4 
519 d 

504 e 

3827 d 

3415 e 

9.8 d 

9.2 e 

30 d 

37 e 

[Re(CO)3(L3)]BF4 
520 d 

512 e 

4025 d 

3510 e 

9.8 d 

7.7 e 

26 d 

29 e 

[Re(CO)3(L4)]BF4 
517 d 

483 e 

3859 d 

2825 e 

10.2 d 

8.0 e 

40 d 

38 e 

[Re(CO)3(L5)]BF4 
540 f 

526 e 

3903 f 

4299 d 

6.0 f 

10.0 d 

49 f 

15 e 

[Re(CO)3(L6)]BF4 
539 f 

516 e 

3919 f 

3876 d 

5.9 f 

11.1 d 

57 f 

17 e 
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Luminescent lifetime (obs) of ligands L1-L6 (obtained in aerated solutions) and 

corresponding [Re(CO)3(Lx)]BF4 complexes also showed moderation with respect to 

solvent. Lifetimes of around the order of 10 ns in acetonitrile, 8-9 ns in chloroform and 

3.9 -6 ns in water were generally found to fit to a single exponent. Notable exceptions to 

this, where for L3 and L5 a biexponential decay pattern was found, could be attributed to 

error associated with fitting a decay curve to experimental data.  

 Finally, quantum yield values obtained in aerated solutions were shown to be 

generally moderate to high (20-50%), with some exceptions. It is unlikely that that outliers 

represent significant changes in luminescent characteristics. Very high quantum yields 

of [Re(CO)3(L5)]BF4 and [Re(CO)3(L6)]BF4 are encouraging, as they indicate very 

efficient and bright luminescence from ICT excitation, suggesting good suitability towards 

both in-vitro and in-vivo imaging.  

 From evaluation of luminescent characteristics of ligands L1-L6 and the 

corresponding [Re(CO)3(Lx)]BF4, it can be concluded that emission occurs from the 

singlet (as evidenced by the low nanosecond order lifetimes) excited state, characteristic 

of luminescent 4-amino-1,8-naphthalic anhydride species. This is further supported by 

the solvatochromic nature of the emitting state, as well as the high quantum yields 

obtained, comparable to other similar naphthalimide species in the literature. 114 It 

appears from data obtained that both the absorption and emission properties of the 

naphthalimide lumiphore are insensitive to the metal-coordinate environment for 

complexes [Re(CO)3(Lx)]BF4, unsurprising in considering the unconjugated linker 

separating the luminescent naphthalimide moiety and bispicolyl metal chelate.  

5.3.3.3. Optical properties summary 

The optical properties of all fac-[Re(CO)3(Lx)]BF4 are broadly consistent with their 

respective ligands, L1-L6. Absorption spectra confirm the presence of a solvatochromic, 

broad, intense ICT absorption in all cases around λmax = 400 – 450 nm. Emission 

characteristics confirm the singlet emitting state following ICT excitation, with a emissive 

lifetime of between 4 – 11 ns.  

Ligands L1-L4 and their corresponding fac-[Re(CO)3(Lx)]BF4 complexes exhibited 

poor water solubility, however displayed positive optical characteristics such as intense 

ICT absorption and bright emission with a large (generally > 3500 cm-1) Stokes shift. 

These positive optical characteristics were comported through for ligands L5 and L6, 

which also maintained acceptable water solubility upon complexation with Re(CO)3. 
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Ligands L5 and L6 prove therefore to be the most suitable for further imaging study, 

and application in water based radiolabelling with the analogous fac-99mTc(CO)3 for 

further study, as the comparable fac-[Re(CO)3(L5)]BF4 and fac-[Re(CO)3(L6)]BF4 

complexes again exhibited acceptable water solubility and act as a reliable mimic for the 

radioactive 99mTc complexes produced.  

5.3.4. Radiolabelling of L5 with technetium-99m 

Following establishment of the Re(I) coordination chemistry and optical properties 

of these complexes radiolabelling (performed by Juozas Domarkas et al.) of the selected 

L5 ligand was undertaken. 

 The method employed (Alberto et al. 221,231, Figure 5.11)  requires a good ligand 

solubility in the (aqueous) phosphate buffered saline solvent. Given the very limited water 

solubility of ligands L1-L4, these were discounted for use in radiolabelling studies, as they 

would certainly hinder significant radiolabelling in such a manner. L5 was chosen due to 

the alcohol termination from the naphthalimide moiety, presumably achieving increased 

water solubility, yielding the radioactive 99mTc complex [99mTc(CO)3(L5)]+, exhibiting 

analogous coordination geometry to the studied fac-[Re(CO)3(L5)]BF4 complex.  

 

Figure 5.11: Radiolabelling of L5 with fac-[99mTc(CO)3(H2O)3]+ to give complex  fac-

[99mTc(CO)3(L5)]+. 

Preliminary radiolabelling studies (Table 5.5) with freshly reduced fac-

[99mTc(CO)3(H2O)3]+ (10-40 MBq, 1.3-2.6 mM final precursor concentration, pH 7-8 

buffered with 5 mM PBS) at 70 °C indicated good radiolabelling yields with L5 

concentrations ranging from 0.2 mM to 2.0 mM (Table 5.5) of around 50 %, obtained 

through integration of radio-HPLC traces. Yields varied from 41% at the highest 

concentration of L5 (2.0 mM) after 60 minutes, to 52-57 % for other L5 concentrations. 

Where L5 was present in concentrations greater than 0.2 mM, radiolabelling yield 

plateaued after 30 minutes, with no significant increase in yield observed from increasing 
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reaction time. Experiments varying fac-[99mTc(CO)3(H2O)3]+ concentration showed no 

observable effect on radiochemical yield at 0.53-1.32 mM L5 concentration, and thus L5 

radiolabelling conditions are optimised at 0.53-1.32 mM L5 concentration, at pH 7-8 

(PBS), 70 °C over 30 minutes with 10-40 MBq fac-[99mTc(CO)3(H2O)3]+. Purification by 

semi-preparatory radio-HPLC yielded fac-[99mTc(CO)3(L5)]+ with extremely high purity as 

measured by radio-HPLC detailed in the appendix of this thesis.   

Table 5.5: Radiochemical yields for the formation of fac-[99mTc(CO)3(L5)]+
 at 70 °C in 

PBS buffer with respect to L5 concentration. 

[L5] / mM Radiochemical yield / % 

 30 mins 60 mins / 90 mins 

0.2 43 47 53 

0.4 51 53 55 

1.0 56 57 57 

2.0 42 41 43 
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5.3.5. In-vitro assessment of properties relevant to biodistribution and stability 

In order to more accurately rationalise any localisation or other behaviours of fac-

[99mTc(CO)3(L5)]+ in following in-vitro and in-vivo studies, Juozas Domarkas et al. 

discerned several key parameters relevant to the compounds applicability in biological 

systems. Lipophilicity (log D7.4), serum and urine stability were determined.  

Lipophilicity is commonly measured as LogP, the logarithm of the partition 

coefficient over water and octan-1-ol (Equation 5.1). In the case where biological 

systems are concerned, this is usually represented instead as LogD, identically 

determined to LogP but with respect to the distribution coefficient (partition coefficient 

measured at a specific pH of the aqueous phase using buffered solution in place of water, 

Equation 5.2). LogD, measured with PBS at pH 7.4 partitioned over octanol) was 

determined at 0.67 ± 0.06, which suggests that although fac-[99mTc(CO)3(L5)]+ exhibits 

ideal water solubility, its lipophilicity is of significant order to be able to cross the 

membrane barrier upon cellular penetration.  

𝐏 =  
[Species]𝑜𝑐𝑡𝑎𝑛𝑜𝑙

 [Species]𝑤𝑎𝑡𝑒𝑟
   

Equation 5.1: Determination of the partition coefficient, P, for a particular 

chemical species. 

 

𝐃𝟕.𝟒 =  
[Species]𝑜𝑐𝑡𝑎𝑛𝑜𝑙

 [Species]𝐵𝑢𝑓𝑓𝑒𝑟𝑒𝑑 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑡 𝑝𝐻 7.4
   

Equation 5.2: Determination of the distribution coefficient, D, at pH 7.4 for a 

particular chemical species. 

Serum and urine stability are also critical factors in determining whether a tracer species 

is suitable for in-vivo imaging. Clearly, a chemical species such as a metal complex 

which dissociates or otherwise degrades rapidly in serum or urine risks exhibiting 

increased toxicity, lower clearance rates and otherwise aberrant effects in it’s utilisation 

as a tracer. The kinetically inert fac-tricarbonyl rhenium chelate species, fac-

[99mTc(CO)3(L5)]+ unsurprisingly exhibited very high stability upon incubation at 37 °C in 

human serum and urine, as measured by radio-HPLC (detailed in the appendix of this 

thesis), with no degradation in either serum or urine measured over 3 hours.   
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5.3.6. Bioimaging studies with fac-[M(CO)3(L5)]BF4 (M = Re, 99mTc) 

In investigating the behaviour of fac-[99mTc(CO)3(L5)]+
  (and the analogous rhenium 

complex) in biological systems, and evaluating it’s potential as a specific mitochondrial 

marker, several bioimaging studies were undertaken. Information at a cellular level was 

evaluated through detailed in-vitro studies with human MCF-7 (breast cancer) and U-87 

(brain cancer) cells and rat cardiomyocytes (H9c2 cell line), evaluating toxicity (cell 

viability assays) and mitochondrial localisation (colocalization studies). Evaluating 

characteristics as a whole-body, in-vivo imaging agent utilising the radio-tracing 

capabilities of fac-[99mTc(CO)3(L5)]BF4 was undertaken through live mouse studies, with 

particular focus on clearance routes. In evaluating the behaviour of fac-

[99mTc(CO)3(L5)]BF4 at a cellular level and whole-body level, the applicability of the 

bimodal luminescent radiotracer was established.  

5.3.6.1. Cell viability 

Cellular toxicity of fac-[Re(CO)3(L5)]BF4 was evaluated through MTS assay by 

(human U-87 glioblastoma cell line) by Juozas Domarkas et al. (Figure 5.12). 

Briefly, the MTS assay employs the MTS tetrazolium dye (Figure 5.12) which is 

reduced by NAD(P)H reliant dehydrogenase enzymes in a cellular environment. 

Reduction of the colourless MTS tetrazolium species results in the formation of the highly 

coloured MTS formazan species, thus providing the measurable colorimetric output. The 

ability of a cell to reduce the tetrazolium species relies on the metabolic activity (and thus 

‘healthy’  function) due to NAD(P)H flux, cells with reduced metabolism (due to, for 

example, the presence of a toxic species) reduce less of the tetrazolium species, and 

thus upon MTS assay result in reduced colorimetric output. 232  

Toxicity of a compound is represented by a CC50 value, the concentration of the 

compound that will kill half the cellular population in a previously healthy culture. Through 

the MTS cytotoxicity assay, the CC50 value of fac-[Re(CO)3(L5)]BF4 was determined at 

72.7 µM (Figure 5.12), representing very low cytotoxicity in-vitro for the compound. Given 

the analogous chemistry exhibited by 99mTc (I) and Re (I) complexes, the value obtained 

for fac-[99mTc(CO)3(L5)]+
 is representative of the theoretical toxicity of the analogous 

99mTc (I) complex, however this does not take into account toxicity arising from emission 

of ionising radiations from the radioactive fac-[99mTc(CO)3(L5)]+
  compound.  



Chapter 5. Development of luminescent naphthalimide conjugated Re(I) and Tc(I) complexes  

 

220 
  

 

 

Figure 5.12: Cell viability (MTS) assay for U-87 cells incubated with differing 

concentrations of fac-[Re(CO)3(L5)]BF4. 

5.3.6.2. In-vitro mitochondrial uptake studies of fac-[99mTc(CO)3(L5)]BF4 

To evaluate the behaviour of fac-[99mTc(CO)3(L5)]+
  towards mitochondria, uptake 

studies towards freshly isolated mitochondria were undertaken by Juozas Domarkas et 

al. (Figure 5.13). fac-[99mTc(CO)3(L5)]+
  exhibited rapid and extensive accululation in 

mitochondria (58.68 ± 6.5%) in comparison with complexes exhibiting the cationic 

triphenylphosphonium moiety (up to 8.30 ± 0.63 % 214), commonly employed in 

mitochondrial targeting. This represents significant improvements and a positive outlook 

for in-vitro mitochondrial targeting.  

Additionally, this uptake was shown to be dependent on the mitochondrial 

membrane potential (MMP), demonstrated by the almost complete destruction of 

mitochondrial uptake when the MMP was depolarised though the use of carbonyl cyanide 
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m-chlorophenylhydrazine (CCCP) (1.35 ± 0.14 %). This is significant in that it identifies 

a potential for fac-[99mTc(CO)3(L5)]+
  to be employed in evaluation of mitochondrial 

function in-vitro, which by extension evaluates apoptotic state and cellular viability. 

 

Figure 5.13: Mitochondrial uptake of fac-[99mTc(CO)3(L5)]+
  both with and without 

CCCP membrane depolarisation. 

5.3.6.3. In-vitro imaging of human breast cancer cells (MCF-7) and rat 

cardiomyocytes (H9c2), mitochondrial localisation studies 

Whole cell in-vitro mitochondrial uptake was evaluated through the use of confocal 

fluorescence microscopy in human breast cancer cells (MCF-7 cell line). Co-localisation 

studies by Juozas Domarkas et al. (Figure 5.13) with fac-[Re(CO)3(L5)]BF4 and the 

benzyl chloride based commercial mitochondrial stain (MitoTacker deep red, MDR) 

showed a good degree of overlap (overlap coefficient 0.66), suggesting a high degree of 

co-localisation. This represents, therefore, the ability of fac-[Re(CO)3(L5)]BF4, and by 

extension, the analogous 99mTc (I) complex to localise towards the mitochondria, 

providing a significant feature in the employment of the complex in a bioimaging context.  
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Figure 5.13: Maximum projection representations of confocal fluorescence microscopy 

studies of MCF-7 cells incubated with fac-[Re(CO)3(L5)]BF4 (top left) and MDR (top 

right) and the overlay of both images (bottom, overlap coefficient = 0.66). 

5.3.6.4. In-vivo imaging 

Following establishment of the in-vitro characteristics of fac-[Re(CO)3(L5)]BF4 in 

the context of bioimaging, SPECT/CT in-vivo imaging utilising radioemission by fac-

[99mTc(CO)3(L5)]+
 (Figure 5.14) . Administration via of fac-[99mTc(CO)3(L5)]+

  to a healthy 

‘naïve’ mouse did not result in obvious signs of toxicity during the study. SPECT/CT 

imaging of the mouse demonstrated rapid clearance following administration via the 

biliary and renal system. Urine analysis demonstrated that the tracer remained stable 

following excretion (85.4 % ± 1.4%), suggesting its suitability for further in-vivo analysis 

in the future.  
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Figure 5.14: SPECT and CT overlaid images with SPECT images acquired using 

the radiotracer fac-[99mTc(CO)3(L5)]+
 . Sagittal and coronal views show the 

localisation of the tracer after 22-60 minutes. 
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5.2.4. Chapter conclusion 

This study demonstrates the synthesis, detailed characterisation of six novel 

ligands, L1-L6 and corresponding fac-[Re(CO)3(L5)]BF4 complexes. These ligands and 

complexes demonstrate bright fluorescence arising from excitation of the ICT band and 

subsequent fluorescent emission from the singlet excited state. In characterising ligands 

and complexes, unequivocal evidence of their syntheses was provided, and their 

spectroscopic properties identified in detail.  

L5, selected due to its high degree of water solubility, was further utilised in 

radiolabelling with [99mTc(CO)3(H2O3]+ to give the luminescent radiotracer fac-

[99mTc(CO)3(L5)]+. Owing to their highly similar coordination chemistry, fac-

[99mTc(CO)3(L5)]+
  and the corresponding Re(I) complex, fac-[Re(CO)3(L5)]BF4 are 

considered to be interchangeable in evaluating biological activity and relevance. 

Combinatory studies, evaluating important characteristics such as lipophilicity (LogD7.4 = 

0.67 ± 0.06) and serum/urine stability (no degradation over 3 hours) of fac-

[99mTc(CO)3(L5)]+
, demonstrated the applicability towards biomodal imaging in an in-vivo 

and in-vitro context, displaying a good balance between solubility and cell penetration 

The applicability of  fac-[99mTc(CO)3(L5)]+/ fac-[Re(CO)3(L5)]BF4 in a bioimaging 

context was further supported by its low cytotoxicity CC50 = 72.7 µM), extensive MMP 

dependant mitochondrial uptake (55.68 ± 6.5 %, reducing to 1.35 ± 0.14 % upon MMP 

depolarisation). 

In-vitro imaging in human MCF-7 cells provided further evidence for mitochondrial 

localisation at a cellular level, through co-localisation studies with MDR. In-vivo 

SPECT/CT imaging confirmed the ability of fac-[99mTc(CO)3(L5)]+
 to act as a radiotracer 

in whole-body studies, and confirmed good stability in in-vitro measurements (urine 

stability ~ 85%), and a high degree of renal and biliary system clearance.  

These results show a great deal of improvement on previous bioimaging studies 

with fac-tricarbonyl Re(I) and Tc(I) naphthalimide conjugates, owing primarily to the high 

degree of solubility of the ligand L5 due to the polar bisethylenedioxy based linker. fac-

[99mTc(CO)3(L5)]+ studies in-vitro and in-vivo are continuing, and due to the MMP 

dependant mitochondrial uptake could provide a essential basis of cellular health 

identification and tumor localisation in-vivo. The potential medical impact of these ligands 

and complexes is significant, owing to their relatively low toxicity.  

Future work could be focused on evaluating modified lipophilicity and charge 

distribution to further evaluate a structure/function relationship. Several modifications on 
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the basic design looking at modifying the orthogonal naphthalimide terminations could 

provide a basis for such studies.  
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5.4. Experimental  

5.4.1. General considerations 

Reagents were obtained commercially (Sigma, TCI, Merck) and used without 

further purification. UV-Visible absorption spectroscopy and luminescence emission 

spectroscopy was performed as outlined in chapter 2, with monochromator slit widths 

set at 4,4 nm unless stated otherwise. NMR spectroscopy was performed using 

BRUKER 300 mHz, 400 mHz and 600 mHz NMR spectrometers.  

5.4.2. Radiolabelling of ligand L1-L6 with 99mTc  

The respective ligand (L1-L6) in a glass vial was dissolved in 50 µL of methanol 

prior to dilution with 100 µL of phosphate buffered saline. The solution was degassed by 

sonication and purged with argon over 10 minutes. Freshly reduced [99mTc(CO)3(H2O2)3]+ 

in reduction medium (~500 µL) (up to 400 MBq). The final concentration of ligand was 

between 0.5-1.3 mM. The reaction mixture was incubated at 70 °C, shaking at 600 rpm 

for 30 minutes, whereupon it was cooled to room temperature and injected onto semi-

preparatory HPLC (ACE5 C18 5Å 100 x 250). Product containing fraction (RCY = 47 ± 

18%, n = 3, corrected for decay to beginning of reaction) eluting at 12-14 minutes was 

collected, diluted with deionised water and loaded onto a homemade SPE cartridge 

containing 80-100 mg of Oasis C18 sorbent. The cartridge was washed with 2-3 mL of 

deionised water and dried by a current of inert gas. The product was eluted with 500 µL 

of ethanol, prior to evaporation under gentle heating with inert gas current and the 

product redissolved into phosphate buffered saline. For in vivo evaluation, the 

formulation was filter sterilised with a 0.22 µM filter prior to administration. The decay 

correction preparatory yield was 21 ± 11% (n = 3). Preparation time was less than 2 

hours from commencement of synthesis.  

5.4.3. Lipophilicity measurements  

Lipophilicity (partition coefficient, LogP) values were obtained using the shake-

flask method. An aliquot of the respective [99mTc(CO)3(LX)]+ complex in ethanol (~1 MBq) 

was dried in a 1.5 mL Eppendorf tube and dissolved in 1 mL of a 1:1  mixture of octanol 

and PBS (pH?). The solution was vigorously mixed in a vortex shaker for 5 minutes at 

room temperature. Phase separation was achieved through centrifugation at 14500 rpm 

for 2 minutes. 50 µL of each phase was then diluted to 1 mL and measured using AGC.  
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5.4.4. Serum stability  

An aliquot of the respective [99mTc(CO)3(LX)]+ complex in ethanol (~3 MBq) was 

dried and dissolved in 0.5 mL of human blood serum in a HPLC vial. This was incubated 

at 37 °C with shaking at 600 rpm for 3 hours. Aliquots were taken at time 0, 30 min, 60 

min, 1 h, 2h and 3. Protein serum component was precipitated through addition of double 

volume of ice-cold methanol and removed by centrifugation. The supernatant was 

analysed by radio-HPLC.  

5.4.5. In-vivo SPECT imaging and stability 

All animal procedures were approved by the University of Hull Animal Welfare 

Ethical Review Body (AWERB) and carried out in accordance with the Animals in 

Scientific Procedures Act 1986 and the UKCCCR Guideline 2010 by approved protocols 

following institutional guidelines (Home Office Project License number 60/4549 held by 

Dr. Cawthorne).  After imaging experiments, mice urine was collected, proteins were 

precipitate by addition of double volume of ice cold methanol and removed by 

centrifugation at 14.5 krpm for 5 min and supernatant was analysed by radio-HPLC 

indicating 85.4 ± 1.4% stability (n=1, triplicate analyses).  

5.4.6. In vitro analysis 

5.4.6.1. Cell culture 

MCF-7 cells were purchased from the European Collection of Cell Cultures and 

grown in PRMI-1640 media. H9c2 (2-1 clone) cells were purchased from LGC-

PromoChem (Teddington, UK) and grown in IMDM media. Media was supplemented 

with 10% fetal calf serum (FCS). Human glioblastoma cell line from (U87) from ATCC 

and it was cultured using DMDM media with 10% (v/v) heat inactivated fetal bovine 

serum (FBS). Media and FCS were purchased from Gibco/Life Technologies, UK. Cells 

were maintained in Nunc 75 cm2 tissue culture flasks (Fischer Scientific, UK) inside a 

humidified 5% CO2 incubator at 37 C. Both cell lines were divided bi-weekly for 

maintenance of stock at a divided ratio of 1:8-1:10 for MCF-7 cells and 1:3-1:5 for H9c2 

cells. For confocal and flow cytometry experiments cells were counted and seeding 

densities (below) were used. 

5.4.6.2. Toxicity 

Cells were seeded in 96 well plate with 1000 cells/well in 200µL growth medium. 

The plates were incubated overnight at 37 C allow cells to adhere. After 18 h media was 

removed from the wells and 100 µl of treated media with various concentrations of 
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compounds was added. The plates were returned to the incubator. After 72 h, MTS 

reagent (Promega, UK) 20 µL was added to the wells. Plates were incubated for 3 h at 

37 C. Absorbance reading were taken at 490 nm using Synergy HT microplate reader 

(Biotek, USA). The absorbance value of each triplicate were averaged and the media 

only absorbance was subtracted. Compounds reading were normalised to the control 

reading. Empty plate and compound added background analysis was carried out to 

ensure low levels of non-specific fluorescence.  

5.4.6.3. Flow cytometry 

1 x 105 cells/well were seeded in six-well plates and cultured for 2-3 days until 

70-80% confluent. Cell media was removed and 1 mL 0.1% FCS-containing media was 

added. Carbonyl cyanide m-chlorophenylhydrazone (CCCP, Sigma Aldrich, UK) in 

DMSO (50 mM, 1 µL) was added into three wells (1 mL total volume) and 0.1% DMSO 

was added to the remaining three control wells (as a control). Plates were placed inside 

a CO2 incubator for 30 mins, followed by the addition of compound (500 nM, 50 µL media) 

to both groups. Plates were incubated inside the CO2 incubator at 37 C for 1 hour, 

subsequently, media was removed and the cells were washed twice with ice cold PBS 

buffer. Cells were harvested into PBS with cell scrapper and isolated by centrifugation at 

200  g for 5 min at 4 C. The pellet was re-suspended in 300 µL of PBS and the cell 

suspension transferred into polypropylene FACS tubes (Falcon 2054) and analysed by 

a FACScan flow cytometer (BD Biosciences Europe, Erembodegem, Belgium). Dot plot 

was used to gate cells and the FL-1 channel was used to measure variation in 

fluorescence intensities. Mean fluorescence intensities were used to quantify for 

comparison. 

5.4.6.4. Confocal microscopy 

MCF-7 cells (2.5  103) and H9c2 cells (4  103) were seeded in Mattak confocal 

dishes (P35G-1.2-20-C, 35 mm2) and cultured for 2-3 days until 70-80% confluent. After 

reaching desired cell density, the growth media was replaced with 1 mL 0.1% FCS-

containing media and cells were treated with compound 1 or 2 (500 nM, 50 µL) for 1 hour 

inside a CO2 incubator under 5% CO2. Mitotracker deep red (MDR, 250 nM, 20 µL) was 

added 1 hour prior to compound to obtain double labelled cells for mitochondrial co-

localisation study. After 30 min, the cells were washed twice with 1 mL PBS and media 

containing 15 mM HEPES was added. Unstained control samples of cells were used to 

check for auto fluorescence. 14 Live cell images were obtained using ZEN software on 
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a Zeiss LSM 710 inverted confocal microscope, equipped with an incubator chamber at 

37 C. Images were obtained using a Zeiss 63 water objective. 

 To measure the degree of overlap between subcellular localisation of 1 or 2 and 

MDR, a colocalisation coefficient was calculated following standard methods. 1 Single-

label control samples were prepared to eliminate fluorescence overlap between two 

fluorescence channels; in addition to 1, 2 or MDR, untreated cells were assessed in order 

to eliminate background fluorescence. Single-label control samples were imaged under 

the same exposure settings as double-labelled samples. Exact coordinates were 

determined using crosshairs at X and Y coordinates from single-labelled controls and 

were identical for double-labelled samples. Once the exact coordinates were 

determined, the ZEN software gave tables containing values of co-localisation coefficient 

and overlap coefficient. 

5.4.7. Synthesis of compounds  

5.4.7.1. Ligands and precursors 

 

Synthesis of compound C1: 4-chloro-1,8-naphthalic anhydride (2.0 g, 8.6 mmol) was 

dissolved in ethanol (60 mL) and ethanolamine (0.8 mL, 12.9 mmol) was added. The 

solution was then heated at reflux for 12 hrs under a nitrogen atmosphere. Upon cooling 

to 0 °C precipitation occurred, and filtration yielded C1 as a yellow solid (2.0 g, 85 %). 1H 

NMR (400 MHz, CDCl3): δH 8.70 (d, J = 6.8 Hz, 1H), 8.64 (d, J = 8.4 Hz, 1H), 8.54 (d, J 

= 7.6 Hz, 1H), 7.88 (m, 2H), 4.48 (t, J = 4.8 Hz, 2H), 4.01 (t, J = 4.8 Hz, 2H) ppm. LRMS 

ES+ found m/z = 275.03 [M+]. 
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Synthesis of compound C2: Prepared as for C1 except using 2-methoxy ethylamine 

(0.9 g, 12.9 mmol), yielding C2 as a yellow solid (2.0 g, 79 %). 1H NMR (400 MHz, CDCl3): 

δH 8.68 (d, J = 7.0 Hz, 1H), 8.61 (d, J = 8.1 Hz, 1H), 8.52 (d, J = 8.2 Hz, 1H), 7.91 – 7.80 

(m, 2H), 4.44 (t, J = 5.7 Hz, 2H), 3.73 (t, J = 5.7 Hz, 2H), 3.38 (s, 3H) ppm. LRMS ES+ 

found m/z = 289.05 [M+]. 
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Synthesis of N1: C1 (0.3 g, 1.01 mmol) was dissolved in DMSO (4 mL) and N-tert-Boc-

ethylenediamine was added (0.47 g, 2.93mmol) and the solution heated at reflux for 16 

hours under a nitrogen atmosphere. The solution was flooded with 30 mL of water and 

neutralised with 0.1 M HCl. The product was then extracted with dichloromethane (3 x 

15 mL) and washed with water (3 x 10 mL) and brine (3 x 10 mL). The solvent was then 

reduced to a minimum and precipitation induced by the dropwise addition of petroleum 

ether. Filtration of the precipitate followed by washing with diethyl ether (5 mL) yielded 

the Boc-protected intermediate product as a bright orange solid (0.27 g, 65 %). 1H NMR 

(300 MHz, CDCl3): δH 8.55 (d, J = 7.3 Hz, 1H), 8.42 (d, J = 8.5 Hz, 1H), 8.27 (d, J = 8.3 

Hz, 1H), 7.59 (t, J = 7.7 Hz, 1H), 7.19 (s, 1H), 6.55 (d, J = 8.3 Hz, 1H), 4.45 (t, J = 4.3 

Hz, 2H), 3.97 (s, 2H), 3.65 (dd, J = 10.2, 5.3 Hz, 2H), 3.49 – 3.38 (m, 2H), 1.42 (s, 9H) 

ppm. 13C{1H} NMR (101 MHz, CDCl3): δC 163.89, 163.10, 150.08, 134.03, 130.78, 

129.32, 128.73, 124.48, 121.99, 120.37, 108.76, 103.95, 57.96, 41.47, 40.36, 37.31 

ppm. LRMS ES+ found m/z = 400.19 [M+H]+. Deprotection of the intermediate product 

was achieved by stirring the solution of the intermediate in 50% TFA in DCM for 24 hours 

under a nitrogen atmosphere. The solvents were then removed under vacuum, and the 

residue dissolved in methanol and the solvent removed again. This was repeated in 

triplicate to yield the final product as an oily yellow solid (0.178 g, 60 %). 1H NMR (300 

MHz, d6-DMSO): δH 8.63 (d, J = 8.3 Hz, 2H), 8.42 (d, J = 7.2 Hz, 2H), 8.26 (d, J = 8.4 

Hz, 2H), 7.78 (s, 2H), 7.69 (t, J = 7.8 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 4.84 (s, J = 46.7 

Hz, 2H), 4.11 (t, J = 6.3 Hz, 4H), 3.73 – 3.51 (m, 8H), 3.39 (s, 2H), 3.17 (s, 4H) ppm. 

13C{1H} NMR (101 MHz, d6-DMSO): δC 163.89, 163.10, 150.08, 134.03, 130.78, 129.32, 

128.73, 124.48, 121.99, 120.37, 108.76, 103.95, 57.96, 41.47, 40.36, 37.31 ppm. LRMS 

ES+ found m / z = 332.12 [M+Na]+. HRMS expected m/z = 322.1162 for [M+Na]+ found 

m/z= 322.1163 
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Synthesis of N2: Prepared as for N1 but using C2 (0.3 g, 1.0 mmol), yielding the 

intermediate product as a bright orange solid (0.157 g, 38 %). 1H NMR (400 MHz, CDCl3): 

δH 8.51 (d, J = 7.3 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H), 8.20 (d, J = 8.4 Hz, 1H), 7.54 (t, J = 

7.5 Hz, 1H), 7.02 (s, 1H), 6.50 (d, J = 8.3 Hz, 1H), 5.03 (s, 1H), 4.36 (t, J = 5.6 Hz, 2H), 

3.65 (t, J = 5.7 Hz, 2H), 3.58 (s, 2H), 3.39 (s, 2H), 3.32 (s, 3H), 1.41 (s, 8H) ppm.13C{1H} 

NMR (101 MHz, CDCl3): δC 164.33, 158.65, 150.24, 134.77, 131.32, 129.94, 127.14, 

124.71, 122.77, 120.39, 103.30, 80.85, 77.24, 69.84, 58.80, 46.87, 39.50, 38.96, 28.37 

ppm. LRMS found m/z = 414.20 [M+H]+. Deprotection yielded the final product as an 

orange oil (0.103 g, 87 %). MR (400 MHz, CD3OD): δH 8.41 (d, J = 7.6 Hz, 2H), 8.28 (d, 

J = 8.8 Hz, 1H), 7.65 – 7.49 (m, 2H), 6.78 (d, J = 8.7 Hz, 1H), 4.24 (t, J = 6.0 Hz, 2H), 

3.69 (t, J = 6.1 Hz, 2H), 3.59 (t, J = 6.0 Hz, 2H), 3.27 (m, 2H), 3.25 (s, 3H) ppm. LRMS 

found m/z = 336.13 [M+Na]+. HRMS expected m/z = 336.1319 for [M+Na]+, found m/z = 

336.1320 
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Synthesis of N3: C1 (0.75 g, 2.73 mmol) was dissolved in DMSO (4 mL) and 1,6 

diaminohexane (0.4 mL, 4.1 mmol) was added and the solution heated at reflux for 16 

hours. The solution was flooded with 30 mL of water and neutralised with 0.1 M HCl. The 

product was then extracted with dichloromethane (3 x 15 mL) and washed with water (3 

x 10 mL) and brine (3 x 10 mL). The solvent was then reduced to a minimum and 

precipitation induced by the dropwise addition of petroleum ether. Filtration of the 

precipitate followed by washing with diethyl ether (5 mL) yielded the product as an 

orange solid (0.422 g, 44 %). 1H NMR (300 MHz, CDCl3): δH 8.58 (d, J = 7.4 Hz, 1H), 

8.46 (d, J = 7.6 Hz, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.69 – 7.57 (m, 1H), 6.75 – 6.66 (m, 

1H), 5.36 (s, 1H), 4.51 – 4.40 (m, 2H), 4.03 – 3.92 (m, 2H), 3.50 – 3.34 (m, 2H), 2.78 – 

2.67 (m, 2H), 1.95 – 1.75 (m, 2H), 1.65 – 1.41 (m, 6H) ppm. 13C NMR (126 MHz, CDCl3) 

δ 165.58, 165.01, 150.88, 135.09, 131.38, 130.03, 127.61, 124.36, 122.09, 120.31, 

108.23, 104.03, 60.41, 43.27, 42.02, 41.22, 32.52, 28.28, 26.80, 26.41. LRMS found m/z 

=356.20 [M+H]+, HRMS expected m/z = 356.1896 found m/z = 356.1965 
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Synthesis of N4: Prepared as for N3 but using C2 (0.75 g, 1.38 mmol) yielding the product 

as an orange solid (0.420 g, 42 %). 1H NMR (400 MHz, CDCl3): δH 8.59 (d, J = 7.4 Hz, 

1H), 8.47 (d, J = 8.3 Hz, 1H), 8.09 (d, J = 8.4 Hz, 1H), 7.63 (d, J = 7.7 Hz, 1H), 6.72 (d, 

J = 8.2 Hz, 1H), 5.32 (s, 1H), 4.45 (t, J = 5.8 Hz, 2H), 3.75 (t, J = 5.8 Hz, 2H), 3.57 – 3.30 

(m, 5H), 2.74 (t, J = 6.6 Hz, 2H), 1.91 – 1.75 (m, 2H), 1.61 – 1.39 (m, 6H) ppm. 13C NMR 

(126 MHz, CDCl3) δ 165.04, 164.97, 164.41, 150.14, 149.91, 134.82, 134.74, 131.30, 

129.94, 129.87, 126.81, 126.50, 124.56, 124.49, 122.62, 122.55, 120.21, 120.16, 

109.40, 109.14, 104.15, 104.09, 69.71, 58.66, 43.33, 41.19, 38.87, 28.62, 28.47, 26.90, 

26.81, 26.40. LRMS found m/z = 370.21 [M+H]+. HRMS expected m/z = 370.2127 for 

[M+H]+, found m/z = 370.2125. 
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Synthesis of N5: C1 (0.75 g, 2.72 mmol) was dissolved in DMSO (5 mL) and N-tert-butyl 

(2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (1.4 g, 5.64 mmol) was added and the 

solution heated at reflux for 16 hours under a nitrogen atmosphere. Upon being allowed 

to cool the solution was flooded with 30 mL of water and neutralised with 0.1 M HCl. The 

product was then extracted with dichloromethane (3 x 15 mL) and washed with water (3 

x 10 mL) and brine (3 x 10 mL). The crude intermediate product was then purified further 

though the use of silica gel column chromatography using 3:2 acetone hexane with 4% 

triethylamine as the eluent. The solvents were then removed under vacuum yielding the 

intermediate product as a red oil (0.40 g, 30 %). 1H NMR (300 MHz, CDCl3): δH 8.37 (d, 

J = 6.8 Hz, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.08 (d, J = 8.1 Hz, 1H), 7.46 (t, J = 7.5 Hz, 

1H), 6.53 (d, J = 8.4 Hz, 1H), 6.03 (s, 1H), 5.00 (s, 1H), 4.36 (t, J = 4.8 Hz, 2H), 3.92 (t, 

J = 4.5 Hz, 2H), 3.82 (t, J = 5.1 Hz 2H), 3.64 (m, 4H), 3.57 – 3.45 (m, 4H), 3.28 (d, J = 

4.8 Hz, 2H), 1.34 (s, 9H) ppm. LRMS found m/z = 389.18  [M+H]+.  Deprotection of the 

intermediate product was achieved by stirring in 50% TFA in DCM (10 mL) for 24 hours 

under a nitrogen atmosphere. The solvents were then removed under vacuum, and the 

residue dissolved in methanol and the solvent removed again. This was repeated in 

triplicate to yield N5 as a red oil (0.29 g, 91 %). 1H NMR (300 MHz, CD3OD): δH 8.31 – 

8.19 (m, 2H), 8.09 (m, 1H), 7.43 (m, 1H), 6.61 (m, 1H), 4.23 (m, 2H), 3.80 (t, J = 5.1 Hz, 

2H), 3.72 – 3.64 (m, 6H), 3.59 – 3.51 (m, 2H), 3.30 – 3.25 (m, 2H), 3.11 – 3.01 (m, 2H) 

ppm. 13C{1H} NMR (75 MHz, CD3OD): δC 164.78, 150.78, 149.04, 134.14, 133.04, 

130.55, 128.31, 128.01, 127.62, 123.86, 108.00, 103.65, 70.03, 68.62, 66.54, 59.03, 

42.69, 39.22 ppm. LRMS found m/z = 388.18 [M+H]+.HRMS expected m/z = 388.1794 

for [M+H]+, found m/z = 388.1857. 
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Synthesis of N6: Prepared as for N5 but using C2 (0.75 g, 2.59 mmol), first yielding the 

intermediate product as a red oil (0.46 g, 35%). 1H NMR (400 MHz, MeOD) δ 8.35 (d, J 

= 7.8 Hz, 1H), 8.19 (d, J = 8.6 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 6.70 (d, J = 8.6 Hz, 1H), 

4.23 (t, J = 6.1 Hz, 1H), 3.75 (t, J = 5.5 Hz, 1H), 3.67 – 3.62 (m, 1H), 3.62 – 3.55 (m, 8H), 

3.27 (s, 1H), 2.96 (t, J = 5.1 Hz, 1H), 1.36 (s, 9H) ppm. Deprotection yielded the N5 as a 

red oil (0.32 g, 88 %). 1H NMR (400 MHz, CD3OD): δH 8.35 (d, J = 7.8 Hz, 2H), 8.19 (d, 

J = 8.6 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 6.70 (d, J = 8.6 Hz, 1H), 4.23 (t, J = 6.1 Hz, 2H), 

3.75 (t, J = 5.5 Hz, 2H), 3.67 – 3.62 (m, 2H), 3.62 – 3.55 (m, 8H), 3.27 (s, 3H), 2.96 (m, 

J = 5.1 Hz, 2H) ppm. 13C{1H} NMR (400 MHz, CD3OD): δC 116.2, 165.6, 152.4, 135.7, 

132.2, 131.0, 139.2, 125.5, 123.2, 121.7, 109.5, 105.2, 71.6, 71.4, 70.7, 70.1, 67.9, 58.9, 

44.2, 40.5, 39.7 ppm. LRMS found m/z =402.20 [M+H]+. HRMS expected m/z = 402.1951 

for [M+H]+, found m/z = 402.2028. 
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Synthesis of L1: N1 (0.11 g, 0.37 mmol) was dissolved in 1,2-dichloroethane and 2-

pyridinecarboxaldehyde (0.07 mL, 0.74 mmol) was added and the solution stirred for 2 

hours under a nitrogen atmosphere. Sodium trisacetoxyborohydride (0.24g, 1.11 mmol) 

was then added and the solution stirred at room temperature for 18 hours. The solution 

was then neutralised with saturated NaHCO3 and the product extracted into chloroform, 

washed with water (3 x 20 mL) and brine (3 x 20 mL). The organic layer was collected 

then dried over MgSO4 and filtered, and the solvent removed to yield the product as an 

orange oil (0.13 g, 73 %). 1H NMR (400 MHz, CDCl3): δH 8.80 (d, J = 8.9 Hz, 1H), 8.57 

(d, J = 7.3 Hz, 1H), 8.52 – 8.49 (m, 2H), 8.35 (d, J = 8.6 Hz, 1H), 7.98 (s, 1H), 7.68 – 

7.60 (m, 1H), 7.55 – 7.47 (m, 2H), 7.31 (d, J = 7.6 Hz, 2H), 7.12 – 7.07 (m, 2H), 6.48 (d, 

J = 8.1 Hz, 1H), 4.70 (s, 1H), 4.43 – 4.38 (m, 2H), 3.95 (s, 4H), 3.93 – 3.89 (m, 2H), 3.36 

– 3.31 (m, 2H), 3.01 – 2.96 (m, 2H) ppm. 13C NMR (151 MHz, CDCl3) δ 195.73, 164.76, 

164.11, 160.85, 150.53, 140.25, 134.54, 131.29, 129.82, 127.09, 125.21, 125.00, 

124.53, 122.60, 122.29, 120.43, 104.65, 70.46, 70.15, 69.79, 68.32, 67.72, 67.40, 58.72, 

38.90, 3.67 LRMS found m/z = 482.22 [M+H]+. HRMS expected m/z = 482.2192 for 

[M+H]+, found m/z = 482.2202. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 434 (9300), 280 

(19600), 262 (20400) nm. 
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Synthesis of L2: Prepared as for L1, but using N2 (0.10 g, 0.32 mmol), 2-pyridine 

carboxaldehyde (0.06 mL, 0.64 mmol), and sodium trisacetoxyborohydride (0.203 g, 

0.13 mmol). Recrystallization from chloroform yielded the product as a yellow crystalline 

solid (0.08g, 51 %). 1H NMR (400 MHz, CDCl3): δH 8.83 (d, J = 8.2 Hz, 1H), 8.64 (d, J = 

7.7 Hz, 1H), 8.59 – 8.56 (m, 2H), 8.42 (d, J = 8.6 Hz, 1H), 7.91 (s, 1H), 7.73 – 7.67 (m, 

2H), 7.60 – 7.52 (m, 2H), 7.40 – 7.36 (m, 2H), 7.18 – 7.13 (m, 2H), 6.55 (d, J = 8.7 Hz, 

1H), 4.44 (t, J = 6.0 Hz, 2H), 4.22 (t, J = 5.9 Hz, 2H), 4.01 (s, 4H), 3.73 (t, J = 6.3 Hz, 

2H), 3.40 (s, 3H), 3.05 (t, J = 5.2 Hz, 2H) ppm. 13C{1H} NMR (101 MHz, CD3OD): δC 

153.26, 150.32, 147.84, 134.27, 131.02, 129.74, 128.47, 127.97, 124.60, 122.14, 

120.86, 118.93, 109.67, 103.90, 69.27, 57.54, 48.94, 40.24, 39.01, 38.77, 38.45, 37.74, 

36.45, 22.65, 13.02, 10.02 ppm. LRMS found m/z = 512.23 for [M+O+H]+. HRMS 

expected m/z = 512.2281 for [M+O+H]+, found m/z = 512.2292. UV-vis. (MeCN) λmax (ε / 

dm3mol-1cm-1): 436 (10420), 280 (12900), 262 (18200) nm. 
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Synthesis of L3: Prepared as for L1 but using N3 (0.21 g, 0.565 mmol), 2-pyridine 

carboxaldehyde (0.13 mL, 1.12 mmol) and sodium trisacetoxyborohydride (0.36 g, 1.68 

mmol). Product was isolated as an orange oil (0.386 g, 95 %). 1H NMR (400 MHz, 

CDCl3): δH 8.48 (d, J = 4.7 Hz, 1H), 8.28 (d, J = 7.2 Hz, 1H), 8.18 (d, J = 8.4 Hz, 1H), 

8.02 (d, J = 8.4 Hz, 1H), 7.59 (t, J = 7.6 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.35 (t, J = 7.8 

Hz, 1H), 7.11 – 7.06 (m, 1H), 6.42 (d, J = 8.5 Hz, 1H), 5.91 (s, 1H), 4.36 (t, J = 4.1 Hz, 

1H), 3.96 (t, J = 4.6 Hz, 1H), 3.76 (s, 2H), 3.23 (t, J = 5.6 Hz, 1H), 2.48 (t, J = 7.1 Hz, 

1H), 1.70 – 1.64 (m, 1H), 1.53 – 1.48 (m, 1H), 1.37 – 1.25 (m, 2H) ppm. 13C{1H} NMR 

(101 MHz, CDCl3): δC 164.25, 163.88, 158.88, 149.05, 147.87, 147.50, 135.65, 135.43, 

133.59, 130.08, 128.52, 125.53, 123.30, 121.96, 121.26, 121.22, 120.95, 119.47, 

118.98, 107.92, 103.03, 63.29, 60.72, 59.38, 53.17, 42.49, 41.50, 27.55, 25.90, 25.87, 

25.66 ppm. LRMS found m\z = 554.28 for [M+O+H]+. HRMS expected m/z = 554.2753 

for [M+O+H]+, found m/z = 554.2762. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 433 (7300), 

279 (18200, sh), 263 (20400) nm. 
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Synthesis of L4: Prepared as for L1 but using N4 (0.20 g, 0.51 mmol), 2-pyridine 

carboxaldehyde (0.1 mL, 1.08 mmol) and sodium trisacetoxyborohydride (0.34 g, 1.62 

mmol). Product isolated as an orange oil (0.194 g, 69 %).1H NMR (400 MHz, CDCl3) δ 

8.56 – 8.49 (m, 3H), 8.43 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.63 (t, J = 7.7 Hz, 

2H), 7.59 – 7.49 (m, 3H), 7.16 – 7.09 (t, J = 6.4 Hz, 2H), 6.66 (d, J = 8.3 Hz, 1H), 5.37 

(s, 1H), 4.42 (t, J = 5.8 Hz, 2H), 3.81 (s, 4H), 3.42 – 3.32 (m, 5H), 2.56 (t, J = 7.1 Hz, 

2H), 1.96 – 1.67 (m, 4H), 1.66 – 1.52 (m, 2H), 1.52 – 1.29 (m, 2H). 13C{1H} NMR (75 

MHz, CDCl3): δC 187.12, 182.37, 164.83, 164.20, 159.79, 149.76, 148.91, 136.50, 

134.58, 131.16, 129.76, 126.28, 124.46, 122.98, 122.71, 122.02, 120.11, 109.54, 

104.13, 77.53, 77.10, 76.68, 69.85, 60.40, 58.76, 54.21, 43.54, 38.91, 28.68, 26.92, 

26.76, 1.05 ppm. LRMS found m/z = 552.29 for [M+H]+. HRMS expected m/z = 552.2955 

for [M+H]+, found m/z =552.2969. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 429 (7000), 

282 (14200, sh), 263 (17500) nm. 
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Synthesis of L5: N5 (0.075 g, 0.19 mmol) was dissolved in 5 % triethylamine in 1,2-

dichloroethane and (20 mL) and 2-pyridinecarboxaldehyde (0.07 mL, 0.74 mmol) was 

added and the solution stirred for 2 hours under a nitrogen atmosphere. Sodium 

trisacetoxyborohydride (0.24g, 1.11 mmol) was then added and the solution stirred at 

room temperature for 18 hours. The solution was then neutralised with saturated 

NaHCO3 and the product extracted into chloroform, washed with water (3 x 20 mL) and 

brine (3 x 20 mL). The organic layer was then dried over MgSO4 and filtered, and the 

solvent removed yielding L5 as an orange oil (0.13 g, 73 %). 1H NMR (400 MHz, CDCl3): 

δH 8.80 (d, J = 8.9 Hz, 1H), 8.57 (d, J = 7.3 Hz, 1H), 8.52 – 8.49 (m, 2H), 8.35 (d, J = 8.6 

Hz, 1H), 7.98 (s, 1H), 7.68 – 7.60 (m, 1H), 7.55 – 7.47 (m, 2H), 7.31 (d, J = 7.6 Hz, 2H), 

7.12 – 7.07 (m, 2H), 6.48 (d, J = 8.1 Hz, 1H), 4.70 (s, 1H), 4.43 – 4.38 (m, 2H), 3.95 (s, 

4H), 3.93 – 3.89 (m, 2H), 3.36 – 3.31 (m, 2H), 3.01 – 2.96 (m, 2H) ppm. 13C NMR (75 

MHz, CDCl3) δ 165.52, 165.05, 159.26, 150.55, 148.88, 136.61, 134.76, 131.23, 129.77, 

127.74, 124.27, 123.24, 122.13, 120.49, 109.09, 103.98, 77.52, 77.09, 76.67, 70.29, 

69.25, 68.64, 61.91, 60.60, 53.83, 43.35, 42.60. LRMS found m/z = 570.27 for [M+H]+. 

HRMS expected m/z = 570.2711 for [M+H]+, found m/z = 570.2708. UV-vis. (MeCN) λmax 

(ε / dm3mol-1cm-1): 429 (8190), 279 (19200, sh), 260 (21000) nm. 
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Synthesis of L6: Prepared as for L5 but using N6 (0.06 g, 0.15 mmol), 2-pyridine 

carboxaldehyde (0.03 g, 0.3 mmol) and sodium trisacetoxyborohydride (0.1 g, 0.45 

mmol) and triethylamine (2 mL). L2 was isolated as a red oil (0.063 g, 72 %). 1H NMR 

(500 MHz, CDCl3): δH 8.47 (d, J = 7.3 Hz, 1H), 8.42 (d, J = 4.3 Hz, 2H), 8.38 (d, J = 8.4 

Hz, 1H), 8.17 (d, J = 7.9 Hz, 1H), 7.53 (t, J = 7.1 Hz, 2H), 7.45 – 7.38 (m, 3H), 7.06 – 

7.02 (m, 2H), 6.60 (d, J = 8.5 Hz, 1H), 6.24 (s, 1H), 4.35 (t, J = 6.0 Hz, 2H), 3.87 (s, 4H), 

3.79 (t, J = 4.7 Hz, 2H), 3.66 (t, J = 6.0 Hz, 2H), 3.61 (d, J = 4.8 Hz, 4H), 3.55 – 3.52 (m, 

2H), 3.48 (d, J = 4.8 Hz, 2H) ppm. 13C NMR (126 MHz, CDCl3) δ 165.02, 164.38, 159.72, 

150.04, 149.12, 136.60, 134.74, 131.39, 130.10, 127.08, 124.66, 123.08, 122.95, 

122.47, 122.15, 120.74, 110.21, 104.34, 70.48, 70.35, 69.95, 69.67, 68.71, 60.87, 58.92, 

53.66, 43.28, 39.08.  LRMS found m/z = 584.28 [M+H]+. HRMS expected m/z = 584.2867 

for [M+H]+, found m/z = 584.2873. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 429 (7920), 

281 (19600), 263 (20600) nm. 
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5.4.7.2. fac-[Re(CO3)Lx]BF4 complexes 

 

Synthesis of fac-[Re(CO)3(L1)]BF4: Compound L1 (50 mg, 0.10 mmol) was dissolved 

in chloroform and fac-[Re(CO)3(MeCN)3]BF4 (54 mg, 0.11mmol) was added and the 

solution stirred at reflux under a nitrogen atmosphere for 18 hrs. Upon being allowed to 

cool, the solvent was reduced to a minimum and the product precipitated upon the 

dropwise addition of hexane. The product was then filtered to yield fac-[Re(CO)3(L1)]BF4 

as an orange solid (21.5mg, 35%). 1H NMR (300 MHz, CD3CN): δH 8.78 (d, J = 5.3 Hz, 

2H), 8.54 (d, J = 7.5 Hz, 1H), 8.44 (dd, J = 8.3, 5.4 Hz, 2H), 7.89 (t, J = 7.7 Hz, 2H), 7.77 

– 7.69 (m, 1H), 7.49 – 7.41 (m, 2H), 7.35 – 7.27 (m, 2H), 6.95 (d, J = 8.5 Hz, 1H), 6.40 

(s, 1H), 5.01 – 4.81 (m, 4H), 4.22 (apparent dd, J = 12.3, 6.4 Hz, 2H), 4.03 – 3.92 (m, 

2H), 3.74 (t, J = 6.2 Hz, 2H) ppm. 13C{1H} NMR (151 MHz, d6-DMSO): δC 196.90, 195.60, 

164.33, 163.59, 160.98, 152.34, 152.29, 150.52, 141.21, 141.20, 141.15, 134.51, 

131.30, 129.79, 129.02, 126.29, 125.18, 123.85, 122.64, 120.89, 109.47, 104.79, 67.77, 

67.68, 67.42, 58.45, 58.41, 41.93. LRMS found m/z = 752.15 for [M]+. LRMS found m/z 

= 752.15 for [M]+. HRMS expected m/z = 752.1506 for [M]+, found m/z = 752.1515. FTIR 

(solid, cm-1) ν =351, 357, 365, 376, 384, 397, 403, 438, 457, 538, 772, 1057, 1369, 1578, 

1638, 1684, 1904, 2027 2890 (broad). UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 430 

(8560), 281 (18900, sh), (21000) nm. 
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Synthesis of fac-[Re(CO)3(L2)]BF4: Prepared as for fac-[Re(CO)3(L1)]BF4 but using 

compound L2 (58 mg, 0.1 mmol) to give the product, fac-[Re(CO)3(L2)]BF4 as a yellow 

solid (22 mg, 0.028mmol, 28%)  . 1H NMR (400 MHz, CDCl3): δH 8.68 (d, J = 8.0 Hz, 1H), 

8.64 (d, J = 5.3 Hz, 2H), 8.59 (d, J = 7.3 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 7.81 – 7.66 

(m, 5H), 7.22 – 7.17 (m, 2H), 6.73 (d, J = 8.5 Hz, 1H), 5.80 (d, J = 16.0 Hz, 2H), 4.52 (d, 

J = 16.0 Hz, 2H), 4.41 (t, J = 5.8 Hz, 2H), 4.28 – 4.15 (m, 4H), 3.71 (t, J = 6.7 Hz, 2H), 

3.37 (s, 3H) ppm. 13C NMR (151 MHz, CDCl3) δ 195.74, 195.73, 164.76, 164.11, 160.85, 

150.59, 150.53, 140.25, 134.54, 131.29, 129.82, 127.09, 125.21, 125.00, 124.53, 

122.60, 122.29, 120.43, 70.46, 70.46, 70.15, 69.79, 68.32, 67.72, 67.40, 58.72, 43.70, 

38.90, 15.28, 3.67. LRMS found m/z = 766.17 for [M]+. HRMS expected m/z = 766.1657 

for [M+], found m/z 766.1671. FTIR (solid, cm-1) ν = 203, 222, 230, 237, 270, 291, 314, 

326, 345, 357, 374, 392, 397, 419, 590, 1034, 1055, 1578, 1638, 1684, 1910, 2029, 

2342, 2359. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 433 (9800), 280 (18400, sh), 261 

(22500) nm.  
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Synthesis of fac-[Re(CO)3(L3)]BF4: Prepared as for fac-[Re(CO)3(L1)]BF4 but using 

compound L3 (58 mg, 0.1 mmol) to give the product fac[Re(CO)3(L3)]BF4 as an orange 

solid (31 mg, 0.039 mmol, 39%) . 1H NMR (400 MHz, CDCl3) δ 8.68 (d, J = 8.0 Hz, 1H), 

8.64 (d, J = 5.3 Hz, 2H), 8.59 (d, J = 7.3 Hz, 1H), 8.48 (d, J = 8.2 Hz, 1H), 7.81 – 7.66 

(m, 5H), 7.22 – 7.17 (m, 2H), 6.73 (d, J = 8.5 Hz, 1H), 5.80 (d, J = 16.0 Hz, 2H), 4.52 (d, 

J = 16.0 Hz, 2H), 4.41 (t, J = 5.8 Hz, 2H), 4.28 – 4.15 (m, 4H), 3.71 (t, J = 6.7 Hz, 2H), 

3.37 (s, 3H). 13C{1H} NMR (151 MHz, CD3OD): δC 197.13, 196.19, 166.18, 165.72, 

161.91, 161.34, 153.23, 151.64, 141.75, 135.67, 132.45, 131.10, 129.28, 127.20, 

127.02, 126.08, 124.81, 124.73, 110.94, 105.56, 70.70, 68.94, 68.91, 58.94, 49.85, 

40.47, 39.88 ppm. LRMS found m/z = 808.21 for [M]+. HRMS expected m/z = 808.2145 

for [M]+, found m/z= 808.2132. FTIR (solid, cm-1) ν = 349, 368, 372, 378, 393, 397, 413, 

704, 733, 1072, 1125, 1263, 1379, 1460, 1582, 1638, 1721, 1944, 2031, 2050, 2930 

(broad). UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 434 (10100), 279 (18200), 256 (22400) 

nm. 
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Synthesis of fac-[Re(CO)3(L4)]BF4: Prepared as for fac-[Re(CO)3(L1)]BF4 but using 

compound L4 (62 mg, 1.0 mmol) to give the product fac[Re(CO)3(L4)]BF4 as an orange 

solid (19 mg, 0.023 mmol, 23%). 1H NMR (400 MHz, CDCl3) δ 8.66 – 8.54 (m, 3H), 8.52 

(d, J = 7.2 Hz, 1H), 8.41 (d, J = 8.3 Hz, 1H), 7.71 (t, J = 7.9 Hz, 2H), 7.63 (t, J = 10.7 Hz, 

3H), 7.15 – 7.10 (m, 3H), 5.73 (d, J = 16.0 Hz, 2H), 4.45 (d, J = 16.0 Hz, 2H), 4.34 (t, J 

= 6.3 Hz, 2H), 4.21 – 4.08 (m, 4H), 3.64 (t, J = 6.4 Hz, 2H), 3.31 (s, 3H), 1.14 (t, J = 7.1 

Hz, 4H). 13C NMR (151 MHz, MeOD) δ 195.52, 164.77, 164.25, 160.51, 159.92, 151.82, 

150.21, 140.52, 140.34, 134.40, 130.92, 128.80, 127.73, 125.62, 125.43, 124.61, 

123.40, 123.32, 109.53, 104.15, 69.29, 67.53, 67.50, 57.54, 48.47, 48.20, 48.10, 47.17, 

46.56, 39.06, 38.48, 7.80. LRMS found m/z = 822.23 for [M]+. HRMS expected m/z = 

822.2301 for [M]+, found m/z = 822.2290 for [M]+.  FTIR (solid, cm-1) ν =  349, 361, 372, 

380, 388, 403, 409, 418, 430, 437, 451, 457, 478, 520, 538, 626, 644, 769, 1022, 1055, 

1352, 1379, 1578, 1611, 1639, 1681, 1907, 2029, 2056. UV-vis. (MeCN) λmax (ε / dm3mol-

1cm-1): 431 (13020), 276 (24400, sh), 260 (26100) nm. 
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Synthesis of fac-[Re(CO)3(L5)]BF4: Prepared as for fac-[Re(CO)3(L1)]BF4 but using 

compound L5  (62 mg, 0.10 mmol) to give the product fac[Re(CO)3(L5)]BF4 as an orange 

solid (26 mg, 0.031 mmol, 31%). 1H NMR (300 MHz, CDCl3): δH 8.54 (d, J = 5.0 Hz, 2H), 

8.47 (d, J = 7.4 Hz, 1H), 8.41 (d, J = 8.4 Hz, 2H), 7.62 – 7.46 (m, 5H), 7.12 (t, J = 6.4 Hz, 

2H), 6.73 (d, J = 7.6 Hz, 1H), 5.22 (d, J = 17.0 Hz, 2H), 4.48 – 4.37 (m, 4H), 4.01 – 3.90 

(m, 8H), 3.84 (s, 4H), 3.66 (t, J = 5.1 Hz, 2H) ppm. 13C NMR (151 MHz, CDCl3) δ 195.80, 

165.59, 165.12, 160.83, 150.51, 140.00, 134.96, 131.50, 129.88, 127.58, 125.25, 

124.96, 124.50, 122.30, 120.33, 109.29, 104.33, 77.23, 77.02, 76.81, 70.45, 70.13, 

68.39, 67.71, 67.41, 62.49, 43.29, 42.71, 3.65. LRMS found m/z = 840.20 [M+H]+, HRMS 

expected m/z = 840.2043 for [M+H]+, found m/z = 840.2029. FTIR (solid, cm-1) ν = 217, 

22, 237, 252, 287, 302, 316, 329, 354, 376, 385, 395, 397, 750, 1058, 1274, 1581, 1635, 

1683, 1928, 2031, 2048, 2331, 2358, 2908 (Broad). UV-vis. (MeCN) λmax (ε / dm3mol-

1cm-1): 429 (8100), 279 (13300), 262 (18000) nm. 
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Synthesis of fac-[Re(CO)3(L6)]BF4: Prepared as for fac-[Re(COx)3(L5)]BF4 but using 

compound L6 (62 mg, 1.0 mmol) to give the product fac[Re(CO)3(L6)]BF4 as an orange 

solid (26 mg, 0.023 mmol, 23%). 1H NMR (300 MHz, CDCl3): δH 8.54 (d, J = 4.9 Hz, 2H), 

8.50 – 8.34 (m, 3H), 7.62 – 7.46 (m, 5H), 7.11 (t, J = 5.7 Hz, 2H), 6.73 (d, J = 8.4 Hz, 

1H), 5.23 (d, J = 16.6 Hz, 2H), 4.46 (s, 1H), 4.40 (t, J = 6.3 Hz, 3H), 4.03 – 3.91 (m, 5H), 

3.85 (s, 4H), 3.72 (t, J = 6.1 Hz, 3H), 3.69 – 3.63 (m, 2H), 3.39 (s, 3H) ppm. 13C NMR 

(151 MHz, MeOD) δ 195.81, 164.73, 164.19, 160.54, 151.54, 151.12, 139.90, 134.49, 

130.83, 129.85, 127.58, 125.12, 124.34, 122.95, 122.07, 120.19, 108.16, 103.83, 70.22, 

70.10, 69.35, 69.27, 68.63, 68.04, 67.77, 57.48, 42.96, 38.36. LRMS found m/z = 854.21 

[M]+, HRMS expected m/z = 854.2196 for [M]+, found m/z = 854.2190. FTIR (solid, cm-1) 

ν = 361, 368, 380, 388, 395, 401, 419, 440, 467, 484, 521, 538, 772, 1057, 1395, 1580, 

1645, 1684, 1908, 2029, 2048, 2980. UV-vis. (MeCN) λmax (ε / dm3mol-1cm-1): 430 

(12240), 281 (21000), 261 (23100) nm. 
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From the successful development of functional ND particles and engineered E. coli 

biofilms in this work, the potential for the development of hybrid functional materials 

consisting of a biological material and nanoparticle functional aspect appears clear. This 

study therefore presents a viable route in the production of ND functionalised hybrid 

biofilm-based materials.  

The potential for the surface functionalisation of ND with one or multiple species 

has been demonstrated with a focus on luminescent species as functional agents. Nap-

1 and Ru-1 functionalised ND species were extensively characterised (Chapter 2), 

probing the colloidal properties, surface chemical environment and particle 

morphologies. SrtA enzyme active ND species exhibiting the luminophores Nap-1 and 

Ir-1 and the SrtA tag srtApep1 were also produced and characterised (Chapter 3). SrtA 

modification with [Ru(bipy)L1]-Srtpep2 was well demonstrated for the Nap-

1/SrtApep1@ND species, although further work remains in identifying whether the 

analogous Ir-1 species is similarly active.  

ND technologies presented here present a template for the development of further 

functionalised, more sophisticated particle dispersions which could incorporate multiple 

functional elements; either through the surface association of multiple functional 

elements or the use of ND lattice core-defect functionalities in conjunction with surface 

associated functionalities. Whilst the functional agents incorporated could differ, the 

fundamental surface modification chemistry developed in this thesis would be applicable 

regardless, provided similarly carboxyl terminated ND species were used. 

Where this work outlines a genetic system whereby this is possible, it also identifies 

a potential problem in that the amyloid aggregation of the adhesin CsgA is highly 

sensitive to C-terminal modification. Whilst this was mitigated in part through 

incorporation of a linker region between the C-terminal ligation tag and the protein, care 

is clearly required in such alteration. Next steps include the demonstration of SrtA activity 

of the engineered biofilms, through incorporation of ND or other species, and 

characterisation by CFM and EM techniques developed in this thesis.  

Through the further modification and development of the ligand L5 from the water 

soluble Nap-1 fluorophore, a bimodal imaging agent exhibiting optical/SPECT activity 

based on the fac-tricarbonyl technetium complex of L5 was demonstrated to have a good 

applicability towards both in-vivo and in-vitro imaging, with specific potential as an MMP 

dependant microchondial localisation agent exhibiting good clearance routes in-vivo. 

Development of such materials is widely applicable in producing novel, bright, specific 

imaging agents increasing the breadth of such tools useful in medical imaging. 
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